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Va14 natural killer T (iNKT) cells activated by alpha-galactosylceramide (GalCer) secrete a large amount of
cytokines. Toll-like receptors (TLRs) play a critical role in the innate immune responses via the recognition
of pathological antigen. Previously we demonstrated that the iNKT cells activated by GalCer augmented
LPS-induced NO production in peritoneal cells. In this study, we examined the effect of GalCer and TLR
agonists by IFN-c production from splenocytes. Splenocytes pretreated with GalCer induced TLR3, 4, 7/8,
and 9 agonists in vitro, resulting in the enhancement of IFN-c mRNA expression. In particular, IFN-c
stimulated by GalCer and LPS was increased in NK cells and CD8 T cells, and inhibited by a neutralizing
anti-IL-12 antibody. Pretreatment with GalCer enhanced the phosphorylation of IkB-a induced by LPS
stimulation. The present study showed that co-stimulation of GalCer and TLR agonists powerfully induced
the production of IFN-c from splenocytes.

a
-Galactosylceramide (GalCer) is a glycolipid that has been identified as a ligand recognized by Va14
natural killer T (iNKT) cells1. A key feature of iNKT cells is the expression of a single invariant Va14
antigen receptor that recognizes glycolipid antigens in mice. iNKT cells can recognize GalCer presented by

CD1d molecules on antigen presenting cells. Although their precise physiological functions remain unknown,
iNKT cells have been implicated in the immune system regulation. GalCer can strongly activate iNKT cells to
produce immunoregulatory cytokines, including interferon (IFN)-c, interleukin (IL)- 4, and IL-17, and thereby
exert a variety of subsequent effects on other cells in the immune system2. Recent studies have shown the
mechanism of GalCer-induced iNKT cell activation in immune responses to tumors and microbes, and in the
suppression of autoimmune diseases3–6.

Previously, we established the murine endotoxin shock model induced by the administration of GalCer and
lipopolysaccharide (LPS) in vivo7. In this model, tumor necrosis factor (TNF)-a and nitric oxide (NO) production
was intensely enhanced by the administration of LPS to GalCer-sensitized mice in vivo. Pretreatment with GalCer
enhanced the systemic inflammation induced by LPS injection in mice. In this endotoxin shock model, IFN-c
production was significantly increased, and IFN-c played a critical role in the establishment of this endotoxin
shock model. Moreover, it was previously shown that the administration of GalCer and LPS could enhance the
production of nitric oxide (NO) in peritoneal cells and intrahepatic mononuclear cells in vitro8,9. In these models,
IFN-c contributed to the enhancement of NO production in peritoneal and intrahepatic mononuclear cells
stimulated with GalCer and LPS. Thus, stimulation by GalCer and LPS enhanced the production of IFN-c in
immune cells and induced a robust immunological response. However, the mechanism of enhancement of IFN-c
production induced by GalCer and LPS administration is not well known. Furthermore, it is unclear whether
other Toll-like receptor (TLR) agonists can enhance the production of IFN-c in immune cells sensitized by the
administration of GalCer.

In the present study, we examined the effect of GalCer and various TLR agonists on the IFN-c production in
murine splenocytes in vitro and defined the mechanism of enhancement of IFN-c production.

Results
Up-regulation of IFN-c in splenocytes stimulated with TLR agonist and GalCer. Splenocytes at 1 3 106 cells/
ml were cultured with GalCer for 18 h in vitro. GalCer-treated splenocytes were stimulated with various TLR
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agonists (LPS, poly-I:C, IMQ, or CpG ODN). These cells were
harvested at 3, 8, and 24 h after stimulation with TLR agonists,
and the expression of IFN-c mRNA in these cells was measured by
real-time RT-PCR. LPS (TLR4 agonist), poly-I:C (TLR3 agonist),
IMQ (TLR7 agonist), and CpG ODN (TLR9 agonist) stimulation
strongly enhanced the expression of IFN-c mRNA in GalCer-
pretreated splenocytes in vitro (Figs. 1A–D). The production of
IFN-c in splenocytes stimulated with both LPS and GalCer was
higher than that in splenocytes stimulated with LPS or GalCer
alone (Fig. 1E).

Identification of IFN-c producing cells following GalCer and LPS
stimulation. Next, to indentify the IFN-c producing cell type
following GalCer and LPS stimulation in vitro, we measured the
production of IFN-c in splenocytes by intracellular cytokine stain-
ing. As shown in Figure 2, intracellular cytokine staining analysis
indicated that IFN-c production in CD8-positive cells was enhanced
by co-stimulation with LPS and GalCer. Co-administration of LPS
and GalCer mildly increased the production of IFN-c in CD4- and
CD11b-positive cells compared to stimulation with LPS or GalCer
alone. Administration of LPS and GalCer did not enhance IFN-c
production in CD19- positive cells (data not shown).

Enhancement of IL-12 production in splenocytes following Gal-
Cer and LPS stimulation. In general, IFN-c production in immune
cells is strongly enhanced by IL-12 stimulation. IL-12 is mainly
produced by dendritic cells, macrophages, and B cells. There-
fore, we next measured the expression of IL-12 mRNA in adherent
and non-adherent cells from splenocytes after stimulation with
GalCer and LPS (Figs. 3A and B). Although co-stimulation by

GalCer and LPS did not increase the expression of IL-12 mRNA in
non-adherent cells, the expression of IL-12 mRNA in the adherent
cells was synergistically enhanced by GalCer and LPS stimulation in
vitro. Further, we tested the effect of neutralizing antibody against IL-
12 on the enhancement of IFN-c production after stimulation with
GalCer and LPS. As shown in Fig. 3C, the IFN-c production after the
co-stimulation of GalCer and LPS in splenocytes was significantly
reduced by the administration of neutralizing antibody against
murine IL-12. Previous study demonstrated that natural killer
(NK) cells were the major IFN-c source after the administration of
GalCer10. Therefore, we measured the expression of IFN-c mRNA in
NK cells and CD8-positive cells after the administration with GalCer
and LPS in vitro (Fig. 3D). The co-stimulation of GalCer and LPS
markedly enhanced the expression of IFN-c mRNA in both NK cells
and CD8-positive cells. The enhancement of IFN-c mRNA
expression was reduced by the administration of anti-IL-12 antibody.

Up-regulation of IFN-c production via NFkB pathway in vivo
after the administration of LPS and GalCer. Next, we examined
the production of IFN-c in vivo after the administration with GalCer
and LPS. The concentration of serum IFN-c was determined at 0, 3, 8,
and 24 h after LPS (1 mg) injection with or without pretreatment by
GalCer (1 mg) (Fig. 4A). The administration of LPS and GalCer
strongly enhanced the production of IFN-c in vivo. The translo-
cation of NFkB to the nucleus is preceded by the phosphorylation
and proteolytic degradation of IkB-a. The phosphorylated levels of
IkBa protein were examined by western blot analysis (Fig. 4B). After
the stimulation with LPS and GalCer, the level of phosphorylated IkB-
a protein was significantly increased in spleen compared to those in
the spleen from the mice treated with LPS alone or GalCer alone.

Figure 1 | Effect of GalCer and TLR agonists on IFN-c production in mice splenocytes. Splenocytes (1 3 106 cells/ml) were cultured with or without

GalCer (100 ng/ml) for 18 h. IFN-c mRNA expression in GalCer-pretreated splenocytes stimulated with LPS (0.01 mg/ml) (A), Poly-I:C (1 mg/ml)

(B), IMQ (0.3 mg/ml) (C), or CpG ODN (0.3 mg/ml) (D) was measured by real-time RT-PCR and was determined on the basis of 18S rRNA expression.

The concentration of culture supernatant IFN-cwas determined at 0, 3, 8, and 24 h after LPS (1 mg/ml) administration with or without pretreatment with

GalCer (100 ng/ml) (E). The data are presented as the means 6 SD of the results of three samples from each group. *P , 0.05.
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Discussion
In the present study, we showed that the administration of various
TLR agonists strongly enhanced the production of IFN-c in spleno-
cytes pretreated with GalCer in vitro. In particular, CD8- positive
cells can strongly secrete IFN-c by co-stimulation with GalCer and
LPS. This augmentation of IFN-c production depended on the
enhancement of IL-12 production in splenic adherent cells after
GalCer and LPS stimulation. Moreover, our finding showed that
the splenocytes pretreated with GalCer enhanced the TLR signaling
induced by LPS.

Our previous studies have indicated that GalCer and TLR agonists
can induce severe in vitro and in vivo immunological responses7–9,11.
GalCer and LPS can synergistically enhance NO production in mur-
ine peritoneal cells in vitro8. Intrahepatic mononuclear cells from
mice also strongly produced NO upon co-stimulation with GalCer
and LPS9. These enhancements of NO production following the
administration of GalCer and LPS were dependent on IFN-c pro-
duction. Although IFN-c production in peritoneal cells, including
many macrophages, was enhanced by the co-administration of
GalCer and LPS, it is unknown whether the enhancement of IFN-c
production after stimulation by GalCer and LPS is observed in
lymphoid tissues, or whether other TLR agonists can enhance

IFN-c production in splenocytes pretreated with GalCer. As shown
in Figure 1A, various TLR (TLR3, TLR4, TLR7, and TLR9) agonists
and GalCer synergistically enhanced the expression of IFN-c mRNA
in splenocytes in vitro. In particular, stimulation with LPS and GalCer
strongly enhanced IFN-c production in splenocytes (Figs. 1A and E).
The concentration of serum IFN-c significantly increased after the
administration with LPS and GalCer in mice (Fig. 4A). Furthermore,
IFN-c production was increased by the stimulation with GalCer and
LPS from CD8- positive cells. In addition, the production of IFN-c in
CD4- and CD11b-positive cells was up-regulated similar to CD8-
positive cells (Fig. 2). Previous report indicated that the administra-
tion of GalCer mainly increased the IFN-c production in hepatic NK
cells in vivo10. In the present study, the co-stimulation of GalCer
and LPS enhanced the expression of IFN-c mRNA in both NK cells
and CD8 T cells in vitro (Fig. 3D). Thus, stimulation with GalCer and
TLR agonist can increase the production of IFN-c in various types of
lymphocytes (in particular CD8 T cells and NK cells) in the spleen.
These TLR agonists can activate inflammatory immune responses
through the MyD88-dependent pathway. Pretreatment with GalCer
to splenocytes may affect the TLR signaling induced by TLR agonists
via MyD88. Indeed, pretreatment with GalCer enhanced the phos-
phorylation of IkB-a induced by LPS in vivo (Fig. 4B).

Figure 2 | Identification of IFN-c producing cells after GalCer and LPS stimulation. Splenocytes (2.5 3 106 cells/ml) were stimulated with GalCer

(100 ng/ml) and LPS (1 mg/ml). Protein Transport Inhibitor was added to each well 5 h before harvesting. Cells were harvested for fixation and

permeabilization with cytofix/cytoperm. After fixation and permeabilization of splenocytes, these cells were stained with anti IFN-c, CD8 (A), CD4 (B),

and CD11b (C) antibodies. The stained cells were analyzed using flow cytometry. The data are representative of at least 2 independent experiments with

similar results.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 2559 | DOI: 10.1038/srep02559 3



IFN-c production in splenocytes is up-regulated by the stimu-
lation with various cytokines. The cytokines IL-2, IL-12 and IL18
are known to induce Th1 cells and increase the IFN-c production in
T cells and NK cells12,13. IL-12 is secreted by monocyte/macrophages
and dendritic cells after stimulation by some TLR agonists14,15. As
shown in Figure 3A, the administration of LPS up-regulated the
expression of IL-12 mRNA in adherent cells but not in non-adherent
cells. Moreover, these data indicated that adherent cells pretreated
with GalCer secreted more IL-12 than did non-pretreated adherent
cells after LPS administration. This enhancement of IL-12 mRNA

expression in adherent cells can lead to the increase of IFN-c pro-
duction in splenocytes after the stimulation of GalCer and LPS. IL-2
and IL-18 mRNA expressions were not enhanced by the administra-
tion of GalCer and LPS (data not shown). On the other hand, the
experiment using neutralizing antibody against mouse IL-12 showed
that the production of IFN-c induced by GalCer and LPS in spleno-
cytes was inhibited by the addition of anti-IL-12 antibody (Fig. 3C).
The co-stimulation of GalCer and LPS markedly enhanced the
expression of IFN-c mRNA in both of NK cells and CD8 T cells,
and anti-IL-12 antibody could reduce the enhancement of IFN-c

Figure 3 | Effect of IL-12 on IFN-c production in splenocytes stimulated with GalCer and LPS. Splenocytes (1 3 106 cells/ml) were cultured with or

without GalCer (100 ng/ml) for 18 h, and IL-12 mRNA expression in adherent cells (A) and non-adherent cells (B) at 0, 3, 8, and 24 h after LPS (1 mg/ml)

treatment was determined using real-time RT-PCR. Splenocytes (1 3 106 cells/ml) were cultured with GalCer (100 ng/ml) and/or anti-IL-12 antibody

(1 mg/ml). LPS (1 mg/ml) was added to the culture medium after stimulation with GalCer. The concentration of IFN-c in culture supernatant was

determined at 0, 3, 8, and 24 h after LPS stimulation using ELISA (C). The expression of IFN-cmRNA in isolated DX5- or CD8-possitive splenocytes was

measured after the stimulation with GalCer (100 ng/ml), LPS (1 mg/ml) in the presence or absence of anti-IL-12 antibody (1 mg/ml) (D). The data are

represented as the means 6 SD of the results of 3 samples from each group. *P , 0.05.

Figure 4 | Effect of GalCer and LPS on the activation of NFkB signaling. IFN-c concentrations in serum were measured at 0, 3, 8 and 24 h after

LPS injection on the mice treated with GalCer (1 mg/mice) and LPS (1 mg/mice) (A). The mice treated with GalCer (1 mg/mice) and LPS (1 mg/mice) and

the spleen was obtained 1 h after the administration of LPS (B). The expression of the phosphorylated-IkB-a protein was examined by western blot

analysis and based on the expression of the GAPDH protein. To determine equivalent loading of samples the blots were stripped and reprobed with

anti-GAPDH antibody. The gels have been run under the same experimental condition. The blot image was cropped around the region of interest. These

experiments were repeated twice and produced the same results.
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expression (Fig. 3D). Thus, IL-12 is critical for the enhancement of
IFN-c production after GalCer and LPS stimulation in this model.

IFN-c is critical for innate and adaptive immunity against viral
and intracellular bacterial infection and for tumor control16,17. TLR
agonists can induce IFN-c production in immune cells, and they are
used as therapeutic tools for infectious diseases and cancer18,19. A
study of human papillomavirus (HPV) infection in rhesus macaques
showed that the co-administration of HPV antigen and TLR3 agonist
increased IFN-c and enhanced HPV-specific T-cell responses20.
Further, the effects of various TLR4 agonists on viral infectious dis-
eases and cancer wrer examined in numerous clinical studies21–24.
Pre-clinical studies indicated that the vaccination of TLR7/8 agonists
with the HIV-1 Gag protein enhanced Ag-specific IgG and cytotoxic
T lymphocyte (CTL) responses25. In addition, TLR7/8 agonists have
been used as adjuvants in combination with several cancer vac-
cines26,27. TLR9 agonists were used as adjuvants in vaccines against
some viral infectious diseases and cancer28,29. However, TLR agonist
therapy alone is considered not become fully effective for viral infec-
tion and cancer. On the other hand, GalCer is a well-known, power-
ful reagent to induce IFN-c. GalCer has been also tested to infectious
disease and cancer in some pre-clinical studies30,31. Although GalCer
was used as an adjuvant in combination with the HBV and HCV
antigens, the effect of GalCer in the elimination of these hepatitis
viruses was limited32. Pre-clinical studies have shown clinical safety
and efficacy of GalCer therapy in cancer patients31. Although GalCer
monotherapy for cancer did not show a marked effect, the patient
group with increased numbers of IFN-c producing cells showed
significantly prolonged overall survival. The enhancement of IFN-
c production in GalCer therapy in cancer patients may lead to
improvements in the disease prognosis.

Although, TLR agonists and GalCer have been used in several
infectious diseases and cancer, mono-therapy of the TLR agonist
or GalCer is insufficient to treat various infections and cancer. Our
finding that the co-administration of TLR agonist and GalCer can
powerfully induce the production of IFN-c in splenocytes may lead
to a new treatment strategy for various infectious diseases and cancer.

Methods
Reagents. Synthesized GalCer was obtained from Funakoshi co., Ltd. (Tokyo, Japan).
LPS from Escherichia coli O111:B4 was purchased from Sigma-Aldrich (St Louis, MO,
USA). Imiquimod-R837 (IMQ) and Poly-I:C were purchased from InvivoGen (San
Diego, CA, USA). CpG ODN (50-GCTAGACGTTAGCGT-30-) was synthesized at
Hokkaido System Science (Sapporo, Japan). Anti-mouse IL-12 neutralization
antibody (AB-419-NA) was obtained from R&D Systems (Minneapolis, MN, USA).
Mouse IFN-c antibody was purchased from eBioscience (San Diego, CA, USA).
Phospho-IkB-a antibody and GAPDH antibody were obtained from Cell Signaling
Technology (Danvers, MA, USA).

Mice. All animal procedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals, and the
guidelines for care and use of animals established by the Animal Ethics Committee of
Gifu University (approval number: 24-16). Male C57BL/6 mice at the age of
approximately 8 weeks were obtained from Japan SLC (Hamamatsu, Japan).

Cell culture. Splenocytes (1 3 106 cells/ml) were incubated with or without GalCer
(100 ng/ml) for 18 h in vitro and TLR agonists were added into the culture medium.
Splenocytes were obtained and suspended in RPMI 1640 medium (Wako Pure
Chemical Industries, Osaka, Japan) containing 10% heat-inactivated fetal bovine
serum (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and cultured at 37uC in a
5% CO2 atmosphere.

Enzyme-linked immunosorbent assay (ELISA). The concentrations of IFN-c in
culture supernatant and serum from the mice treated with GalCer and LPS were
measured using ELISA. Ninety-six-well Immulon 2HB plates (Thermo Lab Systems,
OH, USA) were coated with purified IFN-c-specific antibody and then blocked with
phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA).
Culture supernatants were applied in each well on the ELISA plate and bound
cytokine was detected by the addition of biotin-labeled secondary IFN-c-specific
antibody (all antibodies were obtained from eBioscience), followed by phosphatase-
conjugated avidin and a phosphatase-specific colorimetric substrate (Sigma-Aldrich).
Standard curves were generated using recombinant cytokines purchased from R&D
Systems.

Real-time reverse transcription polymerase chain reaction (RT-PCR) analysis.
Real-time RT-PCR was used to quantify the levels of IFN-c and IL-12 mRNA
expression in splenocytes. Total RNA was isolated using an RNeasy mini kit (Qiagen
GmbH, Hilden, Germany) and transcribed to cDNA using the High Capacity cDNA
transcription kit (Applied Biosystems, Foster City, CA, USA). Purified cDNA was
used as the template for real-time PCR conducted using pre-designed primer/probe
sets for IFN-c, IL-12 and 18S rRNA (Applied Biosystems), according to the
manufacturer’s instruction. 18S rRNA was used as an internal control. Real-time PCR
was carried out using a Light-Cycler Rapid Thermal Cycler System (Roche Diagnostic
Systems, Indianapolis, IN, USA).

Intracellular cytokine analysis. Splenocytes (2.5 3 106 cells/ml) pretreated with or
without GalCer (100 ng/ml) were incubated with LPS (1 mg/ml). Protein Transport
Inhibitor (GolgiPlug: [BD Biosciences]) was added to each well 5 h before harvesting.
Cells were harvested for fixation and permeabilization with cytofix/cytoperm (BD
Biosciences). These cells were stained with phycoerythrin (PE)-Cy7 conjugated anti-
mouse CD8 (clone 53–6.7), PE-Cy7 conjugated anti-mouse CD11b (clone M1/70),
allophycocyanin (APC)-conjugated anti-mouse CD4 (clone RM4-5), and PE-
conjugated anti-mouse IFN-c (clone XMG1.2) (eBioscience,). The stained cells were
analyzed using a FACSCanto II instrument (BD Biosciences).

Cell isolation. DX5- and CD8-possitive cells were isolated from total splenocytes
after the stimulation with GalCer, LPS in vitro using anti-DX5 and anti-CD8
conjugated magnetic beads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
The magnetically labeled cells were purified using the QuadroMACS separation unit
attached to a MACS multi-stand and LS columns (Miltenyi Biotec GmbH).

Western blot analysis. The spleen was obtained from the mice treated with GalCer
(1 mg/mice) and LPS (1 mg/mice). Protein (40 mg) from the spleen lysate was
subjected to sodium dodecyl sulfate –polyacrylamide gel electrophoresis (SDS –
PAGE) and transferred to a PVDF membrane (GE Healthcare, Uppsala). The
membrane was blocked with 0.1% TBST with 1% BSA, and incubated with antidobies
against –phosphorylated -IkB-a at 4uC overnight. The membrane was thereafter
washed with 0.1% TBST and incubated with peroxidase-labeled anti-mouse IgG
antibody for 60 min at room temperature. Immuno-reactive protein bands were
visualized using an enhanced chemiluminescence (ECL) system (Wako, Osaka,
Japan). To determine equivalent loading of samples the blots were stripped and
reprobed with anti-GAPDH antibody.

Statistical analysis. In each experiment, the results were expressed as the mean 6 SD.
The statistical significance of the difference in mean values was determined by
Student’s t test or one-way analysis of variance followed by Scheffe’s test. P values less
than 0.05 were considered significant.
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