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CpG oligonucleotide-mediated co-stimulation of mouse invariant
natural killer T cells negatively regulates their activation status
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Abstract Invariant natural killer T (iNKT) cells play impor-
tant roles in antimicrobial defense and immune-regulation.We
have previously shown that iNKT cells express certain toll-
like receptors (TLR), and that TLR co-stimulation of iNKT
cells in the presence of suboptimal concentrations of T cell
receptor (TCR) agonists enhances cellular activation. In the
present study, we investigated the regulatory effects of CpG
oligonucleotides in mouse primary hepatic and splenic iNKT
cells and in DN32.D3 iNKT cells. We show that CpG treat-
ment of iNKTcells in the presence of higher concentrations of
TCR agonists (α-GalCer or anti-CD3 mAb) results in the up-
regulation of TLR9 in iNKT cells with a concurrent reduction
in their cellular activation, as assessed by their production of
IL-2, IL-4 and IFN-γ compared with controls. CpG-mediated
down-regulation of iNKT cell activation has been found to
depend, at least in part, on signaling by MyD88, a critical
adapter moie ty downstream of TLR9 signal ing.
Mechanistically, iNKT cells treated with CpG in the presence
of TCR agonists show inhibition of MAPK signaling as

determined by the levels of ERK1/2 and p38 MAPKs.
Furthermore, CpG treatment leads to an increased induction
of phosphatases, DUSP1 and SHP-1, that seem to impede
MAPK and TCR signaling, resulting in the negative regula-
tion of iNKT cell activation. Our findings therefore suggest a
novel regulatory role for CpG in iNKT cells in the mediation
of a negative feedback mechanism to control overactive iNKT
cell responses and hence to avoid undesirable excessive
immunopathology.
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Introduction

Invariant natural killer T (iNKT) cells are an important subset
of T lymphocytes and express the invariant Vα14-Jα18 T cell
receptor (TCR; Gong et al. 2008) in mice (Vα24-Jα18 in
humans). They typically recognize glycolipid antigens pre-
sented in the context of the MHC class I-like CD1d molecule
and alpha-galactosylceramide (α-GalCer), a glycolipid anti-
gen, has extensively been used as a potent TCR agonist for
iNKT cell activation (Wu and Van Kaer 2009). Activation of
invariant NKTcells following the recognition of their cognate
glycolipid antigen results in the production of various cyto-
kines including interferon (IFN)-γ and interleukin (IL)-4,
which are important in anti-microbial defense and in the main-
tenance of immunological homeostasis (Kulkarni et al. 2010;
Sharif et al. 2002).

In the context of anti-microbial defense, iNKT cells can
either be activated through direct TCR engagement or indi-
rectly by the actions of cytokines secreted by antigen-
presenting cells (APC) such as dendritic cells (DCs; Wu and
Van Kaer 2009). The capability of sensing microbial
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agents through Toll-like receptors (TLR) has often been attrib-
uted to APC (Nagarajan and Kronenberg 2007; Paget et al.
2007; Tyznik et al. 2008). Evidence is also available that cy-
tosolic peptidoglycan-sensing Nod1 and Nod2 receptor ex-
pression in DCs is necessary for optimal IFN-γ production
by iNKT cells in response to bacterial infect ion
(Selvanantham et al. 2013). However, as reviewed by us and
others, several lines of evidence exist that demonstrate the
ability of different T cell subsets, including conventional αβ
T cells, regulatory T cells and γδ Tcells, to express functional
TLRs (Kabelitz 2007; Kulkarni et al. 2011). Importantly,
some variation has been found among T cell subsets with
regard to the expression of TLR and the cellular responses
mediated by these receptors. For example, whereas TLR2 li-
gand, Pam3CSK4, has been shown to promote cytokine pro-
duction in naive CD4+ T cells (Komai-Koma et al. 2004), the
expression of functional TLR5 and 7 has been reported in
memory T cells (Caron et al. 2005).

Similar to conventional T cell subsets, iNKTcells have been
previously reported to also be able to express certain functional
TLRs such as TLR3, 4, 5 and 9 (Gardner et al. 2010; Kulkarni
et al. 2012; Villanueva et al. 2014). We have further demon-
strated that TLR co-stimulation in iNKTcells that are either pre-
or concurrently TCR-activated by using sub-optimal concentra-
tions of TCR agonists can lead to enhanced iNKTcell activation
(Kulkarni et al. 2012). These findings are in agreement with
those of others who have investigated TLR expression and
function in conventional T cells (Cottalorda et al. 2006;
Gelman et al. 2004). In addition to activation, T cell responses
can also be modulated by TLR-mediated signaling, thus
highlighting the important biological roles of TLR in T cell
responses to pathogen antigens. For example, TLR2 engage-
ment on CD8 T cells can lower the TCR threshold for antigen-
induced cellular activation (Cottalorda et al. 2006). Similarly,
Gonzalez-Navajas et al. (2010) showed that TLR4 triggering on
CD4+ T cells can affect their phenotype and regulate their abil-
ity to provoke intestinal inflammation in a mouse model of
colitis (Gonzalez-Navajas et al. 2010). Furthermore, the authors
found that lipopolysaccharide (LPS) stimulation of TLR4-
bearing CD4+ T cells can inhibit ERK1/2 activation upon sub-
sequent TCR stimulation via the induction of MAPK (mitogen-
activated protein kinase) phosphatase 3 (MKP-3). In our previ-
ous studies, we observed that CpG-mediated co-stimulation of
TCR-activated iNKT cells in the presence of higher concentra-
tions of α-GalCer lead to a significant down-regulation of
iNKT cell activation compared with those stimulated with α-
GalCer without CpG. This observation suggests that certain
TLR ligands can play a regulatory role in iNKT cells.
However, to our knowledge, a detailed investigation of the
TLR-mediated regulation of iNKT cell responses has not yet
been reported.

In the present study, we investigate in detail the regulatory
effects of CpG in iNKT cells by using mouse hepatic and

splenic iNKT cells and an iNKT cell-line (DN32.D3). We
show that the CpG treatment of iNKT cells in the presence
of TCR agonists [α-GalCer or anti-CD3 monoclonal antibod-
ies (mAb)] results in the iNKT cell up-regulation of TLR9
leading to decreased cell activation, as evidenced by their
production of IL-2, IL-4 and IFN-γ. This effect has been
found to depend, at least in part, on the signaling by
MyD88, a critical adapter molecule involved in TLR signal-
ing. Mechanistically, the CpG-mediated regulation of iNKT
cell activation is associated with reduced MAPK signaling
and increased phosphatase activity and, thus, results in a neg-
ative regulation of iNKT cell activation.

Materials and methods

Ex vivo iNKT cell stimulation

Animal experiments were carried out in accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health
(NIH), USA. The protocol was approved by the Institutional
Animal Care and Use Committee of Emory University School
of Medicine and the mice were housed at the Emory
University Division of Animal Resources facility. Liver and
spleen tissues were collected from C57BL/6 mice and single
cell suspensions were prepared. Cell preparations were made
by using complete RPMI (RPMI 1640; Invitrogen Life
Technologies) supplemented with 10% fetal calf serum, pen-
icillin-streptomycin, glutamine and 2-mercaptoethanol (2-
ME). Livers were perfused with phosphate-buffered saline
(PBS) before the isolation of the cells and subsequently
mashed through a 70-mm cell strainer (BD Biosciences) and
washed. The suspension was centrifuged over a 40–70%
Percoll (Sigma Aldrich) gradient and mononuclear cells were
isolated by harvesting the interphase. Liver mononuclear cells
(LMNC) were resuspended in the appropriate amount of me-
dium and further used for cell stimulation. Spleens were
mashed and red blood cells were lysed by using red cell lysing
buffer from Sigma-Aldrich, after which the cells were resus-
pended in complete RPMI 1640. The cell suspension was
further used in cell culture.

Cells (1 × 106/well) were stimulated in 48-well tissue cul-
ture plates in the presence of 500 ng/ml α-GalCer (KRN7000,
Cederlane Laboratories, ON, Canada) and with or without
CpG (details below) at 10 μg/ml, together with appropriate
controls for a period of 24 h. The cells were then collected for
further staining and flow cytometry analysis.

Flow cytometry

To determine whether the CpG treatment of mouse LMNC
and splenocytes in the presence of α-GalCer would induce
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TLR9 expression and regulate IFN-γ production in iNKT
cells, cells were stained with the following antibodies follow-
ed by flow cytometry analysis. Anti-CD16/32, -CD3 (Pacific
Blue), -TLR9 (fluorescein isothiocynate) and -IFN-γ
(allophycocyanin) antibodies were purchased from BD
Biosciences (San Jose, Calif., USA), whereas Live/Dead stain
near IR (infrared) was purchased from Invitrogen; CD1d tet-
ramers loaded with PBS-57 were procured from the NIH core
tetramer facility, Emory University, Atlanta, Ga., USA.
Briefly, cells were resuspended in staining buffer (PBS with
1% bovine serum albumin) and anti-CD16/32 was added to
block nonspecific staining. Antibodies to surface markers
were added and the cells were stained for 30–45 min on ice,
fixed and then permeabilized by using CytoFix/CytoPerm
buffer from e-Biosciences (San Diego, Calif., USA), accord-
ing to the manufacturer’s protocol. The cells were then stained
with anti-IFN-γ antibody at room temperature for 30 min,
washed and fixed with 2% paraformaldehyde before data ac-
quisition on a BD LSRII flow cytometer. The gating strategy
included excluding doublets (larger and highly granular cells)
by using forward and side scatter height and width followed
by gating of the live cell population. Fluorescence minus one
(FMO) and single-stain controls were used for flurochrome/
stain compensation. Data analysis was carried out by using
FlowJo software (Tree Star, Ashland, Ore., USA).

In vitro iNKT cell stimulation

The Vα14-Jα18+ mouse iNKT cell line DN32.D3 (Lantz and
Bendelac 1994) was generously provided by Dr. Albert
Bendelac (The University of Chicago, Chicago, Ill., USA).
Cells were grown in RPMI 1640 medium supplemented with
10% heat-inactivated fetal bovine serum, nonessential amino
acids, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml
penicillin, 100 μg/ml streptomycin, and 50 μM 2-ME (here-
after, referred to as complete medium). All cultures were
maintained at 37 °C in a humidified atmosphere containing
5% CO2.

To induce higher TCR reactivity, αGalCer at 500 ng/ml
and plate-bound anti-CD3 monoclonal antibody (mAb;
eBioscience) at 1000 ng/ml were used throughout the
study. These concentrations were chosen after a pilot
dose-range experiment and based on the results of our pre-
vious study (Kulkarni et al. 2012). ODN-2395 together
with its non-CpG control ODN-2395C (Invivogen, San
Diego, Calif., USA) was used at 10 μg/ml. ODN-2395
belongs to the type C CpGs; it combines features of both
types A and B and has been shown to stimulate both DC
and B cells (Marshall et al. 2005). PepinhMYD, a 26-
residue peptide was purchased from Invivogen and was
used at 25 μM to block MyD88 signaling in DN32.D3
iNKT cells. PD98059 MEK inhibitor and SB203580 p38
MAPK inhibitor were obtained from Invitrogen (Carlsbad,

Calif., USA). Stock solutions were stored at −20 °C.
Working solutions were diluted in RPMI 1640 medium
with 0.1% dimethylsulfoxide (Sigma-Aldrich, St. Louis,
Mo., USA), which was used at a concentration of 20 μM
in the present study.

To determine whether CpG stimulation in the presence of
α-GalCer or plate-bound anti-CD3 antibodies could regulate
iNKTcell activation, cells were seeded at 1–2 × 105 cells/well
of microtiter plates. In experiments addressing the possible
molecular mechanisms of the CpG-mediated regulation of
iNKT cell activation, the aforementioned inhibitors were
added to the cell culture at the indicated concentrations. To
determine the levels of expression of TLR9, DUSP1 (dual-
specificity phosphatase 1), DUSP2, DUSP10, SHP-1 (Src ho-
mology region 2 domain-containing phosphatase-1), SHP-2
and TRAF6 (tumor necrosis factor receptor-associated factor
6) mRNA, cells were collected post-stimulation at the indicat-
ed time-points for RNA extraction and real-time polymerase
chain reaction (PCR) was performed on these samples as de-
scribed below.

RNA extraction and cDNA synthesis

Total RNA was extracted from iNKT cells by using TRIzol
reagent (Invitrogen). RNA quality and quantity were estimat-
ed spectrophotometrically. RNA (500 ng to 1 μg) were
reverse-transcribed into cDNA by using the SuperScript
First-Strand kit (Invitrogen) with oligo-dT primers and ac-
cording to the manufacturer’s protocol. Spleen tissue from a
C57BL/6 mouse was collected and total RNA was extracted
followed by cDNA synthesis for use as a positive control for
gene expression.

Preparation of standard curves by using plasmid
constructs

In order to determine relative gene expression, standard curves
were generated for each of the genes, by using plasmid con-
structs containing cloned target gene fragments. Briefly, gene-
specific primers were used to amplify a segment of the target
genewith conventional PCR. The PCR products were purified
and cloned into the pDrive cloning vector (Qiagen PCR
Cloning Kit, Qiagen, ON, Canada). Plasmid constructs were
then purified from recombinant Escherichia coli DH5α bac-
terial cells and 10-fold serial dilutions (10−1–10−9) were pre-
pared. These plasmid dilutions were analyzed in triplicate by
real-time PCR assay to obtain the standard curve.

Real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed by
using the LightCycler 480 II (Roche Diagnostics,
Mannheim, Germany) on 384-well or 96-well plates in a final
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20-μl reaction volume. Primers for all target genes analyzed
were synthesized by Sigma-Aldrich Canada (Oakville, ON,
Canada) and their sequences are given in Table 1. Between
0.25–0.5μMof each of the gene-specific primers and 5μl of a
1:10 dilution of cDNA as the template and PCR grade water
were used in the reaction. Conditions included an initial heat-
denaturing step at 95 °C for 10 min, 45 cycles at 95 °C for
10 s, annealing as recommended for each of the primers and
product elongation and signal acquisition (single mode) at
72 °C for 10 s. Following amplification, the melting curves
of the PCR products were obtained at temperatures of 60 °C to
97 °C in a continuous acquisition mode and the temperature
transition rates were set at 0.11 °C/s.

Enzyme-linked immunosorbant assay

IL-2 production by DN32.D3 iNKT cells was considered as
the readout assay for cellular activation (Lantz and Bendelac
1994; Stuart et al. 2010); in addition, IL-4 and IFN-γ produc-
tion by iNKT cells was measured wherever specified. The
cytokine concentration in triplicate culture supernatants in
each independent experiment was determined following
iNKTcell stimulation with mouse IL-2, IL-4 and IFN-γ sand-
wich enzyme-linked immunosorbent assay (ELISA) kits
(eBioscience) following the manufacturer’s instructions.
Briefly, 100 μl anti-mouse cytokine capture antibody was
coated overnight at 4 °C. The following day, after the blocking
of the wells, the cytokine standard or 100 μl culture superna-
tant (diluted wherever required) was added as the antigen,
followed by incubation for 2 h at room temperature. A detec-
tion antibody (biotinylated anti–mouse cytokine antibody, 100
μl) was added to the wells and incubated at room temperature
for 1 h followed by avidin-horseradish peroxidase (HRP) en-
zyme for 30 min. TMB (3,3′,5,5′-tetramethylbenzidine) solu-
tion (100 μl, 1×) was added to each well, followed by incu-
bation for 15 min for color development. The reaction was
stopped by the addition of 50 μl of 2 N sulfuric acid to each
well and the plates were read at an optical density of 450 nm.

To determine the levels of MAPKs in the stimulated
DN32.D3 iNKT cell samples, the MAPK Family InstantOne
sandwich ELISA Kit (eBiosciences) was used following the
manufacturer’s instructions. Briefly, the cells collected after
stimulation were lysed by using the kit-supplied buffer and
were added to the plates pre-coated with the capture antibody
together with the detection antibody. After the unbound anti-
bodies had been washed off, substrate was added for color
development and the plates were read at an optical density
of 450 nm.

Western blot

Cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer supplemented with protease and phosphatase inhibi-
tors. The protein content of the lysates was estimated by using
the Pierce BCA Protein Assay Kit (Thermo, Rockford, Ill.,
USA). Protein (30 μg) was loaded onto 12% polyacrylamide
gels and then transferred to polyvinylidene fluoride (PVDF)
membranes for blotting. The PVDF membranes were blocked
with 5% skim milk in PBS with 0.05% TWEEN20 (PBST),
stained with goat anti-mouse DUSP1 or SHP-1 antibody
(Sigma-Aldrich) overnight at 4 °C, washed with PBST,
stained with rabbit anti-goat IgG-HRP secondary antibody
(Invitrogen, Carlsbad, Calif., USA) in 5% skim milk in
PBST, washed with PBST followed by PBS and then soaked
in Perkin Elmer Western Lightning Plus ECL chemilumines-
cent substrate (Perkin Elmer, Woodbridge, ON, Canada).
Staining was detected on X-ray film and scanned into a com-
puter. ImageJ software was used for densitometric analysis
and background correction.

Data analysis

In experiments that evaluated the relative gene expression in
iNKT cells, the PCR efficiency (E) of the plasmid standards
was calculated by using the formula: E = 10–1/slope. The ratio
of the target gene expression was based on their relative

Table 1 Primer sequences for real-time polymerase chain reaction of target genes (TBP TATA-binding protein, TLR toll-like receptor, DUSP dual-
specificity phosphatase, SHP Src homology region 2 domain-containing phosphatase, TRAF tumor necrosis factor receptor-associated factor)

Target gene NCBI accession number Forward primer Reverse primer

β-Actin NM_007393.3 5′-CCACACCCGCCACCAGTTCG 5′-ACAGCCCGGGGAGCATCGTC

TBP NM_013684.3 5′-TGACCCCTATCACTCCTGCCACAC 5′-AACGCAGTTGTCCGTGGCTCTC

TLR9 NM_031178.2 5′-CTCTTGGCTGTGGCCGTGGG 5′-GGAGAGTTTGGGCGCTGCGT

DUSP1 NM_013642.3 5′-GAACTCGGCACATTCGGGACCA 5′-TACGCGCATGTCATCGGGAATGG

DUSP2 NM_010090.2 5′-CAGGTGCTGTGTCACTGAGGCAA 5′-AGCACCATATCAGAGCAGCCGTCA

DUSP10 NM_022019.5 5′-TAGCTGCTGCACTGTGGCAACC 5′-ACCATCTGGTTAGCAGGGCAGGT

SHP-1 NM_001077705.1 5′-AAAGTAAAGAAGCAGCGGTCGGCAG 5′-GAGGGCCACAGGTCTCAGTCTATCG

SHP-2 NM_011202.3 5′-GGCAGAAGTGTGGGCTCGTTCTAC 5′-CTCTCTGCTTCCTGTGCCCTCAAC

TRAF6 NM_009424.2 5′-TTGCTTTGCGTCCGTGCGATG 5′-CGTTTGAGCTCGCCCACGTACA
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expression versus the level of β-actin or TBP (TATA-binding
protein; house-keeping gene) expression, as a reference and
was calculated by the formula: Ratio = (ET)

ΔCp target [calibrator-

sample] / (ER)
ΔCp reference[sample-calibrator].

In this formula, ET, ER andΔCp represent the efficiency of
the target gene in the standard curve the efficiency of the
reference in the standard curve, and the difference between
crossing points, respectively. The relative expression of all
genes of interest was calculated based on the expression of
β-actin or TBP by using Pfaffl’s formula as we described
previously (Pfaffl 2001).

Experimental cell cultures were performed in triplicates
and sets of triplicate data were compared between the groups
by using the two-tailed Student’s t-test. Differences in relative
target gene expression between treatment and control culture
groups were considered significant at P ≤ 0.05. The data were
expressed as the means ± SEM.

The abundance of cytokines in the triplicate culture super-
natants of iNKTcells was calculated by using standard curves
generated for each cytokine. The data are expressed as the
mean cytokine concentrations ± SD in triplicate cultures of
each independent experiment. These experiments were repeat-
ed at least three times independently and the results were
consistently reproducible. The results shown represent one
independent experiment. Statistical comparisons were per-
formed by using the t-test and differences were considered
statistically significant at P-values ≤0.05 and ≤0.01.

Results

Ex vivo co-stimulation of mouse iNKTcells withα-GalCer
and CpG leads to cellular up-regulation of TLR9
expression and decreased IFN-γ production

We have previously observed that certain TLR agonists
such as CpG can modulate iNKT cell activation when
co-stimulated in the presence of α-GalCer (Kulkarni
et al. 2012). We therefore sought, by using mouse liver
and splenic primary cell cultures, to investigate the co-
stimulatory effects of CpG when cells were cultured for
24 h while being subject to α-GalCer-induced TCR-ac-
tivation. From the results depicted in Fig. 1, three im-
portant observations were made. First, although hepatic
and splenic iNKT cells were found to have a constitu-
tive expression of TLR9, TCR signaling in these cells
enhanced TLR9 expression by approximately two-fold.
Furthermore, co-stimulation with CpG in the presence
of α-GalCer significantly enhanced TLR9 expression
in iNKT cells. This observation supports our previous
finding that TLR co-stimulation of TCR-activated
iNKT cells can up-regulate iNKT cell expression of
TLRs (Kulkarni et al. 2012). Second, TCR activation

of hepatic and splenic iNKT cells enhanced IFN-γ pro-
duction by four- to six-fold compared with controls re-
ceiving no α-GalCer. However, CpG treatment signifi-
cantly down-regulated the α-GalCer-induced TCR acti-
vation of iNKT cells by at least two-fold, as measured
by their production of IFN-γ. This observation sug-
gested that CpG-mediated TLR co-stimulation of iNKT
cells regulated their activation status. Lastly, the down-
regulation of iNKT cell activation in the CpG-treated
group did not appear to occur because of cell death,
since the numbers of live iNKT cells in the α-GalCer
alone and α-GalCer + CpG treatment groups were sim-
ilar as determined by Live/Dead staining (data not
shown). Thus, we can suggest that the CpG treatment
of TCR-activated iNKT cells results in the up-regulation
of iNKT cell expression of TLR9 with concurrent down-
modulation of their activation status.

In vitro co-stimulation of DN32.D3 iNKT cells
in the presence of α-GalCer leads to down-regulation
of iNKTactivation and up-regulation of TLR9
transcription

We next sought to investigate the CpG-mediated effects in the
primary iNKT cell population. However, several challenges
were faced in obtaining a highly pure population of primary
iNKTcells and, as a result, an alternative system needed to be
found. First, primary iNKT cell preparations are likely to be
contaminated with APC and T cells. Although these cells
might be present in small numbers, their contamination may
lead to misleading results, as these contaminating cells are
known to have abundant TLR expression. Second, the use
of CD1d tetramers for the sorting of iNKT cells will probably
activate iNKT cells, at least in part, during staining and thus
will affect the primary aim of the present study, which is to
examine TLR9/CpG-mediated effects on iNKT cell activa-
tion. Lastly, cell sorting generates a low yield of iNKT cells,
which poses limitations for our investigations. Therefore, we
used DN32.D3 cells that have been extensively used by many
groups, as in our previous studies (Kulkarni et al. 2012; Stuart
et al. 2010; Villanueva et al. 2014; Zanin-Zhorov and Cohen
2013). DN32.D3 are murine iNKT cells with the Vα14-Jα18
rearranged TCRα (Lantz and Bendelac 1994). These cells can
be activated with α-GalCer in the absence of APC or FcR-
expressing accessory cells to produce several cytokines in-
cluding IL-2, IL-4 and IFN-γ. DN32.D3 cells express their
own CD1d, as determined by flow cytometry; this enables the
cross-presentation of α-GalCer leading to cellular activation
(Stuart et al. 2010). Since this system provides a pure iNKT
cell population, we chose to address TLR9 expression and
CpG-mediated functions in the activation of iNKT cells as a
useful model in our subsequent experiments, thus avoiding
potential contamination by other cell types.

Cell Tissue Res (2017) 369:541–554 545



DN32.D3 iNKT cells were co-stimulated with CpG in the
presence ofα-GalCer for up to 72 h and the supernatantswere
analyzed to quantitate the amounts of IL-2, IL-4 and IFN-γ as
indicators of iNKT cell activation. A significant reduction
occurred in IL-2 levels by about three- to four-fold at 24 h
post-stimulation in the group that received CpG together with
α-GalCer (Fig. 2a). Importantly, this reduction was markedly
prolonged for up to 48 h; however, no significant differences
were observed at 72 h post-stimulation, although the trend of
reduction in IL-2 was evident in the CpG-treated group (data
not shown). A similar reduction in the iNKT cell production
of IL-4 and IFN-γ was also observed in groups receiving
CpG (Fig. 2b, c). Furthermore, we confirmed a significant
transcriptional up-regulation of the TLR9 gene in DN32.D3
cells receiving CpG together with α-GalCer at 24 h post-
stimulation (Fig. 2d). This observationwas in agreement with
the aforementioned finding that CpG treatment of TCR-
activated mouse hepatic and splenic iNKT cells results in
the up-regulation of TLR9 protein. Together, these findings
indicate that the co-stimulation of α-GalCer-activated iNKT
cells with CpG results in a significant reduction in their acti-
vation status concomitantly with the transcriptional up-
regulation of TLR9 genes.

CpG treatment of iNKTcells in presence of anti-CD3mAb
leads to down-regulation of iNKTactivation

DN32.D3 cells can also be efficiently activated through
anti-CD3 ligation (Stuart et al. 2010). In order to assess
the regulatory effects of CpG in TCR-activated iNKT cells,
in addition to α-GalCer, we used anti-CD3 mAb to activate
iNKT cells. DN32.D3 cells were co-stimulated with CpG in
the presence of anti-CD3 mAb for up to 72 h and the super-
natants were analyzed to quantitate IL-2, IL-4 and IFN-γ as
readouts for iNKT cell activation. A significant reduction in
IL-2 by about five-fold at 24 h post-stimulation was seen in
the group that received CpG together with anti-CD3 mAb
(Fig. 3a). Interestingly, this reduction was significantly
prolonged for up to 72 h with about a four-fold difference
between the CpG-treated and untreated groups .
Furthermore, a similar reduction in the iNKT cell production
of IL-4 and IFN-γ was observed in groups receiving CpG
treatment for up to 72 h post-stimulation (Fig. 3b, c). Taken
together, our findings indicate that the CpG-mediated co-
stimulation of TCR (α-GalCer or anti-CD3 mAb)-activated
iNKT cells results in a significant down-regulation of iNKT
cellular activation status.

Fig. 1 CpG-ODNmediated invariant natural killer T (iNKT) cell expres-
sion of TLR9 and IFN-γ. Single cell suspensions were prepared by pro-
cessing mouse liver and spleen tissues. Cells were stimulated with α-
GalCer with or without CpG for 24 h and harvested cells post-
stimulation were surface-stained with CD1d tetramers and TLR9 antibod-
ies followed by intracellular cytokine staining by interferon-γ (IFN-γ)
antibody. The control group received neither α-GalCer nor CpG. The

representative flow plots show cell frequencies observed in liver (a) and
spleen (b) tissue. The bar graphs adjacent to plots (a’, b’) show the
frequency of positively stained cell population. Each treatment group
contained three to four mice. Data from one of three independent exper-
iments are presented. *P ≤ 0.05 (significant differences when compared
with mice that received α-GalCer alone). Error bars indicate
measn ± SEM (aGC α-GalCer)
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CpG-mediated down-regulation of TCR-induced iNKT
cell activation is dependent on MyD88 signaling

To determine whether the CpG-mediated suppression of
iNKT cell production of cytokines was mediated by TLR
signaling, we used an inhibitor of MyD88 (PepinhMYD),
which is a 26-amino-acid polypeptide that blocks MyD88
signaling by inhibiting its homodimerization through bind-
ing. As was evident from our observations, MyD88 inhibi-
tion in DN32.D3 cells significantly restored the TCR (α-
GalCer or anti-CD3 mAb)-induced production of IFN-γ
(Fig. 4). Since the restoration of CpG-mediated suppres-
sion was only partial (although statistically significant),
particularly in cells activated in the presence of anti-CD3
mAb, other DNA-sensing PRR mechanisms might be ca-
pable of engaging CpGs, in addition to TLR9/MyD88
signaling.

CpG treatment of iNKT cells in presence of TCR agonists
affects MAPK signaling

Stimulation of T cells through TCR activates the MAPK signal
transduction pathway leading to T cell activation (Gorjestani
et al. 2008). We hypothesized that CpG-mediated suppression
of cytokine production in iNKT cells was related to the regula-
tion of the MAPK signaling pathway. Extracellular signal-
regulated kinase (ERK), p38 and Jun N-terminal kinases
(JNKs) are important members of the MAPK pathway (Dong
et al. 2002). These kinases are activated upon the phosphoryla-
tion of the TxY motif in response to various cellular and envi-
ronmental stimuli and play crucial roles in a variety of biolog-
ical processes, including growth, survival, differentiation and
cytokine secretion. Notably, the MAPK pathway involving
ERK1/2 and p38 MAPKs plays an important role in the
iNKT cell production of cytokines (Stuart et al. 2010).

Fig. 2 CpG-mediated co-stimulatory regulation of iNKT cell activation
in the presence of α-GalCer. DN32.D3 iNKT cells were stimulated with
α-GalCer alone or in the presence of CpG or CpG control. iNKT cell
activation was determined by the production of interleukin-2 (IL-2; a),
IL-4 (b) and IFN-γ (c) in the culture supernatants as determined by
enzyme-linked immunosorbent assay (ELISA) at various time points
post-stimulation, as indicated. The values in the group treated with α-
GalCer + CpG were statistically different compared with those in the α-
GalCer alone or the α-GalCer + CpG control groups (*P ≤ 0.05,
**P ≤ 0.01). These experiments were repeated at least three times inde-
pendently and the results were found to be consistently reproducible. The
representative data from one independent experiment are shown here as

the mean IL-2, IL-4, or IFN-γ concentration ± SD in triplicate cultures. In
d, DN32.D3 cells were stimulated withα-GalCer alone or in the presence
of CpG or CpG control and the cells were collected at 24, 48 and 72 h
post-stimulation. Total RNAwas extracted followed by cDNA synthesis
and quantitative real-time polymerase chain reaction (PCR) was per-
formed to determine the expression of the TLR9 gene in these cells.
The results are shown as the expression of the TLR9 gene relative to
the expression of the housekeeping gene, β-actin. Experimental cell cul-
tures were performed in triplicates and sets of triplicate data in the goup
treated with α-GalCer + CpG were statistically different compared with
those in the α-GalCer alone or the α-GalCer + CpG control groups (aGC
α-GalCer, CpGC non-CpG control)
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Therefore, we sought to quantitate the amounts of phosphorylat-
edMAPKs (ERK1/2, p38MAPKK, and JNK1/2/3) in the iNKT
cells stimulated with CpG and α-GalCer, together with appro-
priate controls. As shown in Fig. 5a, the levels of ERK1/2 and
p38 MAPKK were significantly reduced in cells treated with
CpG compared with controls and indeed, these values were
comparable with those observed in the unstimulated iNKTcells.

Since the decrease in cytokine production by cells treated
with CpG and α-GalCer coincided with inhibition of ERK1/2
and p38 MAPK phosphorylation, we questioned whether these
observations were linked. To examine this further, we used two
MAPK inhibitors in an attempt to replicate the inhibitory effects
of CpG. We also aimed to determine whether CpG had any
additive effects when combined with MAPK inhibition in

Fig. 4 MyD88-dependent CpG-mediated down-regulation of TCR-
induced iNKT cell activation. DN32.D3 iNKT cells were pretreated with
a peptide inhibitor of MyD88 (PepinhMYD) at a concentration of 25 μM
followed by stimulation with TCR agonists (α-GalCer or anti-CD3 anti-
bodies) with or without CpG as indicated. Culture supernatants were
collected 24 h post-stimulation and the IFN-γ concentrations were quan-
tified by ELISA. Control groups received non-CpG control and the values
in MyD88 inhibitor-treated groups were statistically different compared
with those that did not receive the inhibitor (*P ≤ 0.05). These experi-
ments were repeated three times independently and the representative
data from one independent experiment are shown here as the mean
IFN-γ concentration ± SD in triplicate cultures (CD3 mAb anti-CD3
antibodies)

�Fig. 3 CpG-mediated co-stimulatory regulation of iNKT cell activation
in the presence of anti-CD3 antibodies. DN32.D3 iNKT cells were stim-
ulated with α-GalCer alone or in the presence of anti-CD3 antibodies.
iNKT cell activation was determined by the production of IL-2 (a), IL-4
(b) and IFN-γ (c) in the culture supernatants by ELISA at various time
points post-stimulation, as indicated. The values in the group treated with
anti-CD3 antibodies + CpG were statistically different compared with
those in the α-GalCer alone group (*P ≤ 0.05). These experiments were
repeated at least three times independently and the results were found to
be consistently reproducible. The representative data from one indepen-
dent experiment are shown here as the mean IL-2, IL-4, or IFN-γ
concentration ± SD in triplicate cultures (CD3 anti-CD3 antibodies)
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iNKT cells. PD98059, a potent inhibitor of MEK1 kinase,
which prevents the phosphorylation of ERK1/2 leading to the
suppression of cytokine secretion, and SB203580, which is an
inhibitor of p38 MAPK, were used in the present study.

DN32.D3 cells treated with PD98059 or SB203580 in the pres-
ence of α-GalCer exhibited a marked reduction in IL-2 produc-
tion at levels comparable with that seen in cells that received α-
GalCer and CpG (Fig. 5b). The addition of CpG to the cells
receivingα-GalCer and the inhibitor led to a further decrease in
the production of IL-2. Although the anti-CD3-activated iNKT
cells receiving the inhibitor had diminished IL-2 production, the
addition of CpG to the cells led to a further decrease in IL-2
production (Fig. 5c). These findings suggest that the CpG-
mediated effects were additive to the actions of the MAPK
inhibitors used in our study. Collectively, these observations
indicate that the CpG treatment of iNKT cells in the presence
of TCR agonists induces inhibitory molecular signals upstream
of the MAPK signaling pathway that affects the iNKT cell
production of cytokines and, thus, their activation status.

CpG-mediated signaling in iNKT cells regulates TCR
signaling through induction of phosphatases

Next, we investigated the molecular mechanisms that contrib-
ute to the reduced levels of MAPKs in the CpG-treated iNKT
cells. MAPK phosphatases are key regulators of MAPK sig-
naling and dephosphorylate MAPKs into their inactive forms
(Jeffrey et al. 2007). Notably, TLR stimulation has been
shown to induce the expression of MAPK phosphatases, also
referred to as dual-specificity phosphatases (DUSPs), in con-
ventional CD4+ T cells (Gonzalez-Navajas et al. 2010).
Another important molecule upstream of the MAPK signaling
pathway is SHP-1, a tyrosine phosphatase, which is a negative
regulator of TCR signaling (Hebeisen et al. 2013; Johnson
et al. 2013). Therefore, we first determined the transcriptional
changes in the DUSP1, DUSP2, DUSP10, SHP-1, SHP-2 and
TRAF6 genes. We found that DN32.D3 cells receiving CpG
exhibited a significant up-regulation in DUSP1 gene

�Fig. 5 CpG treatment of iNKT cells in the presence of TCR agonists
affects mitogen-activated protein kinase (MAPK) signaling. To determine
whether CpG treatment of α-Galcer-activated DN32.D3 iNKT cells af-
fected MAPK signaling, the amounts of phosphorylated MAPKs
(ERK1/2, p38 MAPKK and JNK1/2/3) were quantitated by using a com-
mercial ELISA kit (a). Whereas the lysate provided by the manufacturer
was used as the positive control, the unstimulated cells were considered as
a negative control. The values in the group treated with α-GalCer + CpG
were statistically different compared with those in the α-GalCer alone or
the α-GalCer + CpG control groups (*P ≤ 0.05). In b, c, additive effects
of CpG in blocking MAPK signaling in TCR-activated iNKT cells with
PD98059 (ERK1/2 inhibitor) and SB203580 (p38 MAPK inhibitor) used
at 20 μM were investigated. Amounts of IL-2 were quantified in the
culture supernatants as a measure of iNKTcell activation. Cytokine levels
in the group treated with α-GalCer + CpG were statistically different
compared with those in the α-GalCer alone or the α-GalCer + inhibitor
groups (*P ≤ 0.05, **P ≤ 0.01). Experiments were repeated three times
independently and the results from one independent experiment are
shown as means ± SD (aGC α-GalCer, CpGC non-CpG control, PD-
inh PD98059, SB-inh SB203580, CD3 anti-CD3 antibodies, Unstim
unstimulated)
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expression at 1 h post-stimulation (Fig. 6a). In addition, sig-
nificant transcriptional up-regulation of SHP-1 in CpG-treated
iNKT cells was also observed at 15 min and 1 h post-
stimulation (Fig. 6b). An increase in SHP-1 expression at
30 min in CpG-receiving cells was also observed; however,
the difference between the groups was not statistically signif-
icant. No significant transcriptional changes in the expression
of DUSP2, DUSP10, SHP-2, or TRAF6 were observed (data
not shown).

We further investigated the expression of DUSP1 and
SHP-1 in DN32.D3 iNKT cells at the protein level. The
expression of DUSP1 in the cells receiving CpG in the
presence of TCR-agonist (anti-CD3 mAb) tended to in-
crease by as early as 1 h post-stimulation (Fig. 6c). This
elevation continued for up to 24 h post-stimulation in

cells treated with CpGs compared with cells stimulated
with anti-CD3 mAb without CpG. Using densitometry
to quantify DUSP1 expression relative to β-tubulin, we
found that DUSP1 expression in cells treated with anti-
CD3 and CpG remained up to 5.5 times higher than in
cells treated only with anti-CD3 and PBS (Fig. 6c). In
addition to DUSP1 expression, we also found a two-
fold increase in SHP-1 expression in cells that received
CpG compared with those treated with TCR agonist
alone (Fig. 6d). Taken together, these observations indi-
cate that the CpG treatment of iNKT cells concomitantly
with TCR agonists leads to the induction of certain
phosphatases that interfere with MAPK and TCR signal-
ing, which in turn negatively regulates iNKT cell
activation.

Fig. 6 CpG-mediated signaling in iNKT cells regulates TCR signaling
through the induction of phosphatases. DN32.D3 iNKT cells were
stimulated with anti-CD3 antibodies alone or in the presence of CpG
and the cells were collected at the indicated time points post-stimulation.
Total RNAwas extracted followed by cDNA synthesis and quantitative
real-time PCR was performed to determine the expression of the DUSP1
(a) and SHP-1 (b) genes in these cells. The results are shown as the
expression of the target gene relative to that of the housekeeping gene
(TBP). Experimental cell cultures were performed in triplicate and sets of
triplicate data in the group treated with anti-CD3 + CpG were statistically

different compared with those treated with anti-CD3 + PBS (phosphate-
buffered saline) control (*P ≤ 0.05). In c, d, DN32.D3 cells were stimu-
lated with TCR agonists (anti-CD3 antibodies in c, α-GalCer in d) alone
or in the presence of CpG and the cells were collected at the indicated
time points post-stimulation. Cell lysate was prepared and Western blot
was performed to determine the protein expression of DUSP1 (c) and
SHP-1 (d) in these cells. The bar graphs (c‘, d‘) represent the fold changes
in protein expression compared with cells treated with PBS alone, as
determined by densitometric quantification
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Discussion

The host recognition of microbial components is a critical
event in the initiation of innate responses and TLRs
expressed by the cells of the immune system facilitate this
process of recognition. Although only APCs were previously
thought to express TLRs, various T cell subsets can clearly
also express TLRs, some of which are functional (Kabelitz
2007; Kulkarni et al. 2011). Invariant NKT cells that express
both NK cell recptors and TCRs are positioned strategically
at the interface of innate and adaptive immune system com-
ponents. Recently, we and others have shown that co-
stimulationwith certain TLR agonists in iNKTcells receiving
suboptimal TCR signals results in the enhancement of their
activation (Gardner et al. 2010; Kulkarni et al. 2012;
Villanueva et al. 2014). HMGB1 (high mobility group box
1) protein, which interacts with certain TLRs, has also been
suggested to induce pro-inflammatory cytokine production in
Tcells (Kudo et al. 2013). Interestingly, certain TLR agonists
such as CpG-ODN have additionally been shown to serve a
regulatory function mediated by B cells in controlling DC
maturation (Maddur et al. 2012, 2014). To this end, an im-
portant observation from our previous study indicated that
certain TLR ligands such as CpG can negatively regulate
iNKTcell activation in the presence of higher concentrations
of α-GalCer. In the present study of mouse primary iNKT
cells and DN32.D3 cells, we show that CpG co-stimulation
of iNKTcells in the presence of higher concentrations of TCR
agonists (α-GalCer or anti-CD3 mAb) results in decreased
iNKTcell activation. These regulatory effects are dependent,
at least in part, on signaling by the MyD88 adapter moiety
and CpG co-stimulation leads to diminishedMAPK and TCR
signaling through the induction of DUSP1 and SHP-1
phosphatases.

From a biological perspective, the regulation of T cell re-
sponses is essential for immune homeostasis in order to pre-
vent unwanted T cell induced pathology (Hou et al. 2016).
Recently, Juno et al. (2012) have underscored the important
aspects of iNKT cell regulation and their function in the con-
text of viral infections. Reports have been presented showing
that TLRs, in addition to modulating APC responses, can also
regulate T cell activation (Johnson et al. 2007; Shepherd et al.
2004). For example, Gonzalez-Navajas et al. (2010) found
that mice deficient in TLR4 are more prone to develop colitis
and the direct TLR4 co-stimulation of antigen-experienced
CD4+ T cells with LPS leads to decreased IFN-γ production
(Gonzalez-Navajas et al. 2010). Similarly, the TLR2- and
TLR4-mediated modulation of natural T regulatory cells has
also been documented (Zanin-Zhorov and Cohen 2013). In
this context, we found that the CpG treatment of LMNC and
splenocytes and of DN32.D3 iNKTcells in the presence of α-
GalCer or anti-CD3 mAb results in the decreased production
of IL-2, IL-4 and IFN-γ. Importantly, the down-regulation of

iNKT cell activation is prolonged for up to 72 h post-
stimulation in vitro (Figs. 2, 3). In the context of bacterial
infections in which iNKT cells receive more than adequate
activation signals (Suzuki et al. 2004; Tupin et al. 2007), our
observations suggest that CpG-like ligands can modulate the
cellular activation status to avoid cytokine-mediated tissue
damage. Notably, the liver NKT cell population can also con-
tain a newly characterized mucosal-associated invariant T cell
(MAIT) that possesses semi-invariant TCR (Vα19-Jα33) and
recognizes molecules presented on the non-polymorphic
MHC-related protein 1 (Heymann and Tacke 2016; Hinks
2016). Although our ex vivo experiment involves the use of
glycolipid loaded CD1d tetramers specific for Vα14-Jα18
iNKT TCR, there still exists the rare possibility of our gated
iNKT cell population containing MAIT cells.

CpG is a potent TLR9 agonist, and the signaling by TLR9
requires the MyD88 adapter protein (Marshall et al. 2005). In
the present study, we observed a significant up-regulation of
TLR9 expression in iNKT cells at both transcript and protein
levels when primary LMNC, splenocytes and DN32.D3 cells
are treated with CpG and TCR agonists. Using a MyD88
inhibitor, we found that the CpG-mediated suppressive effect
on iNKT cell activation is significantly abrogated (Fig. 4).
However, the restoration of CpG-mediated suppression is only
partial (although statistically significant), particularly in cells
activated in the presence of the anti-CD3 mAb. Therefore, in
addition to TLR9/MyD88 signaling, other DNA-sensing PRR
mechanisms might be capable of engaging CpGs. Indeed,
enough evidence exists to show that CpGs can also be recog-
nized by other cytosolic DNA-sensing receptors, such as Z-
DNA-binding protein 1 (ZBP1) and activation of IFN regula-
tory factors absent in melanoma 2 (AIM2) in a TLR9/MyD88-
independent mechanism (Landrigan et al. 2011; Vilaysane and
Muruve 2009).

Stimulation of T cells through the TLR or TCR pathway
results in the activation of MAPK (ERK, p38 MAPK and
JNK) and MAPK signaling in these cells is necessary for their
effector functions. For example, all threeMAPKs are involved
in CD8+ T cell cytotoxicity (Dong et al. 2002) and whereas
ERK or p38 MAPK are critical for CD4+ T cell polarization
and for the production of IFN-γ (Agrawal et al. 2006; Pages
et al. 1999), JNK activation is necessary for IL-4 production
(Rincon et al. 1997). Notably, certain PRR ligands such as
LPS can negatively regulate CD4+ T cell responses by affect-
ing intraceullar MAPK signaling (Gonzalez-Navajas et al.
2010). Recently, Stuart et al. (2010) showed that TCR stimu-
lation in iNKT cells leads to the activation of ERK and p38
MAPK but not JNK (Stuart et al. 2010). In the present study,
we also have shown that the inhibition of ERK1/2 and p38
MAPK activation can abrogate iNKT cell activation induced
by α-GalCer or anti-CD3 mAb. Moreover, the amounts of IL-
2 production in iNKT cells that received α-GalCer + MAPK
inhibitors were very similar to those receiving α-GalCer +
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CpG (Fig. 5b). This observation suggests that CpG treatment
results in the downstream inhibition of MAPK activity. In
support of this suggestion, we indeed observed that the addi-
tion of CpG to iNKTcells receiving the TCR agonist together
with MAPK inhibitors leads to a further sizable reduction in
iNKTcell activation. These additive inhibitory effects of CpG
clearly indicate events that impede downstream MAPK sig-
naling. Furthermore, we confirmed that the CpG-treated iNKT
cells have substantially reduced levels of phosphorylated
ERK1/2 and p38 MAPK proteins indicating an interference
in MAPK signaling in these cells. Along similar lines, an
earlier report also suggsested that CpG can suppress regulato-
ry T cell functions through an affect on ERK phosphorylation
and, thus, MAPK signaling (Johnson et al. 2007).

An important conjecture from our findings is that the reg-
ulatory nature of CpGs depends on the level of TCR reactivity.
In our previous study, when iNKT cells were activated by
using suboptimal concentrations of TCR agonists, CpG co-
stimulation in these cells led to an enhancement of their acti-
vation (Kulkarni et al. 2012). Contrastingly, in the present
study, CpG co-stimulation of iNKT cells in the presence of
higher concentrations of TCR agonists resulted in diminished
activation. This Bconditional^ regulation by the CpG in iNKT
cells appears to operate through the fine-tuning of the control
mechanisms that regulate TCR signaling. Since both the TLR
and TCR signaling pathways cross-talk and utilize MAPKs to
exert their actions, one of the Bregulatory check-points^ for
the CpG-mediated effects observed in the present study is
presumably at the level of MAPK signaling.

Signaling by MAPKs can be modulated at the molecular
level by various mechanisms. One such mechanism is the
dephosphorylation of MAPKs by DUSPs (Xu et al. 2014).
DUSPs are a family of protein tyrosine phosphatases that are
expressed either in the nuclear or cytosol compartment and
that chiefly dephoshorylate threonine and tyrosine residues
on MAPKs (Jeffrey et al. 2007). Of this family, DUSP1 has
been implicated as the crucial negative regulator of the innate
immune system (Liu et al. 2007). For example, Chen et al.
(2002) found that LPS stimulation of a macrophage cell line
leads to increased DUSP1 expression afftecting p38 MAPK
signaling and similarly, others also observed DUSP1 up-
regulation in APCs stimulated with CpG and peptidoglycan
resulting in diminished ERK or p38 MAPK signaling (Chi
et al. 2006; Salojin et al. 2006). DUSPs are also induced in
T cells in response to TCR and TLR co-stimulation
(Gonzalez-Navajas et al. 2010; Liu et al. 2007). In this con-
text, we assessed the induction of DUSP1 (nuclear), DUSP2
(cytosolic) and DUSP10 (nuclear and cytosolic) in iNKTcells
co-stimulated with CpG in the presence of TCR agonists. We
observed an increase in DUSP1 gene transcription in CpG co-
stimulated cells early on at 6 h with a corresponding increase
in DUSP1 protein expression by 24 h post-stimulation. We
further examined the expression of SHP-1, a well-

characterized negative regulator of TCR reactivity in T cells
and found that SHP-1 is also markedly increased at both the
transcriptional and protein levels in CpG co-stimulated iNKT
cells. Taken together, our observations suggest that CpG co-
stimulation in TCR-activated iNKT cells induces the expres-
sion of certain phosphatases that affect both upstream TCR
and downstream MAPK signaling to dampen cellular activa-
tion. Placing our observations in a biological perspective, we
can reasonably infer that DUSP1 and SHP-1 phosphatases
provide a crucial negative feedback mechanism to attenuate
the activity of ERK and p38 MAPKs during innate responses
against various microbial components.

In summary, our results show that CpG co-stimulation in
iNKT cells can modulate TCR-induced activation indepen-
dently of APC-derived signals and that the effects mediated
by CpG depend, at least in part, on MyD88 signaling. These
effects seem to operate through the blocking of MAPK and
TCR pathway signaling via the induction of certain phospha-
tases such as DUSP1 and SHP-1. This may have some bio-
logical value in that excessive iNKTcell activation in response
to microbial insults needs a regulatory apparatus to avoid un-
wanted cytokine-mediated immunopathology. Notably,
mouse Vα14 NKT cells are functionally very similar to hu-
man Vα24 NKT cells in many ways including their cytotoxic
activity against tumor/infected cells and their importance in
autoimmunity (Takahashi et al. 2002). Furthermore,α-GalCer
is a potent TCR agonist for both mouse and human iNKTcells
whose engagement induces the robust production of IFN-γ
and IL-4 cytokines. Therefore, our findings may have clinical
implications in the control of overactive NKT-cell-mediated
complications such as arthritis, liver damage, atherosclerosis
and contact hypersensitivity (Chiba et al. 2008).
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