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Abstract
Background Due to the strong tumoricidal activities of activated natural killer T (NKT) cells, invariant NKT cell-based 
immunotherapy has shown promising clinical efficacy. However, suppressive factors, such as regulatory T cells (Tregs), may 
be obstacles in the use of NKT cell-based cancer immunotherapy for advanced cancer patients. Here, we investigated the 
suppressive effects of Tregs on NKT cells and the underlying mechanisms with the aim to improve the antitumor activities 
of NKT cells.
Methods Peripheral blood samples were obtained from healthy donors, patients with benign tumors, and patients with head 
and neck squamous cell carcinoma (HNSCC). NKT cells, induced with α-galactosylceramide (α-GalCer), and monocyte-
derived dendritic cells (DCs) were co-cultured with naïve  CD4+ T cell-derived Tregs to investigate the mechanism of the 
Treg suppressive effect on NKT cell cytotoxic function. The functions and phenotypes of NKT cells were evaluated with 
flow cytometry and cytometric bead array.
Results Treg suppression on NKT cell function required cell-to-cell contact and was mediated via impaired DC maturation. 
NKT cells cultured under Treg-enriched conditions showed a decrease in  CD4− NKT cell frequency, which exert strong 
tumoricidal responsiveness upon α-GalCer stimulation. The same results were observed in HNSCC patients with significantly 
increased effector Tregs.
Conclusion Tregs exert suppressive effects on NKT cell tumoricidal function by inducing more  CD4− NKT cell anergy and 
less  CD4+ NKT cell anergy. Both Treg depletion and NKT cell recovery from the anergy state may be important for improv-
ing the clinical efficacy of NKT cell-based immunotherapy in patients with advanced cancers.
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Introduction

Invariant natural killer T (NKT) cells form a unique small lym-
phocyte subpopulation characterized by the expression of the 
invariant T cell receptor, which is composed of the Vα24-Jα18 
chain and Vβ11 chain in humans. NKT cells are activated by 
a glycolipid ligand, α-galactosylceramide (α-GalCer), that is 
presented by CD1d on antigen-presenting cells (APCs) [1–3]. 
Upon stimulation by α-GalCer, NKT cells exhibit not only 
direct tumoricidal activity against various cancers but also 
indirect antitumor activity via cytotoxic T cells and natural 
killer cells [4–7].

Our research efforts have focused on the dramatic tumori-
cidal activity induced by NKT cells, and we previously devel-
oped a NKT cell-based immunotherapy for patients with 
advanced head and neck squamous cell carcinoma (HNSCC) 
and non-small cell lung cancer (NSCLC) [8, 9]. Our clini-
cal trials showed that the administration of α-GalCer-pulsed 
APCs induced the proliferation and activation of endogenous 
NKT cells. Furthermore, the increase in interferon (IFN)-γ-
producing NKT cells in the peripheral blood was associated 
with the prolonged survival of NSCLC patients [10, 11]. 
Although significant tumor size reductions were detected in 
some advanced HNSCC patients after NKT cell-based immu-
notherapy, no case achieved a complete response.

Recent studies have reported that immunosuppressive fac-
tors, such as regulatory T cells (Tregs) and myeloid-derived 
suppressor cells, are higher in patients with advanced cancers 
[12]. Tregs play a critical role in the maintenance of peripheral 
immune tolerance [13]. However, in the tumor microenviron-
ment, Tregs suppress the antitumor activity of effector T cells 
and promote the immune evasion of tumors [14, 15]. Recent 
studies found that higher Treg levels in the peripheral blood 
of HNSCC patients were associated with tumor progression 
and poor prognosis [16, 17]. These findings suggest that the 
antitumor activities of NKT cells and T cells in cancer patients 
are both negatively affected by Tregs, and high Treg popula-
tions could be a major obstacle for the efficacy of various treat-
ments, including NKT cell-based immunotherapy. However, 
the suppressive effects of Tregs on NKT cells in humans and 
the potential mechanisms for these processes are not clear.

Our study investigated the suppressive effect of Tregs on 
NKT cells with the aim of improving the efficacy of NKT 
cell-based immunotherapy.

Materials and methods

Blood samples

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from heparinized venous blood samples by density 

gradient centrifugation. Blood samples were obtained 
from healthy donors, five HNSCC patients (three males 
and two females with a mean age of 76.6 years, range 
65–85 years), and five patients with benign tumors (three 
males and two females with a mean age of 57.8 years, 
range 52–64 years), who were diagnosed and received 
treatment in Chiba University Hospital. The blood sam-
ples were diluted 1:1 with saline before being layered onto 
Ficoll-Paque PLUS (GE Healthcare Bio-Sciences, Chi-
cago, Illinois, USA). After centrifugation, PBMCs were 
collected from the plasma–Ficoll interphase.

Antibodies and flow cytometry

PBMCs were stained with the following anti-human antibod-
ies for surface staining: anti-CD3-APC (BD Bioscience, San 
Diego, CA, USA), anti-CD4-Pacific blue (BD Bioscience), 
anti-CD8-PE-Cy5 (BioLegend, San Diego, CA, USA), anti-
CD45RA-FITC (BD Bioscience), anti-CD25-APC-Cy7 
(BioLegend), anti-CD39-PE (eBioscience, Santa Clara, 
CA, USA), anti-CCR4-PE (BD Bioscience), anti-CD11c-
Pacific Blue (BioLegend), anti-CD80-PE (BioLegend), anti-
CD86-FITC (eBioscience), anti-CD1d-APC (eBioscience), 
CD14-APC-Cy7 (BioLegend), anti-CD40-APC (BD Biosci-
ence), anti-HLA-DR-PE-Cy5 (BioLegend), anti-Vα24-FITC 
(Beckman Coulter, Brea, CA, USA), anti-Vβ11-PE (Beck-
man Coulter), and anti-CTLA-4-PE (BioLegend). Addition-
ally, anti-Foxp3-eflour660 (eBioscience), anti-IL-4-PE (BD 
Bioscience), anti-IL-10-APC (BD Bioscience), anti-IFN-
γ-PE (BioLegend), anti-TNF-α-Pacific Blue (BioLegend), 
anti-IL-12-FITC (eBioscience) were used for intracellular 
staining. Cell surface and intracellular staining were each 
performed in accordance with the manufacturer’s protocols. 
The expressions of surface molecules and cytokine produc-
tion levels were evaluated by multicolor flow cytometry 
using a FACSCanto II (BD Biosciences). Data were ana-
lyzed with FlowJo software (FlowJo, LLC, Ashland, OR, 
USA).

Induction of Tregs from PBMCs

Naïve  CD4+ T cells were isolated from the PBMCs of 
healthy donors using the Naïve  CD4+ T cell isolation kit II 
(Miltenyi Biotec, Germany) in accordance with the manu-
facturer’s protocol. Isolated  CD4+ T cells were cultured with 
IL-2 (100 JRU/ml, Shionogi, Japan), TGF-β (5 ng/ml, Pepro-
Tech, Rocky Hill, NJ, USA), and anti-CD3/28-coated beads 
(Life Technologies, Carlsbad, CA, USA) in RPMI1640 
medium supplemented with 10% fetal bovine serum and 
penicillin–streptomycin (Gibco, USA) (RPMI1640 complete 
medium) for 7 days.
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Induction of activated NKT cells and preparation 
of dendritic cells (DCs)

PBMCs obtained from healthy donors were cultured with 
α-GalCer (100 ng/ml) and IL-2 (100 JRU/ml) in RPMI1640 
complete medium. After 7 days, the NKT cells were isolated 
via positive selection of Vα24-FITC-stained cells. Mono-
cyte-derived DCs were prepared as follows:  CD14+ cells 
were isolated from PBMCs by autoMACS using  CD14+ 
MicroBeads (Miltenyi Biotec) and then cultured with IL-4 
(50 ng/ml, PeproTech) and GM-CSF (75 µg/ml, GeneTech, 
China) for 7 days.

T cell proliferation assay

CD4+ cells and  CD8+ cells were isolated from peripheral 
blood obtained from healthy donors using the RosetteSep 
Human  CD4+ T cell Enrichment Cocktail and Human  CD8+ 
T cell Enrichment Cocktail (STEMCELL, Vancouver, BC, 
Canada). T cells were labeled with carboxyfluorescein suc-
cinimidyl ester (CFSE) using the CellTrace CFSE Cell 
Proliferation Kit (Molecular Probes, USA) in accordance 
with the manufacturer’s instructions. CFSE-labeled T cells 
(5 × 105/well) were stimulated with anti-CD3/28-coated 
beads in the presence of IL-2 (100 JRU/ml) and cultured 
with induced Tregs (2.5 × 105/well) or as a counterpart to 
Tregs, cultured with  CD4+ T cells (2.5 × 105/well) and anti-
CD3/28-coated beads and IL-2 (100 JRU/ml) for 7 days fol-
lowing isolation from peripheral blood, as mentioned above, 
for 72 h. The CFSE dilutions in these T cells were then 
analyzed using a FACSCanto II. The proliferation index was 
calculated using FlowJo software as the number of divisions 
divided by the number of cells that went into the division.

Suppression assays with NKT cells

Purified NKT cells (5 × 105) were co-cultured with Tregs 
at different ratios in the presence of IL-2 (100 JRU/ml) and 
α-GalCer-pulsed monocyte-derived DCs (5 × 105) for 7 days, 
and the proliferation and cell number of NKT cells were 
analyzed. The cytokine productions of NKT cells (2 × 105) 
were evaluated using FACSCanto II after a 4-h co-culture 
with α-GalCer-pulsed monocyte-derived DCs (2 × 105) and 
Tregs (2 × 105).

For experiments in Transwell plates (Corning, USA), 
NKT cells (5 × 105) and α-GalCer-pulsed DCs (5 × 105) 
were placed in the lower wells of Transwell chambers, 
and Tregs (5 × 105) were placed in the upper wells in the 
presence of IL-2 (100 JRU/ml). To block CD39, cytotoxic 
T-lymphocyte-associated antigen (CTLA)-4, or programmed 
cell death ligand 1 (PD-L1) on the surface of Tregs, the 
Tregs were incubated with anti-CD39 antibody (10 µg/ml, 
BioLegend), anti-CTLA-4 antibody (20 µg/ml, BioLegend), 

anti-PD-L1 antibody (20 µg/ml, BioLegend), respectively, or 
with an isotype control antibody (20 µg/ml, BioLegend) for 
1 h, after which the cells were washed to remove unbound 
antibodies. The blocked Tregs were added to the culture 
medium of NKT cells in the presence of IL-2 and α-GalCer. 
On day 7, the NKT cell proliferation was analyzed. To exam-
ine the direct suppressive effect of Tregs on NKT cells, 
purified NKT cells were re-stimulated with plate-bounded 
CD1d dimer in the presence or absence of Tregs. After 4 h 
of stimulation, NKT cells were collected, and intracellular 
staining was performed to determine cytokine production.

Suppression assays with DCs

Monocytes were isolated from PBMCs using autoMACS 
with  CD14+ MicroBeads (Miltenyi Biotec). The iso-
lated  CD14+ cells were cultured with IL-4 (50 ng/ml) and 
GM-CSF (75 µg/ml) for 7 days. After 7 days of culture, 
monocyte-derived DCs were stimulated with 0.1 KE/ml of 
OK-432 (Chugai Pharmaceuticals, Japan) to induce matura-
tion, in the presence (Treg-DC) or absence (control DC) of 
Tregs. The surface molecules on DCs and the levels of IL-10 
and IL-12 production were analyzed using a FACSCanto II.

Subsequently,  CD4+ cells were depleted from both DC 
fractions (Treg-DC and control DC) using autoMACS, and 
α-GalCer was loaded on these isolated DC fractions. Then, 
purified NKT cells were restimulated with the α-GalCer-
loaded DCs.

Induction assay of anergic NKT cells

NKT cells were cultivated from PBMCs with different 
concentration of Tregs; Tregs were added into the culture 
medium of PBMCs at a PBMC/Treg ratio of 4:1 (Treg-
enriched condition). For the control condition, Tregs were 
not added into the culture medium. Vα24+Vβ11+ cells were 
isolated on day 7 using a FACSAria (BD Biosciences). 
Purified NKT cells were re-stimulated with plate-bounded 
CD1d dimer (BD Biosciences). The supernatants of these 
cells were collected at 24 h after stimulation. A cytometric 
bead array (BD Biosciences) was performed in accordance 
with the manufacturer’s protocols to evaluate the cytokine 
production.

Functional assay of  CD4+ NKT cells,  CD4−CD8− NKT 
cells, and  CD8+ NKT cells

NKT cells were cultured as described above. On day 7 of 
culture, the Vα24+ cells were isolated using autoMACS. 
On day 8, the  CD4+ NKT cells,  CD4−CD8− (double nega-
tive; DN) NKT cells, and  CD8+ NKT cells were sorted by 
FACSAria based on the expression of CD4 and CD8 on the 
NKT cells. On day 9, each isolated subset of NKT cells was 



1938 Cancer Immunology, Immunotherapy (2019) 68:1935–1947

1 3



1939Cancer Immunology, Immunotherapy (2019) 68:1935–1947 

1 3

re-stimulated with plate-bounded CD1d dimer. After a 24-h 
incubation, the supernatant of these cells was collected and 
used in a cytometric bead array to evaluate the cytokine pro-
duction. To evaluate the cytotoxic activities of each subset 
of NKT cells, a cytotoxicity assay was also performed on 
day 9. NKT cells were cocultured with K562 cells at effec-
tor/target (E/T) ratios ranging from 2.5:1 to 20:1 in 96-well 
plates. Cancer cell lines were labeled using a CellTrace Vio-
let Cell Proliferation Kit (CTV) (Life Technologies, USA), 
in accordance with the manufacturer’s protocol. After 4 h of 
cancer and NKT cell coculture, the cells were stained using a 
Dead Cell Apoptosis Kit (Invitrogen), in accordance with the 
manufacturer’s protocol, to detect apoptotic cells. Cytotoxic-
ity was assessed based on the amount of Annexin  V+ cells.

Surface phenotype and proliferative responses 
of NKT cells in patients with benign tumors 
or HNSCC

PBMCs were collected from HNSCC patients and from 
patients with benign tumors. Following α-GalCer stimula-
tion, the PBMCs were cultured for 7 days. The NKT cell 
expansion and the NKT cell CD4 and CD8 expressions were 
evaluated using a FACSCanto II.

Statistical analyses

Statistical analyses of the means and correlations were con-
ducted using a parametric unpaired t test and a two-way 
ANOVA, respectively. All p values were two-sided, and p 
values < 0.05 were considered statistically significant.

Results

Characteristics of induced Tregs and their 
suppressive effect on T cells

The majority of Tregs derived from the PBMCs of healthy 
donors were  CD45RA−Foxp3high Tregs (effector Tregs, 
eTregs). In contrast, cultured  CD4+ T cells included a low 
frequency of eTregs. Representative staining profiles of the 

CD45RA and Foxp3 expression on these Tregs and cultured 
 CD4+ T cells are shown in Fig. 1a. The expression levels 
of CTLA-4, CCR4, CD25, and CD39 in the Tregs were 
high (Fig. 1b). We next examined the suppressive effects of 
Tregs against T cells. CFSE-labeled isolated  CD4+ T cells 
and  CD8+ T cells were stimulated with anti-CD3/28-coated 
beads for 72 h in the presence of Tregs or cultured  CD4+ 
T cells. The proliferation levels of both  CD4+ and  CD8+ T 
cells were significantly suppressed in the presence of Tregs 
(Fig. 1c–e).

Suppressive effect of Tregs on NKT cells

We next examined the suppressive effects of Tregs on NKT 
cells. The purity of the cultivated and isolated NKT cells 
was greater than 95% (Fig. S1A). Purified NKT cells were 
co-cultured with Tregs at various ratios. The NKT cell pro-
liferation levels were significantly suppressed in a dose-
dependent manner following the addition of Tregs (Fig. 2a). 
The IFN-γ and TNF-α production levels of NKT cells were 
also significantly suppressed in the presence of Tregs. In 
contrast, there was a significant but minor increase in the 
IL-4 production level of NKT cells cultured without Tregs 
in comparison with that of NKT cells cultured with Tregs 
(Fig. 2b and S1B).

Treg‑mediated NKT cell suppression via cell‑to‑cell 
contact

To investigate the suppressive mechanism of Tregs on NKT 
cells, Tregs and NKT cells were co-cultured using Transwell 
plates. The level of proliferation by NKT cells cultured sepa-
rately from Tregs in the Transwell system was equivalent 
to that of NKT cells cultured without Tregs (Fig. 2c). The 
suppressed proliferation of NKT cells co-cultured with Tregs 
was not recovered by prior blockades of CD39, CTLA-4, or 
PD-L1 on the surface of Tregs (data not shown). We next 
examined the Treg suppressive effects on NKT cell activa-
tion by plate-bound α-GalCer stimulation in the absence of 
DCs. The presence of Tregs did not suppress the cytokine 
production by NKT cells (Fig. 2d and S1C).

Suppressive effect of Tregs on DC maturation

We next examined the suppressive effects of Tregs on DCs. 
The expression levels of HLA-DR, CD86, CD80, and CD1d 
on monocyte-derived DCs were significantly lower in the 
Treg-DC than the Control-DC; in contrast, the level of the 
monocyte marker CD14 was significantly higher, and no sig-
nificant difference between these groups was found for the 
expression of CD40 (Fig. 3a, S2C). Furthermore, a signifi-
cantly lower level of IL-12 production by DCs was observed 
in the presence of Tregs (Fig. 3b, c). Additionally, Treg-DC 

Fig. 1  Characteristics and suppressive effects of Tregs. a Represent-
ative profiles of Tregs before and after 7  days of cultivation and of 
cultured  CD4+ T cells. b Expression of surface molecules on Tregs. 
The gray-shaded histogram: the isotype control, the unshaded his-
tograms: each molecule. c The proliferation index, d numbers and e 
representative proliferation profiles of  CD4+ cells and  CD8+ cells co-
cultured with Tregs (Treg (+)) or control  CD4+ T cells (Treg (−)) in 
the presence of anti-CD3/28-coated beads for 72 h. Data are shown 
as mean ± SD. Statistical comparisons were performed using unpaired 
t tests. ***p < 0.001, ****p < 0.0001, ns not significant. Results are 
representative of three experiments. CTLA-4 cytotoxic T-lymphocyte-
associated antigen, CFSE carboxyfluorescein succinimidyl ester

◂
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activated NKT cells equivalent to Control-DC if Tregs were 
depleted from the DC fraction prior to the co-culture with 
NKT cells (Fig. S2A and D). Of note, the majority of  CD4+ 
cells were depleted from the mixture of Tregs and DCs 
(Fig. S2B). These results were confirmed in another two 
experiments.

Change in the NKT subset ratio and anergy 
induction of NKT cells by Tregs

The effects of Tregs on the surface phenotype of NKT 
cells were examined. Representative CD4 and CD8 expres-
sion profiles of NKT cells cultured for 7 days under the 

Fig. 2  Treg-mediated NKT 
cell suppression via cell-to-cell 
contact. a Numbers of NKT 
cells co-cultured with Tregs 
at 7 days after re-stimulation 
with α-GalCer-pulsed DCs. b 
Cytokine secretions of NKT 
cells upon α-GalCer-pulsed 
DC stimulation with or without 
Tregs by the intracellular flow 
cytometry staining. c NKT cells 
and α-GalCer-pulsed DCs were 
seeded with Tregs in Transwell 
chambers as indicated (NKT 
cells:DCs:Tregs = 1:1:1). The 
NKT cells were co-cultured 
with DCs and Tregs in the 
same chamber (dotted line), 
or NKT cells and DCs were 
seeded in the lower chambers 
and Tregs were seeded in the 
upper chambers (dash line), 
or NKT cells and DCs were 
cultured without Tregs (solid 
line). Statistical analyses were 
performed between the NKT 
cells and DCs cultured with 
Tregs in the same chamber 
and those cultured in separate 
chambers. d Cytokine secretion 
of NKT cells upon plate-bound 
α-GalCer-loaded CD1d dimer 
stimulation with or without 
Tregs was evaluated by intracel-
lular flow cytometry staining. 
Data are shown as mean ± SD. 
Statistical comparisons were 
performed using unpaired t 
tests. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, 
ns not significant. Results are 
representative of at least three 
experiments. MFI mean fluores-
cence intensities
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Treg-enriched condition or control condition are shown 
in Fig. 4a. The purity of the isolated NKT cells in these 
two groups was equal (Fig. 4b). The levels of IFN-γ and 
TNF production by NKT cells cultivated under the Treg-
enriched condition were significantly lower compared with 
those of NKT cells cultivated under the control condition, 
even though Tregs were depleted at the time of re-stim-
ulation (Fig. 4c). In contrast, NKT cells cultured under 
the Treg-enriched condition secreted higher amounts of 
IL-10 and IL-4 compared with NKT cells cultured under 
the control condition (Fig. 4d). The frequency of the  CD4+ 
phenotype in Vα24+Vβ11+ NKT cells  (CD4+ NKT cells) 
was higher under the Treg-enriched condition compared 
with the control condition (Fig. 4e, f). In contrast, the fre-
quency of the  CD4− phenotype  (CD4− NKT cells) was 
significantly lower in Vα24+Vβ11+ NKT cells cultured 
under the Treg-enriched condition compared with the con-
trol condition (Fig. 4e, g).

Functional characteristics of  CD4+ NKT cells, DN NKT 
cells, and  CD8+ NKT cells

Cultured NKT cells were sorted by a FACSAria into sub-
sets of  CD4+ NKT cells, DN NKT cells, and  CD8+ NKT 
cells. Representative profiles of the pre-sorted NKT cells 
and of each sorted subset of NKT cells are shown in Fig. 5a, 
b. The amounts of Granzyme B, TNF, and IFN-γ secreted 
from  CD4+ NKT cells were significantly lower than those 
secreted from DN NKT cells or  CD8+ NKT cells. In con-
trast with the production levels of those cytokines, the IL-10 
and IL-4 secretion levels from  CD4+ NKT cells were sig-
nificantly higher compared with levels from the other two 
groups (Fig. 5c). The cytotoxic activity of  CD4+ NKT cells 
was dramatically weaker than those of DN NKT cells and 
 CD8+ NKT cells (Fig. 5d). A representative Annexin V-PI 
staining pattern for each subset at an E/T ratio of 10:1 is 
shown in Figure S3A.

Fig. 3  Suppressive effects of 
Tregs on DCs. a The expression 
levels of the surface molecules 
HLA-DR, CD86, CD80, CD40, 
CD1d, and CD14 on monocyte-
derived DCs co-cultured with or 
without Tregs. b A representa-
tive FACS profile and c MFI 
of IL-12 expression on DCs. 
Data are shown as mean ± SD. 
Statistical comparisons were 
performed using unpaired t 
tests. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, 
ns not significant. Results are 
representative of at least three 
experiments. MFI mean fluores-
cence intensities
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Surface phenotype and proliferative responses 
of NKT cells in patients with benign tumors 
or HNSCC

PBMCs were obtained from five patients with HNSCC 
and five patients with benign tumors, and then cultured 
with α-GalCer for 7 days. The frequencies of Vα24+Vβ11+ 
NKT cells among the PBMCs from HNSCC patients 
were comparable to those from benign tumor patients 

(data not shown). However, the expansion of NKT cells 
from HNSCC patients was lower compared with that 
from benign tumor patients (Fig. 6a, d). The percentage 
of Vα24+Vβ11+ NKT cells with a  CD4+ phenotype was 
higher in HNSCC patients than in benign tumor patients, 
whereas the percentage of Vα24+Vβ11+ NKT cells with 
a  CD4− phenotype, especially a  CD4−CD8− phenotype, 
was lower. The results of representative cases are shown 
in Fig. 6b, and the remaining participant data are shown 

Fig. 4  Change in the NKT 
cell subset ratio and cytokine 
production by Tregs. a Repre-
sentative FACS profiles of the 
CD4/CD8 expressions on NKT 
cells cultured under control 
conditions and Treg-enriched 
conditions for 7 days, and b 
the purity of sorted NKT cells. 
c IFN-γ and TNF, d IL-4 and 
IL-10 production levels were 
evaluated using a cytometric 
bead array stimulation with 
α-GalCer-loaded CD1d dimers. 
e Quantification of each fraction 
and f the frequencies of  CD4+ 
NKT cells and g  CD4− NKT 
cells after 7 days of cultiva-
tion under Treg-enriched or 
control conditions. Data are 
shown as mean ± SD. Statisti-
cal comparisons were per-
formed using unpaired t tests. 
*p < 0.05, **p < 0.01. Results 
are representative of assays 
performed using cells from four 
healthy donors. Control control 
conditions, Treg-enriched Treg-
enriched conditions
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in Fig. S4. Data obtained from a benign patient (Benign 
05) and two HNSCC patients (HNSCC 04 and 05) showed 
extremely low NKT cell expansion and undetectable CD4/
CD8 expression. The percentage of eTregs among  CD4+ 
cells in HNSCC patients was significantly higher, more 
than twofold, compared with that in benign tumor patients 
(Fig. 6c). Additionally, the levels of NKT cell expansion 
and the frequency of eTregs among  CD4+ cells exhibited 
a significant negative correlation (Fig. 6e). Although two 
patients with a high frequency of eTregs among  CD4+ 
cells on day 0 had a higher frequency of  CD4+ NKT cells 
among NKT cells in the seven analyzable patients, a sig-
nificant correlation was not detected (Fig. 6f).

Discussion

Tregs are divided into functional subsets based 
on the expression of CD45RA and Foxp3 [18]. 
 CD45RA−Foxp3high Tregs (eTregs) exert more vigorous 
suppressive effects compared with  CD45RA+Foxp3low 
Tregs (naïve Tregs). A previous report demonstrated a 
correlation between an increased frequency of peripheral 
eTregs before treatment and the poor prognosis of cancer 
patients [16]. Here, Tregs derived from naïve  CD4+ T cells 
showed a  CD45RA−Foxp3high and  CTLA4+ effector phe-
notype and suppressed the proliferative activity of NKT 

Fig. 5  Functional character-
istics of NKT cell subsets. 
Representative FACS profiles of 
cultured NKT cells are shown 
for a unsorted NKT cells and b 
each sorted subset of NKT cells. 
c Cytokine production from 
 CD4+ NKT cells, DN NKT 
cells, and  CD8+ NKT cells. d 
The cytotoxicity of  CD8+ NKT 
cells (solid line), DN NKT cell 
(dashed line) and  CD4+ NKT 
cells (dotted line) targeted to 
K562 cells. Statistical analyses 
were performed comparing the 
cytotoxic activity levels between 
the  CD4+ NKT cells and DN 
NKT cells and those between 
the DN NKT cells and  CD8+ 
NKT cells at every E/T ratio. 
Data are shown as mean ± SD. 
Statistical comparisons were 
performed using unpaired t 
tests. **p < 0.01, ***p < 0.001, 
****p < 0.0001. ns not signifi-
cant. Results are representative 
of assays performed using cells 
from three healthy donors. 
 CD4+ NKT:  CD4+ NKT cells, 
DN NKT:  CD4−CD8− NKT 
cells, and  CD8+ NKT:  CD8+ 
NKT cells
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cells as well as those of  CD4+ T cells and  CD8+ T cells in 
a dose-dependent manner.

The results of our transwell experiments revealed that 
the suppressive effects of Tregs on NKT cells required 
cell-to-cell contact, indicating that secreted factors, such 
as immunosuppressive cytokines IL-10 and TGF-β, were 
not involved in this effect. CTLA-4 and CD39 expressed 
on Tregs have been shown to play an important role in the 

regulation of effector T cells by cell-to-cell contact [17, 19, 
20]. However, the blockade of these suppressive molecules 
on Tregs by specific antibodies did not restore the prolif-
eration of NKT cells. Additionally, Tregs did not exert this 
suppressive effect on the cytokine secretions from NKT cells 
in the absence of DCs.

Because the above results suggest that Tregs can-
not exert a suppressive effect on NKT cells directly, we 

Fig. 6  Characteristics of 
HNSCC patient-derived NKT 
cell subsets. a Representative 
profile of cultured NKT cells 
and b the CD4/CD8 expressions 
from a benign tumor patient and 
head and neck squamous cell 
carcinoma (HNSCC) patient on 
day 7. c Frequency of effector 
Tregs (eTreg) among  CD4+ 
cells on day 0, and d prolifera-
tion of NKT cells after 7 days 
of cultivation with or without 
α-GalCer from benign and 
HNSCC patients. e Correlation 
between the eTreg frequency 
among  CD4+ cells on day 0 and 
the level of NKT cell expansion 
after 7 days of cultivation. f 
Correlation between the eTreg 
frequency among  CD4+ cells 
on day 0 and  CD4+ NKT cells. 
Data are shown as mean ± SD. 
Statistical comparisons were 
performed using unpaired t 
tests. *p < 0.05. eTregs effector 
Tregs, HNSCC head and neck 
squamous cell carcinoma
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focused on the impact of Tregs on DCs. In the tumor 
microenvironment, DC function has been found to be 
inclined toward tolerance [21]. It has also been reported 
that Tregs suppress the maturation of DCs [22, 23]. Imma-
ture DCs are not only poorly immunogenic, they also 
convert naïve T cells into Tregs [23, 24]. Here, a down-
regulation of HLA-DR, CD86, CD80, and CD1d on the 
surface of DCs and a lower level of IL-12 production by 
DCs was observed in the presence of Tregs. However, no 
significant difference in the IL-10 production of DCs was 
observed with or without Tregs (data not shown), and the 
depletion of Tregs restored DC activating function toward 
NKT cells. These results indicate that Tregs did not induce 
tolerogenic DCs but rather suppressed the differentiation 
of immature DCs into mature DCs. Furthermore, the co-
existence of Tregs and DCs at the phase of antigen presen-
tation was considered the pivotal mechanism involved in 
the Treg suppression of NKT cell function. Immature DCs, 
which express low levels of co-stimulatory molecules, 
induce T cell anergy [25, 26]. The optimal responses of 
NKT cells also require CD28/B7 interactions [27].

The levels of IFN-γ and TNF secretion by NKT cells cul-
tured under the Treg-enriched condition were lower com-
pared with cells cultured under control conditions, despite 
a depletion of Tregs from the culture. These results indicate 
that activation stimuli by immature DCs induced NKT cells 
into an anergic state. However, the levels of IL-10 and IL-4 
production by NKT cells cultured under a Treg-enriched 
condition were higher compared with culture under the 
control condition. Thus, all subsets of NKT cells may not 
be equally induced into anergic state by Tregs. Given the 
increase in the ratio of  CD4+ NKT cells to  CD4− NKT cells 
under the Treg-enriched culture condition,  CD4− NKT cells 
are more likely to be induced into the anergic state.

Recent studies showed that peripheral NKT cells are het-
erogeneous and can be divided into functional subsets based 
on the CD4 and CD8 expression on their cell surfaces [28], 
specifically  CD4+,  CD4−CD8− (DN), and  CD8+ NKT cells 
[29–32]. As shown in our results, the DN NKT cells and 
 CD8+ NKT cells secrete inflammatory cytokines and exert 
strong tumoricidal activities, which play a pivotal role in the 
anti-tumor activity. In contrast, the  CD4+CD8− NKT cells 
have only weak tumoricidal activity. Therefore, the increased 
percentage of the  CD4+ NKT cell subset caused by Tregs 
may also contribute to diminishing the NKT cell cytotoxic 
function. Furthermore,  CD4+ NKT cells promote Treg dif-
ferentiation as well as the M2 differentiation of tumor-asso-
ciated macrophages via a high level of IL-10 production, 
resulting in tumor microenvironments being inclined toward 
immune suppression [33]. NKT cells obtained from HNSCC 
patients who had increased eTreg levels were also skewed 
toward a  CD4+ NKT cell-dominant population. The high 
sensitivity of  CD4− NKT cells to anergy induced by Tregs 

might contribute to tumor progression in HNSCC patients 
[32].

Only a few studies have focused on the mechanisms of 
the Treg suppressive function on NKT cells [34, 35]. Our 
studies indicate that Tregs suppress the NKT cell cytotoxic 
function through the induction of anergy targeting mainly 
 CD4− NKT cells. These results also demonstrate that Tregs 
are one of the major obstacles to the tumoricidal activities 
of both NKT cells and T cells in the treatment of cancer 
patients. Therefore, novel cancer therapies aimed at the 
elimination of Tregs and the improvement of DC function 
are desired for the recovery of NKT cells from their anergic 
state, especially for use in advanced cancer patients with 
a high population of Tregs. In our previous clinical trials 
for NSCLC and HNSCC patients, an increased frequency 
peripheral NKT cells and IFN-γ production by these cells 
were observed as a result of the administration of ex vivo-
activated NKT cells [9, 11]. The percentage of  CD4− NKT 
cells was also increased after this treatment in some cancer 
patients. Other studies showed that a PD-L1 blockade on 
DCs enhanced the NKT cell function of NSCLC patients and 
that the NKT cell anergy can be reversed by an exogenous 
addition of abundant IL-2 [36, 37]. These findings indicate 
that NKT cells could recover their functions under condu-
cive conditions, even in advanced cancer patients for whom 
Treg suppression has been already established [36, 38].

Further investigations of NKT anergy are required. 
However, we propose that not only Treg depletion but also 
the recovery of NKT cells from anergy may be required to 
improve the efficacy of NKT cell-based immunotherapy for 
patients with increased levels of Tregs.

Conclusions

Our study demonstrates that Tregs suppressed NKT cell 
function in a cell-to-cell contact-dependent manner via pre-
venting DC maturation. The higher levels of immature DCs 
induce more anergy in  CD4− NKT cells and less anergy 
in  CD4+ NKT cells. The corresponding decrease in the 
 CD4− NKT cell subset may participate in the suppression 
of NKT cell tumoricidal activity. Therefore, the develop-
ment of a Treg-targeted therapy could be a novel immuno-
therapy strategy for reinforcing the tumoricidal function of 
NKT cells.
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