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Introduction
Invariant natural killer T (iNKT) cells are a unique subset of  
T lymphocytes characterized by an invariant Vα14 to Jα18 TCR  
rearrangement (Vα14i) in mice and an orthologous rearrangement 
(Vα24i) in humans. iNKT cells recognize glycolipids presented by 
CD1d, a nonpolymorphic MHC class I homolog. After activation, 
iNKT cells rapidly produce copious amounts of Th1, Th2, and 
Th17 cytokines, impacting a dazzling variety of different immune 
reactions, including responses to pathogens and tumors (1–5). The 
synthetic model antigen α-galactosylceramide (αGalCer), a potent 
agonist of mouse and human iNKT cells, has been tested in clini-
cal trials for the treatment of cancer patients, and it is under con-
tinuing development as a therapeutic agent (1–7). The influence of 
iNKT cells can, however, be unpredictable, and they may exhibit 
opposing effects on tumor growth, inflammation, and other re-
sponses (4). Furthermore, the long-term effects of the treatment of 
animals and patients with αGalCer are incompletely defined, and 
conflicting outcomes have been reported (8–11). Based on earlier 
publications (9, 10), in vivo treatment of mouse iNKT cells with 
αGalCer is thought to lead to a general hyporesponsive state of 
iNKT cells. Here, we report that the strong activation mediated by 
αGalCer does not lead to anergy or a complete unresponsiveness 
of iNKT cells, but rather induces a novel state characterized by  
IL-10 production. Importantly, a subset of iNKT cells with a simi-
lar phenotype and function were detected even in untreated mice 
and in PBMCs from healthy donors, indicating that iNKT cells 
with a similar function are present in vivo under steady-state con-
ditions. This indicates that regulatory iNKT cells occur naturally 
and that they represent a novel subset that we term NKT10 cells.

Results
αGalCer-pretreated iNKT cells display an increased frequency of pro-
liferating cells. αGalCer-pretreated iNKT cells have been shown to 
have a long-term reduction in proliferation and proinflammatory 
cytokine production upon antigen rechallenge (9, 10, 12), which 
has been interpreted as a general loss of effector functions. How-
ever, when we analyzed the expression of Ki67 in iNKT cells as a 
surrogate marker for proliferation on a single-cell level, the pro-
portion of proliferating iNKT cells at steady state, when analyzed 
ex vivo, was actually higher in animals pretreated with αGalCer 1 
month earlier (Figure 1, A and B). Although Ki67 is expressed in 
all active phases of the cell cycle (G1, S, G2, and mitosis), it only 
marks cells with the potential to divide (13), and anergic T lympho-
cytes have been reported to be arrested in the G1 phase of the cell 
cycle (14). Therefore, we performed a detailed cell-cycle analysis 
and measured proliferation directly by BrdU incorporation. Con-
gruent with the Ki67 data, significantly more αGalCer-pretreated 
iNKT cells incorporated BrdU than did control iNKT cells (Figure 
1, A–C), and significantly more cells were detected in the S phase 
of the cell cycle (Figure 1, C and D). However, the ratio of cells in 
the early S phase compared with that in the late S phase was sim-
ilar in control and αGalCer-pretreated iNKT cells (Figure 1E), 
suggesting that the cell-cycle progression of αGalCer-pretreated 
iNKT cells was undisturbed. We also performed a genome-wide 
gene expression analysis of untreated and αGalCer-pretreated 
iNKT cells using microarrays. In agreement with the increased 
proliferation observed by flow cytometry, genes that promote 
transition through the cell cycle were upregulated in αGalCer- 
pretreated iNKT cells, including genes that are required for cells 
to transit beyond the G1 phase, such as cyclin A, B, and E (Supple-
mental Figure 1A; supplemental material available online with this 
article; doi:10.1172/JCI72308DS1). Additionally, genes for cell- 
cycle inhibitors were not expressed or did not change consistently  
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To distinguish between these options, we used a single-cell assay 
by measuring CD107a and CD107b externalization as an indicator 
of iNKT cell degranulation (17). To this end, we stimulated spleno-
cytes from control and αGalCer-pretreated mice with plate-bound 
αCD3ε antibody and analyzed the binding of αCD107a/b antibod-
ies by iNKT cells. We observed no difference in the frequency or 
intensity of iNKT cells that bound CD107a and CD107b between 
the control and αGalCer-pretreated splenocytes (Figure 2, B and 
C), indicating that the degranulation of iNKT cells is comparable 
between wild-type and αGalCer-pretreated iNKT cells.

Stimulation of iNKT cells with αGalCer can protect mice 
against lung metastases resulting from challenge with B16 mela-
noma, and Parekh et al. (9) reported that this protection is lost in 
αGalCer-pretreated mice. However, B16 melanoma cells do not ex-
press CD1d (16), excluding the possibility that the tumor cells serve 
as direct targets of iNKT cell cytotoxicity. Indeed, it is known that 
the cytotoxicity against B16 in this model is dependent on NK cell 
trans-activation, induced in part by iNKT cell–derived IFN-γ (18, 
19). We previously showed, however, that B16 stably transfected 
with CD1d (B16-CD1d) and loaded with αGalCer can be a cognate 
target for iNKT cells, in which case the tumor cells are eliminated 
efficiently in vivo in an antigen-specific manner (16). We used the 
B16-CD1d cell line to directly address whether αGalCer-pretreated 
iNKT cells could protect mice against this melanoma. In line with 
previous data (9), we found that administration of αGalCer with 
B16-CD1d tumor challenge could protect mice from metastases 
(Figure 2D, compare bars 1 and 2), but iNKT cells were not effective 
in mice pretreated with αGalCer (Figure 2D, bars 4 and 5). This is 
consistent with the impaired IFN-γ release by iNKT cells previously 
exposed to αGalCer as reported before (9, 10) and shown below. 

in αGalCer-pretreated iNKT cells (Supplemental Figure 1B). 
Therefore, whereas anergic T cells show impaired proliferation 
(15), our data demonstrate that αGalCer-pretreated iNKT cells 
display increased steady-state proliferation.

αGalCer-pretreated iNKT cells retain antigen-specific cytotoxicity. 
Effector functions of iNKT cells are not limited to cytokine produc-
tion, as activated iNKT cells display potent cytotoxic activity (16). 
To test whether αGalCer pretreatment would affect the cytotoxic 
potential of iNKT cells, we measured the in vivo cytotoxic activity 
of naive and αGalCer-pretreated mice. As shown in Figure 2A, the 
αGalCer-specific in vivo cytotoxicity tended to be lower in αGal-
Cer-pretreated mice compared with that in control animals, but 
this decrease did not reach statistical significance in the majority  
(6 of 10) of experiments. iNKT cell thymic emigrants that reached 
the periphery after the injected αGalCer was cleared from the cir-
culation could account for the cytotoxicity. To exclude this, we re-
peated the in vivo cytotoxicity assay with animals that had been 
thymectomized before the injection of αGalCer. However, we ob-
served no significant difference between the wild-type and thymec-
tomized groups (Figure 2A), indicating that recent thymic emi-
grants (RTEs) cannot account for the remaining cytotoxicity in the 
αGalCer-pretreated animals. We also noted significantly lower fre-
quencies of splenic and liver iNKT cells in the αGalCer-pretreated 
mice compared with those in control animals (Figure 2A and data 
not shown), suggesting that the small decrease in the in vivo cyto-
toxicity could be a consequence of lower numbers of effector iNKT 
cells rather than a reduction in their intrinsic functionality.

It could be argued that the iNKT cell population consists of a 
cytotoxic subset that is unaffected by previous αGalCer treatment 
and a cytokine-producing subset that can be anergized by αGalCer. 

Figure 1. αGalCer-pretreated iNKT cells display an increased frequency of proliferating cells. (A and B) Steady-state expression of Ki67 and BrdU (3-day 
pulse) in splenic iNKT cells from C57BL/6 control (B6, tinted area) or C57BL/6 mice injected 1 month earlier with 4 μg αGalCer (B6/αGC, black line). Repre-
sentative data (A) and a summary graph (B) are shown. Numbers in the histograms denote the percentage of positive cells within the depicted gate from 
the indicated mice. (C–E) Expression of DNA (labeled with 7-AAD) and BrdU (3-day pulse) in splenic iNKT cells from C57BL/6 control (B6) or C57BL/6 mice 
injected 1 month earlier with 4 μg αGalCer (B6/αGC). Representative data (C) and a summary graph (D) are shown. Numbers in C denote the percentages in 
the respective rectangles. Definition of the cell-cycle stages is given in the left dot plot. M, mitosis. (E) Graphic representation of the frequency of 7-AAD– 
(S early) and 7-AAD+ (S late) cells, considering BrdU+ iNKT cells. Representative data from at least 3 independent experiments (3–4 mice/group) are shown 
for each panel.
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analysis by flow cytometry via phospho-specific antibodies with 
iNKT cell hybridomas (21). We now successfully adapted the pro-
tocol and measured the phosphorylation of ERK1/2 following TCR 
stimulation in primary iNKT cells. As shown in Figure 3C, 2 minutes 
after αCD3ε-mediated stimulation, the phosphorylation of ERK1/2 
(p-ERK1/2) was identical between control iNKT cells and αGal-
Cer-pretreated iNKT cells. These data demonstrate that the MAPK 
pathway is fully functional in αGalCer-pretreated iNKT cells.

The 3 hallmarks of anergic T cells are the lack of prolifera-
tion, the lack of effector functions, and the inhibition of the MAPK 
pathways (15). By contrast, our data clearly demonstrate that 
αGalCer-pretreated iNKT cells exhibit none of these features, and 
therefore contrary to current thinking, these cells are not anergic.

Cytokines activate αGalCer-pretreated iNKT cells. Besides an-
tigen-driven TCR activation, most iNKT cells can be additionally 
stimulated in a TCR-independent fashion to produce IFN-γ by  
cytokines, such as IL-12 together with IL-18, which are produced by 
antigen-presenting cells (APCs) following stimulation with TLR lig-
ands (22, 23). We therefore tested whether αGalCer-pretreated iNKT 
cells would respond to cytokines from activated innate immune cells 
triggered by TLR ligands. To this end, we injected LPS into control 
and αGalCer-pretreated mice and analyzed the response of iNKT 
cells 6 hours later. Following LPS injection, the increased expres-
sion of CD69 (Figure 4A) and the production of IFN-γ by αGalCer- 
pretreated iNKT cells were comparable to what was observed in 
wild-type controls (Figure 4B), indicating that the response of αGal-
Cer-pretreated iNKT cells to TLR-stimulated APCs was unaltered. 
These data are in line with a previous report showing that αGal-
Cer-pretreated iNKT cells could respond to IL-12/IL-18 stimulation 
in vitro with IFN-γ production, albeit with reduced intensity (12).

In contrast, when αGalCer was loaded directly onto the B16-CD1d 
cells, which will efficiently elicit cytotoxic function, we observed 
no difference in tumor protection between control and αGalCer- 
pretreated mice (Figure 2D, bar 3 versus bar 6). Therefore, we con-
clude that cytotoxicity induced by cognate antigen recognition is 
unimpaired in αGalCer-pretreated iNKT cells.

Effective TCR signaling of αGalCer-pretreated iNKT cells. To 
directly assess the response of αGalCer-pretreated iNKT cells 
to TCR triggering, we used Nur77GFP reporter mice. The Nr4a1 
(Nur77) gene is an orphan nuclear receptor that is an immedi-
ate-early gene whose expression is increased by TCR stimulation. 
Therefore, in these mice, GFP expression is a sensitive and faith-
ful reporter of TCR activation in iNKT cells (20). Control Nur77GFP 
mice and Nur77GFP mice pretreated with αGalCer were challenged 
with αGalCer, and we analyzed GFP expression by iNKT cells 1 
hour later. Virtually all iNKT cells from both αGalCer-pretreated 
and naive mice induced GFP expression following αGalCer (Fig-
ure 3, A and B), directly demonstrating that αGalCer-pretreated 
iNKT cells can be activated via the TCR. Similar data were ob-
tained with an anti-Nur77 antibody (data not shown). However, as 
the intensity of the GFP expression was slightly lower for αGalCer- 
pretreated iNKT cells, the results suggest that the induction of 
Nur77 downstream of the TCR might be slightly weaker or delayed 
in the αGalCer-pretreated iNKT cells compared with that in con-
trols. When αGalCer-pretreated iNKT cells expressing Nur77GFP 
at high and intermediate levels were compared, however, we ob-
served no consistent phenotypic differences (data not shown).

Direct probing of early TCR signaling events in iNKT cells by 
Western blot analysis is not practical due to the low cell numbers 
that can be recovered. Alternatively, we previously used single-cell 

Figure 2. αGalCer-pretreated iNKT cells retain antigen- 
specific cytotoxicity. (A) Upper panel: Normalized data on 
αGalCer-specific in vivo cytotoxicity in spleen 4 hours after 
injection of primary splenic B cell targets into C57BL/6 (B6) 
and previously thymectomized C57BL/6 mice (B6/ThX)  
(3 mice/group), which were either left untreated (control) or 
i.v. injected 1 month earlier with 4 μg αGalCer. iNKT cell– 
deficient Jα18–/– mice injected with B cell targets provided the 
negative control. P = 0.797 for B6 versus B6/ThX. Lower panel: 
Relative frequencies of splenic iNKT cells in the indicated 
groups. P = 0.372 for B6 versus B6/ThX. (B and C) Splenocytes 
enriched for iNKT cells from the indicated mice were incu-
bated for 5 hours in plates coated with αCD3ε antibodies in 
the presence of αCD107a and αCD107b antibodies. Represen-
tative data (B) and a summary graph (C) are shown. Numbers 
in B denote the geometric mean values. (D) Lung metastases 
in B6 control or B6/αGalCer mice that were i.v. injected with 
1 × 105 B16-CD1d melanoma cells (4–7 mice/group). B16-CD1d 
cells were either untreated or loaded in vitro with αGalCer  
(250 ng/ml, 1 hour), as indicated. Indicated mice were 
additionally i.v. injected 3 times (days 0, 4, and 7) with 1 μg 
αGalCer. Representative data from at least 2 independent 
experiments are shown in each panel.
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waited another 2 weeks, and 
rechallenged the mice with 
αGalCer to analyze the TCR-
mediated response of iNKT 
cells (see experimental out-
line in Supplemental Figure 
2). Pretreatment with LPS did 
not reverse the phenotype of 
αGalCer-pretreated iNKT cell 
hyporesponsiveness to TCR 
stimulation, as measured by 
their proinflammatory cytok-
ine response and their cell-
surface phenotype (Figure 4C 
and data not shown).

These data indicate that 
αGalCer-pretreated iNKT 
cells retain the capacity to  
respond to stimuli provided 
by APC-derived cytokines. 
However, this type of stimu-

lation does not overcome the phenotype of hyporesponsiveness to 
subsequent TCR activation, consistent with the view that the LPS-
mediated activation is operating independently of the TCR (22).

The phenotype of αGalCer-pretreated iNKT cells is similar 
to that of Tregs. Having established that αGalCer-pretreated 
iNKT cells can respond to TCR- and cytokine-mediated acti-
vation, we performed a detailed phenotypic characterization 
of αGalCer-pretreated iNKT cells. A summary of the observed 
changes on αGalCer-pretreated iNKT cells is provided in Table 1.  
αGalCer-pretreated iNKT cells showed downregulated expression 
of NK1.1 and CD69 and increased expression of CD185 (CXCR5), 
CD278 (ICOS), and CD279 (PD-1) (Figure 5, A and B and Sup-
plemental Figure 3, A–D). The expression of additional NK cell 
markers, namely, CD94, NKG2D, and NKG2A/C/E, was reduced 
on αGalCer-pretreated iNKT cells as well (Supplemental Figure 
3A). Other surface proteins that were expressed at lower levels on  
αGalCer-pretreated iNKT cells included CD25, CD122, CD127, 
CD186 (CXCR6), and CD199 (CCR9) (Supplemental Figure 3, B–D). 
In contrast, besides the increased expression of CD279 (PD-1),  
αGalCer-pretreated iNKT cells also displayed augmented expres-
sion of CD5, CD49d, CD150 (SLAM), CD200, CD244 (2B4), 
CD272 (BTLA), and SLAMF6/Ly108 (Figure 5, A and B, and Sup-
plemental Figure 3, B–D). Of particular interest was the increased 
expression on αGalCer-pretreated iNKT cells of several markers, 
including CD152 (CTLA4), neuropilin-1 (NRP1), and FR4 (folate 
receptor 4), which have been associated with the inhibitory pheno-
type of Tregs (Figure 5, A and B). Whereas the relative percentage 
of CD4+ αGalCer-pretreated iNKT cells was largely unchanged, 
the expression levels of CD4 increased on the CD4+ αGalCer-pre-
treated iNKT cells and approached the expression levels observed 
on conventional CD4+ T cells (Figure 5C and Supplemental Fig-
ure 4A). Expression of the TCR/CD3ε complex on αGalCer-pre-
treated iNKT cells was increased slightly but consistently (Figure 
5D and Supplemental Figure 4B). Furthermore, in contrast to con-
trol cells, αGalCer-pretreated iNKT cells did not downregulate the 
TCR/CD3 complex following activation with αGalCer, and there-

It has been reported that IL-2 provided in vitro can overcome 
the hyporesponsive phenotype of αGalCer-pretreated iNKT cells 
(9). Therefore, it could be argued that IL-2 or some other cytok-
ine induced by LPS restored the response of αGalCer-pretreated 
iNKT cells to LPS. To determine whether LPS could overcome the 
hyporesponsiveness of αGalCer-pretreated iNKT cells, we injected 
LPS into mice that had been injected with αGalCer 4 weeks earlier, 

Figure 3. Effective TCR signaling of αGalCer-pretreated iNKT cells. (A and B) Control Nur77GFP mice and Nur77GFP mice 
injected 1 month earlier with 4 μg αGalCer (Nur77GFP/αGC) were challenged i.v. with 1 μg αGalCer, and GFP expression 
by splenic iNKT cells was analyzed 1 hour later. Representative data (A) and a summary graph of the GFP+ cells (B) are 
shown. αGalCer-pre, αGalCer pretreatment. Expression levels of unstimulated iNKT cells from C57BL/6 (B6) mice are 
shown in A as a negative control. (C) Enriched splenocytes from control congenic C57BL/6 mice (CD45.1+) and from 
C57BL/6 mice (CD45.2+) injected 1 month earlier with 4 μg αGalCer (B6/αGC) were mixed and stimulated by cross-link-
ing with αCD3ε antibodies. Two minutes later, cells were fixed, and the expression of p-ERK1/2 by indicated iNKT cells 
was analyzed. Numbers in the histograms denote the geometric mean values for the depicted antigen in iNKT cells. 
Representative data from at least 2 independent experiments are shown in each panel.

Table 1. Summary of the changes observed on induced NKT10 
cells

Downregulated (on induced NKT10 cells):
CD25 CD127 CD314 (NKG2D)
CD47 CD160 GITR
CD69 CD186 (CXCR6) NK1.1
CD94 CD192 (CCR2) NKG2A/C/E
CD122 CD199 (CCR9)

Upregulated (on induced NKT10 cells):
CD4 CD185 (CXCR5) KLRG1
CD5 CD200 Ly49E

CD29 CD244 (2B4) Ly49G2
CD31 CD272 (BTLA) Ly49I

CD49d CD278 (ICOS) NRP1 (CD304)
CD150 (SLAM) CD279 (PD-1) SLAMF6/Ly108
CD152 (CTLA4) β7-integrin Vα14i TCR

CD166 FR4

Unchanged:
CD11a CD93 CD166
CD22 CD95 CD335 (NKp46)
CD27 CD103 Ly49A
CD44 CD210 (IL-10R)
CD62L CD154

Expression levels of the indicated markers on iNKT cells from C57BL/6 
control and C57BL/6 mice i.v. injected 1 month earlier with 4 μg αGalCer 
were compared.
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accumulates over time and provides increased sensitivity for the 
detection of IL-10+ cells. However, because the kinetics of GFP in-
duction is slower than that of the IL-10 protein (data not shown), 
we performed the analysis 16 hours after αGalCer injection.  
Approximately half of the αGalCer-pretreated iNKT cells were 
IL-10GFP+ following a second stimulation with αGalCer (50.03% ± 
1.51%, Figure 6, C and D). All of the cells expressing IL-10 protein 
detected by intracellular cytokine staining were within the EGFP+ 
cell population (Supplemental Figure 6). However, the production 
of IL-10 was not required to induce the phenotype of αGalCer- 
pretreated iNKT cells, as αGalCer pretreatment in Il10–/– mice led 
to phenotypic and functional changes that were indistinguishable 
from those in wild-type mice (Supplemental Figure 7A and refs. 9, 32).  
In agreement with this, IL-10 could be detected by intracellular 
cytokine staining in αGalCer-pretreated iNKT cells from IL-10 
receptor–deficient mice after restimulation in vitro (Supplemen-
tal Figure 7B). These data corroborate the conclusion that IL-10 is 
not required for the observed changes in iNKT cells previously ex-
posed to αGalCer. To confirm secretion of IL-10, iNKT cells from 
control and αGalCer-pretreated mice were stimulated in vitro, and 
IL-10 in the supernatant was measured by ELISA. In line with the 
intracellular cytokine staining, we found that αGalCer-pretreated 
iNKT cells secreted large amounts of IL-10 (Figure 6E). Further-
more, the IL-10 cytokine staining results were corroborated by 
the results of cytokine mRNA from the microarray analysis (Sup-
plemental Figure 3F). The microarray analysis also indicated in-
creased amounts of Tgfb3 mRNA (Supplemental Figure 3F), which 
was verified by RT-PCR (data not shown).

Taken together, these data demonstrate that αGalCer- 
pretreated iNKT cells acquire a novel surface phenotype and the 
potential to produce a different cytokine pattern, including IL-10, 
which mediates immune suppression. Based on this capability, we 
propose the name “induced NKT10 cells.”

NKT10 cells are a distinct iNKT cell subset. In recent years, func-
tional subsets of Vα14i NKT cells have been defined that can be 
distinguished based on the expression of particular surface mark-
ers and/or transcription factors (33–35). We next investigated the  

fore, the αGalCer-pretreated iNKT cells could easily be detected  
1 day after injection (Figure 5D and Supplemental Figure 4B). This 
indicates that the internalization and recycling of the TCR differs 
between αGalCer-pretreated and control iNKT cells. Whereas sev-
eral of the above changes were reported previously (9, 12, 24–26), 
this is, to our knowledge, the most comprehensive investigation of 
αGalCer-pretreated iNKT cells to date.

The results of the genome-wide gene expression of untreated 
and αGalCer-pretreated iNKT cells were in good agreement with 
the flow cytometric data (Supplemental Figure 3). A set of 18 genes 
has been defined to be characteristically increased in expression by 
anergic T cells (27, 28). Importantly, from these 18 anergy-associated  
genes, only Egr2 was changed in the αGalCer-pretreated iNKT cells 
in a fashion similar to that seen in anergic T cells (Supplemental 
Figure 3E), supporting the conclusion that αGalCer-pretreated 
iNKT cells are not similar to anergic conventional T lymphocytes.

αGalCer-pretreated iNKT cells produce IL-10. Expression of 
CD152 (CTLA4), CD272 (BTLA), CD279 (PD-1), NRP1, and FR4 
by T lymphocytes has been shown to be involved in regulatory and/
or tolerogenic contexts (29). Therefore, we determined whether 
αGalCer-pretreated iNKT cells change their cytokine expression 
profile in a similar manner from that of a pro- to an antiinflamma-
tory pattern. As described previously (9, 10), αGalCer-pretreated 
iNKT cells produced reduced amounts of IL-4 and IFN-γ follow-
ing a secondary stimulation with αGalCer (Figure 6A), and the 
response was biased toward Th1 cytokines (Supplemental Figure 
5). Similarly, the production of TNF, IL-13, and GM-CSF was de-
creased in the αGalCer-pretreated iNKT cells (Figure 6, A and B).  
However, when we measured IL-10 by intracellular staining, we 
found that up to 10% of αGalCer-pretreated iNKT cells were IL-
10+ after secondary antigen stimulation (Figure 6, A and B). To 
broadly detect cells with the capacity to produce IL-10, we ana-
lyzed IL-10 reporter mice, in which an internal ribosome entry site 
and the gene for the fluorochrome EGFP were inserted into the 
Il10 locus (Il10GFP, Vert-X) to faithfully label IL-10+ cells (30). Since 
GFP is a stable protein with a half-life of approximately 26 hours 
in cells (31) and since it is not secreted in this reporter strain, it 

Figure 4. Cytokines activate αGalCer-pretreated iNKT cells. (A and B) LPS (40 μg) was i.v. injected, as indicated, into C57BL/6 control (B6) mice or mice i.v. 
injected 1 month earlier with 4 μg αGalCer (B6/αGC) (3 mice/group). Animals were sacrificed after 6 hours, and splenic iNKT cells were analyzed for CD69 
expression (P < 0.001 for B6 vs. B6/αGalCer; A), and IFN-γ expression was measured by intracellular cytokine staining (P = 0.345; B). Increase in CD69 ex-
pression based on geometric mean values. (C) αGalCer (1 μg) was i.v. injected into wild-type mice (B6), mice i.v. injected 6 weeks earlier with 4 μg αGalCer (B6 
αGC), or mice i.v. injected 6 weeks earlier with 4 μg αGalCer and 2 weeks earlier with 40 μg i.v. LPS (B6/αGC + LPS) (3 mice/group). Splenic iNKT cells were an-
alyzed 90 minutes later by intracellular cytokine staining for production of the indicated cytokines. P > 0.5 for B6/αGC versus B6/αGC/LPS for all 3 cytokines. 
Experimental outline is depicted in Supplemental Figure 2. Representative data from at least 2 independent experiments are shown in each panel.
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relation of NKT10 cells to published iNKT cell subsets. The tran-
scription factor FOXP3 is crucial for the function of Tregs (29), 
and its expression can be induced in iNKT cells (36, 37). However,  
αGalCer-pretreated iNKT cells did not express FOXP3 (Figure 7A). 
Furthermore, it has been reported that early after αGalCer injection 
(day 6), iNKT cells acquire a T follicular helper (Tfh) phenotype, 
characterized by the expression of the transcription factor BCL6 
(25, 26, 38). In agreement with these results, on day 6 after αGalCer 
injection, we detected a population of BCL6+ iNKT cells (Figure 
7B and Supplemental Figure 9). Furthermore, after 1 month, the 
αGalCer-pretreated iNKT cells expressed several cell-surface mol-
ecules characteristic of NKTfh cells, such as CD185 (CXCR5) and 
SLAMF6, and they had increased Il21 mRNA expression (Supple-
mental Figure 3, C, D, and F). However, other evidence indicated 
that NKT10 cells are not NKTfh cells. First and most important, 

BCL6 staining returned 
almost to background 
levels by 4 weeks (Figure 
7B, Supplemental Fig-
ure 9, and Supplemental 
Figure 10B). These data 
indicate either that BCL6 
expression by iNKT cells 
is transient after anti-
gen activation or that the 
BCL6+ cell population of 
iNKT cells is short lived. 
Additionally, while the 
αGalCer-pretreated iNKT 
cells had reduced CD127 
expression by day 6, simi-
lar to the reported pheno-
type for NKTfh cells (26), 
by day 33, expression of 
CD127 increased (Figure 
7B, Supplemental Figure 
9, and Supplemental Fig-
ure 10B). These data in-
dicate that after 4 weeks, 
the αGalCer-pretreated 
iNKT cells were no longer 
NKTfh cells. Therefore, to 
exclude the involvement 
of NKTfh cells, experi-
ments were performed at 
least 4 weeks after the in-
jection of αGalCer.

NKT10 cells did ex-
press NRP1 and largely 
lacked expression of 
NK1.1 (Figure 5, A and 
B), which has also been 
reported for NKT17 cells 
(39–42). However, IL-10+ 
iNKT cells did not coex-
press IL-17A (Figure 7C). 
Furthermore, the major-

ity of NKT17 cells were CD4– and CD49d–, whereas IL-10+ iNKT 
cells were largely CD4+ and CD49d+ (Figure 7, D and E). Addi-
tionally, in contrast to NKT17 cells (42), NKT10 cells did not ex-
press CD103 or CD196 (CCR6) (Supplemental Figure 3, B and C). 
These data demonstrate that NKT10 and NKT17 cells represent 2  
independent iNKT cell subsets, despite the shared expression of 
NRP1 and the lack of NK1.1.

It has been reported that 1 month after αGalCer, the proin-
flammatory cytokine response of the αGalCer-pretreated iNKT 
cells partially recovered (9), suggesting that the NKT10 cell phe-
notype might be short lived as well. To gain a better understand-
ing of the development of the αGalCer-induced changes, we con-
ducted time-course experiments for up to 3 months after αGalCer 
injection. Several markers associated with NKTfh cells, like BCL6 
and CD127, changed rapidly but largely reverted 2–3 weeks af-

Figure 5. The phenotype of αGalCer-pretreated iNKT cells is similar to that of Tregs. (A and B) Splenic iNKT cells from 
C57BL/6 control (B6) or C57BL/6 mice injected 1 month earlier with 4 μg αGalCer (B6/αGC) were stained for the indicated 
surface proteins. Representative data (A) and summary graphs (B) are shown. Numbers in the histograms denote either 
the geometric mean values or the percentage of positive cells within the depicted gate for the indicated antigens on iNKT 
cells from mice treated as shown. (C) Expression of CD4 on iNKT cells and CD4+ T cells from spleens from control B6 or 
B6/αGC mice. Numbers denote the percentage of CD4+ cells (left) and the geometric mean values for CD4 (right) on the 
cells within the gate depicted in the histogram. (D) Control B6 or B6/αGC mice were either left untreated (Unstimulated) 
or i.v. injected with 1 μg αGalCer (Stimulated), and the expression of Vα14i TCR was measured on splenic iNKT cells with 
CD1d-αGalCer tetramers 16 hours later. Numbers in the histograms denote the geometric mean values for the indicated 
antigens on iNKT cells from mice treated as shown. Summary data for C and D are provided in Supplemental Figure 4, A 
and B, respectively. Representative data from at least 3 independent experiments are shown in each panel.
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ter αGalCer injection (Supplemental Figure 10B). The pheno-
type of αGalCer-pretreated iNKT cells then remained stable for 
up to 3 months (Supplemental Figure 10), and data derived 2 or 
3 months after αGalCer injection were largely indistinguishable 
from those from the 1-month time point. At later time points, the 
phenotype of iNKT cells appeared to slowly revert, but this was 
likely due to RTEs, as indicated by preliminary experiments with 
thymectomized mice (data not shown). These data suggest that 
αGalCer-pretreated iNKT cells might recover full activity, but that 
this takes at least 4 months and is probably overshadowed by the 
appearance of “fresh” RTE iNKT cells. As these RTE iNKT cells 
have not been exposed to αGalCer, their response should be com-
parable to that of iNKT cells in untreated control mice. Therefore, 
to exclude the involvement of RTE iNKT cells, we performed ex-

periments within 2 months of αGalCer injection. Together, these 
data indicate that NKT10 cells are a defined iNKT cell subset that 
is stable for at least 3 months.

IL-10–dependent immune regulation by induced NKT10 cells. 
The phenotype of induced NKT10 cells, with some similarity to 
Tregs, and their ability to produce IL-10, suggested that they are 
capable of regulating immune responses. Two in vivo models were 
used to test this hypothesis.

First, we observed that αGalCer-pretreated animals chal-
lenged with B16 melanoma cells suffered from a significantly 
higher tumor burden when treated concomitantly with αGalCer 
(Figure 8A, bar 3 versus 4). This finding suggests that TCR-me-
diated activation of induced NKT10 cells was actively dampen-
ing the antitumor response, and therefore we reasoned that the  

Figure 6. αGalCer-pretreated iNKT cells produce IL-10. (A and B) αGalCer (1 μg) was i.v. injected into wild-type (B6) or mice i.v. injected 1 month earlier with  
4 μg αGalCer (B6/αGC) (3 mice/group). Splenic iNKT cells were analyzed 90 minutes later by intracellular staining for expression of the indicated cytokines. 
(A) Summary graph. Data in the 2 panels are derived from 2 independent experiments. (B) Representative flow cytometric data. ICS, intracellular cytokine 
staining. (C and D) Control Il10GFP mice or Il10GFP mice given 4 μg αGalCer 1 month earlier (Il10GFP/αGC; αGalCer-pre) were either left untreated or were i.v. in-
jected with 1 μg αGalCer (Stimulated), and splenic iNKT cells were analyzed 16 hours later for EGFP and CD279 (PD1) expression. Representative data (C) and 
a summary graph of IL-10GFP expression (D) are shown. αGalCer-pre, unstimulated = mean: 3.92% ± 0.47%; median: 3.61%. αGalCer-pre, stimulated = mean: 
50.03% ± 1.51%; median: 51.71%. Control, stimulated = mean: 13.76% ± 2.04%; median: 12.85%. Data shown in D are from at least 8 independent exper-
iments with at least 16 mice per group. Background values for IL-10 detection by intracellular staining or EGFP are shown and discussed in Supplemental 
Figure 8. (E) Splenic iNKT cells from the indicated mice (B6 = C57BL/6; B6/αGC = C57BL/6 mice i.v. injected 1 month earlier with 4 μg αGalCer; Il10–/– = IL-10–
deficient mice) were sorted and were either left untreated or were stimulated in vitro for 4 days on αTCRβ antibody–coated plates before supernatants were 
collected and IL-10 levels were determined by ELISA. Representative data from 3 independent experiments are shown.
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To address the role of in-
duced NKT10 cell–derived 
IL-10, we transferred iNKT 
cells from wild-type and Il10–/– 
mice into iNKT cell–deficient 
Jα18–/– hosts. As noted above, 
IL-10 is not required for the 
generation of induced NKT10 
cells (Supplemental Figure 7). 
The recipient host mice were 
then immunized with myelin 
oligodendrocyte glycoprotein 
peptide (MOG33–55) and treated 
3 times with αGalCer (see ex-
perimental outline in Supple-
mental Figure 11). In agree-
ment with previous results, 
mice with iNKT cells treated 
multiple times with αGalCer 
were protected from EAE com-
pared with mice without iNKT 
cells (Figure 8B). Importantly, 
Jα18–/– host mice that received 
wild-type iNKT cells displayed 
significantly ameliorated signs 
of disease progression com-
pared with Jα18–/– host mice 
that received Il10–/– iNKT cells 
(Figure 8B).

Taken together, these data 
from 2 experimental systems 
demonstrate that IL-10 pro-

duction by induced NKT10 cells can significantly impact the 
immune response.

NKT10 cells are a naturally occurring subset. Although NKT10 
cells can be induced by αGalCer treatment, this antigen provides 
an extremely strong stimulus that may not be typical. There-
fore, we determined whether a similar iNKT cell subset could 
also be found in unchallenged mice. We injected αGalCer into 
naive C57BL/6 mice and analyzed the production of IL-10 by  
intracellular staining 90 minutes later. We detected a small 
population of IL-10+ iNKT cells (0.45% ± 0.03%) in the 
spleen (Figure 9, A and B). To more inclusively capture iNKT 
cells capable of producing IL-10, we stimulated spleno-
cytes with PMA and ionomycin for 4 hours in vitro. On aver-
age 1.77% ± 0.18% of iNKT cells were IL-10+ following this 
treatment (Figure 9, A and B). In analyzing the surface phe-
notype of these IL-10+ iNKT cells, we defined antigens that 
most clearly mark naturally occurring NKT10 cells as those 
that either were or were not expressed by at least 66% of the  
IL-10+ iNKT cells and that additionally showed at least a 3-fold 
difference in increased or decreased frequency than was de-
tected on the IL-10–  iNKT cells. According to these criteria, 
naturally occurring NKT10 cells were characterized by the rel-
ative lack of expression of NK1.1 and the expression of NRP1 
and SLAMF6 (Figure 9C). Furthermore, additional antigens 
that correlated with IL-10+ iNKT cells were defined as antigens 

αGalCer-induced IL-10 production by induced NKT10 cells may 
act to promote tumor growth. Indeed, αGalCer-pretreated Il10–/– 
mice displayed no difference in the amount of B16 tumor nodules 
following a secondary αGalCer challenge than did control mice 
(Figure 8A, bars  7 and 8 versus bars 3 and 4). These data are con-
sistent with the hypothesis that induced NKT10 cells promote 
tumor growth in vivo via the production of IL-10. Interestingly, 
whereas the injection of αGalCer into αGalCer-pretreated animals 
had no effect on tumor growth when the mice were challenged 
with B16-CD1d (Figure 2D), it led to increased tumor burden 
when the mice were challenged with B16 (Figure 8A). These data 
suggest that the binding of αGalCer to the B16-CD1d cells in vivo 
led to cognate recognition and the direct cytotoxic elimination of 
some of the tumor cells by the αGalCer-pretreated iNKT cells, in 
line with previous observations (16).

As a second in vivo model, representing an autoimmune 
disease, we analyzed the impact of induced NKT10 cells on the 
development of experimental autoimmune encephalomyelitis 
(EAE). EAE is a mouse model of multiple sclerosis, whereby im-
munization of mice with myelin-derived proteins leads to an au-
toimmune-mediated demyelination of axonal tracks, resulting in 
a progressive paralysis (43). It has been shown that repetitive in-
jection of αGalCer can protect mice against EAE (44–47). Impor-
tantly, a single injection of αGalCer did not protect mice against 
EAE in most (45, 48, 49), albeit not all (45, 50), reports.

Figure 7. NKT10 cells are a distinct iNKT cell subset. (A) Splenocytes from C57BL/6 control or C57BL/6 mice i.v. 
injected 1 month earlier with 4 μg αGalCer (αGalCer-pre) were stained for FOXP3 expression. Cells depicted are gated 
spleen iNKT cells (live TCRβ+CD19–CD8α–CD1d-αGalCer tetramer+) or spleen CD4+CD25+ T cells (live TCRβ+CD19–CD8α–) 
from mice treated in the indicated manner. (B) Expression of BCL6 in (left panel) or CD127 on (right panel) splenic 
iNKT cells from C57BL/6 control (αGalCer-pre: No) or C57BL/6 mice i.v. injected 6 days or 33 days earlier with 4 μg 
αGalCer (αGalCer-pre: Yes). Representative data are shown in Supplemental Figure 9. (C–E) C57BL/6 control (B6) or 
C57BL/6 mice injected 4–6 weeks earlier with 4 μg αGalCer (B6/αGC) were rechallenged with 1 μg αGalCer injected i.v., 
and 90 minutes later splenocytes were purified and incubated for 2 hours in vitro in the presence of protein transport 
inhibitors. Expression levels of IL-10 and IL-17A (C) or CD4 and CD49d (D and E) were then determined on iNKT cells. 
Representative data (D) and a summary graph (E) are shown. Numbers in the histograms in D denote the percentage 
of positive cells within the depicted gate. Representative data from at least 3 independent experiments are shown.
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The number of iNKT cells in the liver declined 
similarly (data not shown). This is likely due to 
downregulation of TCR expression (51, 52), al-
though activation-induced cell death and migra-
tion of iNKT cells may also contribute to this de-
cline. Importantly, 17.0% ± 1.3% of the remaining  
CD1d-αGalCer tetramer+ iNKT cells expressed  
IL-10GFP (Figure 10, A and B). This represented 
0.53% ± 0.08% compared with the starting iNKT 
cell population in the spleen (Figure 10B), which 
was in good agreement with the values derived 
from the intracellular IL-10 staining (Figure 9, A 
and B). For some other iNKT cell subsets, prefer-
ential homing to specific organs, such as the lymph 
nodes for NKT17 cells, has been reported (42). The 
recent suggestion of the presence of antiinflam-
matory iNKT cells in white adipose tissue (WAT) 
(53–55) and the regulatory phenotype of induced 
NKT10 cells we described above made the subcu-
taneous white adipose tissue (scWAT) a candidate 
tissue for preferential localization of NKT10 cells. 
Additionally, we observed that scWAT iNKT cells 
were enriched for the expression of markers also 
expressed by induced NKT10 cells (Figure 10, 
C and D). Therefore, we enumerated naturally  
occurring NKT10 cells in the scWAT of Il10GFP  
reporter mice, as we did for the spleen. Following 
primary stimulation with αGalCer, a significantly 
higher percentage of iNKT cells remained detect-
able in scWAT compared with that in the spleen 
(Figure 10B). Importantly, 31.6% ± 3.6% of the 
iNKT cells recovered from the scWAT-expressed 
IL-10GFP (Figure 10, A and B). Considering that 
nearly 50% of the scWAT iNKT cells were still  
detectable 16 hours after injection, these IL-10GFP+ 
iNKT cells represented 13.5% ± 2.6% of the start-
ing population of iNKT cells in the scWAT (Figure 
10B). Therefore, NKT10 cells are enriched, or be-

come enriched rapidly following antigenic exposure, in the WAT. 
Based on these data, we propose that such IL-10+ iNKT cells in 
unchallenged mice represent a naturally present iNKT cell sub-
set. We refer to these IL-10–producing iNKT cells in mice not 
exposed to αGalCer as “natural NKT10 cells,” without claim-
ing that they originate exclusively in the thymus or as a result of  
peripheral stimulation.

Given that we could detect natural NKT10 cells in unchallenged 
control mice, we tested whether NKT10 cells could also be found 
in human PBMCs. To this end, human PBMCs from healthy donors 
were stimulated with PMA and ionomycin for 4 hours. This stim-
ulation yielded a clear IL-10 signal from Vα24i NKT cells by intra-
cellular cytokine staining (Figure 11A). Similar to the findings with 
mouse splenocytes, the percentage of IL-10+ iNKT cells was mostly 
below 2% (mean: 0.42% ± 0.08%; median: 0.38%), but NKT10 
cells could be detected in 19 of 20 donors tested (Figure 11B).

Together, these data demonstrate that NKT10 cells are a dis-
tinct and novel iNKT cell subset in mice and humans that occurs 
naturally in the absence of αGalCer exposure.

that were expressed at least 3 times more frequently on the  
IL-10+ than on the IL-10–  iNKT cells. Accordingly, IL-10 expres-
sion correlated with the expression of CD49d, CD200, CD278 
(ICOS), CD279 (PD1), and FR4 (Figure 9C). We observed no 
correlation for CD4, CD44, CD69, CD127, and CD150 (data not 
shown). Furthermore, IL-10+ iNKT cells did not express CD314 
(NKG2D), Ly49I, β7-integrin, or IL-17A (data not shown). Impor-
tantly, all the antigens that marked or correlated with these nat-
urally occurring NKT10 cells were similarly expressed by αGal-
Cer-pretreated iNKT cells, as discussed above and as indicated 
in Figure 5, Supplemental Figure 3, and Table 1.

Analysis of Il10GFP reporter mice, together with our observa-
tion that NKT10 cells do not downregulate their TCR/CD3 com-
plex after stimulation (see Figure 5D and Supplemental Figure 
4B), offered us an alternative approach to quantify iNKT cells 
capable of producing IL-10 in previously untreated mice. Sixteen 
hours after a primary αGalCer challenge, there was a decrease 
of approximately 97% in the number of the CD1d-αGalCer  
tetramer+ iNKT cells detectable in the spleen (Figure 10B). 

Figure 8. IL-10–dependent immune regulation by induced NKT10 cells. (A) C57BL/6 and 
Il10–/– mice, either untreated (αGalCer-pre: No) or injected 1 month earlier with 4 μg αGalCer 
(αGalCer-pre: Yes), were i.v. injected with 1 × 105 B16 melanoma cells. The indicated mice were 
additionally challenged i.v. 3 times (days 0, 4, and 7) with 1 μg αGalCer (αGalCer: +). Fourteen 
days later, the number of metastatic nodules in the lung was counted. P < 0.001 for bars 3 and 
4 versus bars 7 and 8. Graph summarizes the results from 4 independent experiments with at 
least 15 mice per group. (B) Jα18–/– mice left untreated (Jα18–/– control) or injected with  
5 × 106 splenic iNKT cells enriched from either C57BL/6 (Jα18–/– + WT cells) or Il10–/– mice  
(Jα18–/– + Il10–/– cells). These mice and the C57BL/6 control mice were then challenged with 
MOG-CFA and pertussis toxin to induce EAE. Furthermore, all mice were treated 3 times i.v. 
with αGalCer (days 0, 4, and 7), and disease progression was scored on the indicated days 
(5–8 mice/group). Experimental outline is depicted in Supplemental Figure 11. The difference 
between groups was significant (P < 0.05) on the following days: Jα18–/– control versus 
 Jα18–/– + WT cells = day 10 onward (except days 13 and 14); Jα18–/– + WT cells versus Jα18–/– + Il10–/–  
cells = day 10 onward. Data shown are representative of 2 independent experiments.



The Journal of Clinical Investigation   R e s e a R c h  a R t i c l e

3 7 3 4 jci.org   Volume 124   Number 9   September 2014

an approach could underestimate the per-cell response of iNKT 
cells. Furthermore, the in vitro response of αGalCer-pretreated 
iNKT cells does not necessarily reflect their in vivo response. 
Therefore, to gain insight into the per-cell response of iNKT cells 
from αGalCer-pretreated mice, we used single-cell flow cytomet-
ric assays to directly measure iNKT cell activity ex vivo. This is not 
typically done, although a few reports have analyzed the iNKT 
cell cytokine response on a single-cell level in vitro (12) or in vivo 
(12, 56). Using our approach, we confirmed the reduced produc-
tion of proinflammatory cytokines by αGalCer-pretreated iNKT 
cells (Figure 6, A and B). In contrast, while it was reported that 
the expansion of αGalCer-pretreated iNKT cells after a secondary 
stimulation with αGalCer was reduced (12, 56), their steady-state 
proliferation in vivo, as measured by Ki67 and BrdU staining, was 
actually increased (Figure 1), suggesting an increased response to 
homeostatic signals from cytokines or self-antigen.

The induction of GFP in αGalCer-pretreated iNKT cells from 
Nur77GFP reporter mice, following antigen reexposure, showed 
productive TCR signaling, albeit reduced from controls (Figure 3, 
A and B). The induction of Nur77 is downstream of Ras activation, 
which is defective in anergic T cells (27, 28). Staining for p-ERK1/2 
following TCR stimulation in primary iNKT cells (Figure 3C) di-
rectly demonstrated unimpaired TCR-induced MAPK signaling 

Discussion
Here, we describe a novel iNKT cell subset, which we have termed 
NKT10 cells, that is characterized both by the expression of sev-
eral proteins found on Tregs and by the capacity to produce IL-10 
after antigenic stimulation. Importantly, NKT10 cells occur natu-
rally in mice and in humans, albeit at a low frequency, and they ex-
pand greatly after activation with the strong agonist αGalCer. Such 
αGalCer-induced NKT10 cells were not anergic, as previously 
suggested, but retained their cytotoxic activity and their response 
to TCR-dependent and TCR-independent stimulation by cytok-
ines from APCs. Furthermore, through the production of IL-10,  
induced NKT10 cells were able to modulate the tumor load of B16 
melanoma–challenged mice and the outcome of EAE. Therefore, 
our data reveal new aspects of iNKT cell functional diversity.

Treatment of iNKT cells with αGalCer in vivo has been pro-
posed to lead to a general hyporesponsive state similar to that of 
anergy, based on reduced antigen-induced proliferation and pro-
duction of IFN-γ and IL-4 following restimulation. However, the 
original data in support of this hypothesis analyzed the splenic 
iNKT cell response at the cell population level after in vitro cul-
ture (9, 10). Given that the relative percentage of αGalCer-pre-
treated iNKT cells is significantly lower in the spleen of αGalCer- 
pretreated mice (Figure 2A and Supplemental Figure 10A), such 

Figure 9. A subset of untreated Vα14i NKT cells express IL-10. (A and B) C57BL/6 mice were left untreated or were injected with 1 μg αGalCer, and  
90 minutes later, splenocytes were purified and incubated for 2 hours in vitro in the presence of protein transport inhibitors before iNKT cells were 
analyzed (αGalCer). Alternatively, splenocytes were stimulated with PMA and ionomycin in vitro for 4 hours (PMA + ionomycin). Representative data (A) 
and a summary graph (B) are shown. Data in B are summarized from at least 4 independent experiments with at least 9 mice per group. αGalCer = mean: 
0.45% ± 0.03%; median: 0.46%. PMA + ionomycin = mean: 1.77% ± 0.18%; median: 1.55%. Numbers in the dot plots denote the percentage of cells in 
the respective rectangle. Gating is based on 0% of IL-10+ cells in unstimulated C57BL/6 iNKT cells. Similar background values were obtained with isotype 
control antibody or by staining of stimulated Il10–/– iNKT cells (Supplemental Figure 8). (C) Splenocytes from C57BL/6 mice were stimulated with PMA and 
ionomycin as described in A, and iNKT cells were stained for IL-10 and the indicated markers. Histograms depict the overlay of IL-10– (gray) and IL-10+ (black) 
iNKT cells for the indicated markers. Numbers below the graphs represent either the average expression of the indicated marker on IL-10– (gray) and IL-10+ 
(black) iNKT cells (left), or the fold difference between both of these values (right). All differences were statistically significant (P < 0.01). Data shown are 
representative of 3 to 6 independent experiments.
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existing iNKT cell nomenclature, here we define NKT10 
cells as the iNKT cell subset capable of producing IL-10 
as one of its predominant cytokines and demonstrate that 
these NKT10 cells are distinct from the other known iNKT 
cell subsets (Figure 7). Dynamic changes occur in the 
iNKT cell population after αGalCer treatment, including 
the transient appearance of a Tfh-like phenotype of iNKT 
cells (NKTfh cells) in the spleen that is characterized by 
expression of the transcription factor BCL6 (25, 26). Con-
sistent with this, while BCL6 is expressed in iNKT cells on 
day 6 after αGalCer injection, it declines thereafter (Fig-

ure 7B, Supplemental Figure 9, and Supplemental Figure 10B). 
However, NKT10 cells did not express FOXP3, BCL6, or IL-17A 
after stimulation, and thus by choosing the 1-month time point for 
most of our experiments, we were able to exclude the involvement 
of NKTfh cells as well as limit the contribution of RTE iNKT cells.

The relationship of NKTfh to NKT10 cells remains to be deter-
mined. Our data indicated that NKT10 cells expand after αGalCer 
treatment in vivo. This is not specific to αGalCer stimulation, how-
ever, since repeated injection (3 times) of a weaker antigen also 
caused an increase in this cell population (data not shown). Addi-
tionally, αGalCer stimulation does not always lead to the genera-
tion of induced NKT10 cells, as we did not observe this, in line with 
previous reports (9, 10), when we injected bone marrow–derived 
DCs loaded with αGalCer (data not shown). However, whether the 
expansion of NKT10 cells after αGalCer is the result of selective 
expansion of a preexisting population of NKT10 cells or of conver-
sion to the NKT10 cell phenotype cannot be answered definitively 
at this point. When we sorted NRP1– iNKT cells, transferred them 
into Jα18–/– mice, and injected αGalCer, we could detect a rapid 
increase in NKT10 cells (data not shown), consistent with induc-
tion of these cells. However, even though sorting NRP1– iNKT cells 
likely excluded naturally occurring NKT10 cells, the presence of a 
small amount of contaminating cells cannot be ruled out. None-
theless, we favor the idea that some non-NKT10 cells can convert 
into NKT10 cells following αGalCer stimulation. Furthermore, 
it is not known whether those iNKT cells capable of producing 
IL-10 in the absence of αGalCer pretreatment are natural, in the 
sense that they differentiated in the thymus, or whether they are 
induced in the periphery, possibly by chronic antigenic exposure. 
A role of NK1.1+ T cell–derived IL-10, in the absence of previous 
αGalCer exposure, has so far only been reported in the systemic 

of αGalCer-pretreated iNKT cells. Furthermore, the results from 
the microarray analysis indicated that expression of most of the 
genes associated with the anergic state (27, 28) was not increased 
in αGalCer-pretreated iNKT cells (Supplemental Figure 3E).  
Together, our data clearly demonstrate that αGalCer-pretreated 
iNKT cells are not anergic.

We therefore tested the responsiveness of αGalCer-pretreated 
iNKT cells by 3 additional readouts. First, when we analyzed  
αGalCer-specific in vivo cytotoxicity (16), hyporesponsiveness was 
not observed (Figure 2A). We obtained similar results in thymec-
tomized animals, indicating that RTEs could not account for the 
cytotoxicity (Figure 2A). Second, we activated αGalCer-pretreated 
iNKT cells via TLR ligand–induced cytokines from APCs, and their 
response was comparable to that of control cells in this context as 
well (Figure 4, A and B). Third, αGalCer-pretreated iNKT cells 
displayed an increased production of IL-10 (Figure 6). Whereas 
the term anergy implies the absence of an iNKT cell response, 
our data demonstrate that αGalCer pretreatment leads instead to 
modulation of the iNKT cell response.

In recent years, functional subsets of iNKT cells have been de-
fined. Some, such as NKT1 and NKT2 (33–35), NKT17 (39–42), and 
IL17RB+ iNKT (57) cells, originate predominantly in the thymus, 
while others, such as NKTfh (25, 26, 38) and FOXP3+ iNKT (36, 37) 
cells, arise after immunization. The definition of iNKT cell subsets 
is largely based on their expression of transcription factors and 
their function, especially significant biases in cytokine produc-
tion of the respective iNKT cell types. NKT1, NKT2, and NKT17 
cells are defined as the iNKT cell subset biased toward Th1, Th2, 
or Th17 cytokines, respectively. Like their Th subset counterparts, 
these iNKT cell subsets also produce several cytokines in addition 
to the signature one(s) that define the subsets. In line with the 

Figure 10. NKT10 cells are enriched in WAT. (A and B) Il10GFP mice 
were left untreated or were i.v. injected with 1 μg αGalCer, and iNKT 
cells in spleen and scWAT were analyzed 16 hours later. (A) Expres-
sion of EGFP and CD49d from 1 representative experiment. Numbers 
in the dot plots denote the percentage of cells in the respective 
quadrants. (B) Percentage of EGFP+ (light gray) and EGFP– (dark gray) 
iNKT cells from spleen and scWAT was calculated as the percentage 
of iNKT cells in untreated control mice. P < 0.001 for spleen versus 
scWAT for all comparisons. Graph summarizes data from 4 indepen-
dent experiments with 13 mice per group. (C and D) iNKT cells from 
spleen and scWAT of C57BL/6 mice were analyzed for expression of 
the indicated markers. Representative data (C) and a summary graph 
(D) are shown. Numbers in the histograms in C denote the geometric 
mean values for the depicted antigens on iNKT cells. Representative 
data from 1 of at least 3 independent experiments are shown.
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EAE is a mouse model of multiple sclerosis, in which iNKT 
cells influence the disease course (44–46, 61). It has been shown 
that repetitive injection of αGalCer can protect mice against EAE 
(44–47). Importantly, a single injection of αGalCer did not protect 
mice against EAE according to most (45, 48–50), albeit not all 
(45, 50), reports. Differences were attributed to the genetic back-
ground, the route and timing of application, and the dosage of 
αGalCer (45, 46, 50). The protection was originally thought to be 
due to a Th2 bias in the secondary response of αGalCer-pretreated 
iNKT cells (8, 9, 62, 63). However, this conclusion was based on 
the analysis of the αGalCer response on a cell population level,  
either from in vitro cultures (8, 9, 62) or from analysis of sera (63). 
In contrast, when we analyzed the αGalCer response of pretreated 
iNKT cells on a single-cell level, either no bias or a Th1 cytokine 
bias was detected (Supplemental Figure 5 and refs. 12, 56, 63). The 
apparent discrepancy of the results is likely due to the lack of NK 
cell trans-activation following a secondary stimulation of αGal-
Cer-pretreated iNKT cells (63). In regard to the αGalCer-induced 
EAE protection, however, is is not entirely clear which iNKT cell–
derived cytokine is important. IL-4 and/or IL-10 have been sug-
gested (44, 45, 48, 64–66), but some data contradict this (46, 61). 
Similarly, divergent results have been reported for IFN-γ (pro: refs. 
45, 46, 66, 67; con: ref. 64).

However, based on our data, we propose that the protection 
against EAE by repetitive αGalCer challenge depends on the  
requirement to first induce sufficient numbers of NKT10 cells and 
then to subsequently stimulate IL-10 production from them. The 
generation of cells with an NKT10 cell phenotype in this model 
does not require their ability to produce IL-10, but we noticed a 
worsening of disease in mice that received IL-10–deficient iNKT 
cells compared with the control Jα18–/– mice (Figure 8B). There-
fore, it is possible that in the absence of the ability to produce  
IL-10, the proinflammatory cytokines still produced by αGal-
Cer-pretreated iNKT cells can even exacerbate disease progres-
sion. In several other contexts, iNKT cells have been reported to 
regulate immune responses by inducing IL-10 production by other 
cells or to produce IL-10 themselves (8, 44, 46, 58, 64, 68–70). 
However, in these cases, a separate population of iNKT cells with 
a unique phenotype was not described. Furthermore, it is also 
conceivable that NKT10 cells use additional regulatory mecha-
nisms, such as the expression of CD152, CD200, CD279, NRP1, or  
TGF-β. Further studies in different contexts are required to deter-
mine the relative contributions of IL-10 and other factors to the 
regulation carried out by NKT10 cells.

The recent appreciation that iNKT cells are heterogeneous 
suggests that some of the controversies regarding the func-
tion of iNKT cells could depend on which subset is activated. 
Our data indicate that αGalCer-induced NKT10 cells regulate 
concomitant adaptive immune responses. The fact that up to 
13.5% of iNKT cells in control mice and healthy human donors 
resembled αGalCer-pretreated iNKT cells suggests that they 
represent a novel iNKT cell subset. The characterization of sup-
pressive NKT10 cells could help to resolve current controversies 
about the dichotomous nature of iNKT cells observed in vari-
ous studies, namely their ability to exert either pro- or antiin-
flammatory effects. Such knowledge also could be important for 
understanding the functional consequences of αGalCer or other  

tolerance mouse model of anterior chamber–associated immune 
deviation (ACAID) (58). Therefore, it is intriguing to speculate that 
NKT10 cells are important for the maintenance of tolerance in  
immune-privileged sites.

Besides the altered phenotype and the production of IL-10, 
we found that a surprising feature of NKT10 cells was their lack 
of downregulation of the TCR/CD3 complex following αGalCer 
stimulation (Figure 5D and Supplemental Figure 4B). This lack 
of TCR/CD3 complex downregulation, together with the use 
of the Il10GFP reporter mice, allowed us to estimate the number 
of natural NKT10 cells in the spleen and scWAT. We detected 
0.53% ± 0.08% NKT10 cells in the spleen, taken as a ratio of 
the CD1d-αGalCer tetramer+GFP+ cells after αGalCer stimu-
lation to the number detected in the starting cell population. 
The ratio analysis, however, assumes that in the relatively short  
16-hour time span, there was negligible NKT10 cell division, mi-
gration, or activation-induced cell death, and that this time point 
is too early for significant conversion to NKT10 cells. However, 
the values obtained with the Il10GFP reporter mice were in good 
agreement with the percentage of IL-10+ iNKT cells 90 minutes 
after αGalCer (0.45% ± 0.03%). The percentage of IL-10+ iNKT 
cells after stimulation with PMA and ionomycin was significantly 
higher (1.77% ± 0.18%), which may be a more accurate reflection 
of the potential of cells to produce this cytokine, since an anti-
genic stimulation in vivo rarely captures 100% of the cells able 
to respond. Furthermore, phenotypic analysis at steady state and 
analysis of the Il10GFP reporter mice (Figure 10) demonstrated that 
NKT10 cells were greatly enriched in the scWAT (13.5% ± 2.6%).  
Recent reports have demonstrated that the frequency of iNKT 
cells is reduced in the adipose tissue of obese mice (53–55) and 
in the omentum of obese patients compared with the frequency 
of these cells in lean controls (59). Adipose tissue–resident 
iNKT cells displayed an antiinflammatory phenotype (55, 60), 
and αGalCer injection into obese mice caused weight loss and  
improved metabolic health (55). In light of these reports, our 
finding that NKT10 cells are enriched in scWAT (Figure 10) sug-
gests that natural NKT10 cells present in scWAT may help to 
maintain healthy adipose tissue.

Figure 11. A subset of Vα24i NKT cells express IL-10. PBMCs from healthy 
human donors were stimulated with PMA and ionomycin in vitro for  
4 hours in the presence of protein transport inhibitors before iNKT cells 
were analyzed for the indicated markers. (A) Expression of IL-10 and CD4 
from 1 representative experiment. Numbers in the dot plots denote the 
percentage of cells in the respective quadrants. Representative data from 
1 of at least 3 independent experiments are shown. (B) Summary graph of 
the percentage of IL-10+ Vα24i NKT cells (mean: 0.42% ± 0.08%; median: 
0.38%). Graph summarizes the results from 6 independent experiments 
with a total of 20 donors.
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tum Dot 655, eFluor 650, Brilliant Violet 650, Brilliant Violet 711,  
Brilliant Violet 785, Brilliant Violet 786, FITC, Alexa Fluor 488, PerCP, 
PerCP-Cy5.5, PerCP-eFluor 710, PE, PE-TexasRed, PE-CF594, 
PE-Cy5.5, PE-Cy7, APC, Alexa Fluor 647, eFluor 660, Alexa Fluor 
700, APC-Cy7, or APC-eFluor 780. Anti-mouse CD16/32 antibody 
(2.4G2) used for Fc receptor blocking was isolated in our laboratory. 
FcR inhibitor for human cells was obtained from eBioscience. Uncon-
jugated mouse and rat IgG antibodies were purchased from Jackson 
ImmunoResearch. Dead cells were labeled with a Blue, Aqua, or  
Yellow Dead Cell Stain Kit (Invitrogen).

In vivo challenge and cell preparation. In vivo cytotoxicity assays 
were performed as reported previously (16). In brief, splenic CD19+ 
B cells were either pulsed with αGalCer (250 ng/ml, 1 hour) or were 
mock treated, then differentially labeled with CFDA-SE (Invitrogen), 
and equal numbers (5 × 106) of both cell populations were i.v. injected 
into the experimental mice and into the  Jα18–/– mice as a negative 
control. Four hours later, the presence of target cells in spleen was 
determined by flow cytometry, and the specific lysis was calculated 
as described (16). iNKT cells were pretreated with αGalCer by i.v. 
injection of 4 μg αGalCer and analyzed 4–6 weeks later or as other-
wise indicated. Acute activation in vivo was induced by i.v. injection of  
1 μg αGalCer followed by analysis 90 minutes later or as otherwise 
indicated. For in vivo labeling with BrdU (Sigma-Aldrich), the indi-
cated mice were injected i.p. with 1 mg BrdU (in PBS), and at the same 
time, BrdU (1 mg/ml) was placed in the drinking water supplemented 
with 5% glucose (w/v). Three days later, splenic iNKT cells were ana-
lyzed for BrdU incorporation using a BrdU flow kit (BD Biosciences) 
according to the manufacturer’s instructions.

Human PBMCs were isolated by use of Ficoll-Paque (GE Health-
care) density gradient centrifugation. Single-cell suspensions from 
mouse liver, spleen, and thymus were prepared as described (16). 
Mouse scWAT was minced, digested (1 mg/ml collagenase type II 
and 8 μg/ml DNase I; both from Sigma-Aldrich) for 40 minutes (37°C,  
200 rpm) and filtered through a 70-μm cell strainer (BD Biosci-
ences). In some experiments intended for intracellular staining of 
IL-10, splenocytes were purified by use of Lymphoprep (Axis-Shield) 
density gradient centrifugation and by depletion of B cells with anti-
CD45R–coated magnetic beads (Invitrogen). For enrichment of Vα14i 
NKT cells from splenocytes, cells were incubated with biotin-conju-
gated antibodies for CD8α, CD11b, CD19, CD24, CD62L, CD45RA, 
F4/80, Ly6G/Gr1, and TER119, followed by negative selection with 
streptavidin magnetic beads (STEMCELL Technologies), resulting in 
cell suspensions containing 8%–15% iNKT cells.

Lung metastases with B16 melanoma cells. B16 and B16-CD1d mela-
noma cells were either loaded with 250 ng/ml αGalCer (37°C, 90 min-
utes) or mock treated, washed twice with PBS, and 1 × 105 tumor cells 
were i.v. injected into C57BL/6 mice as indicated in Figure 2D and 
Figure 8A. Fourteen days after challenge, the number of metastatic 
nodules on the lung surface was counted. Five hundred tumor nodules 
were established as the upper limit for counting, since at higher densi-
ties, discrete tumor nodules could not be accurately separated.

EAE. EAE was induced by immunization with MOG33–55 (MEVG-
WYRSPFSRVVHLYRNGK; Synthetic Biomolecules). MOG33–55  

(200 μg) was s.c. injected with a 25-gauge needle in 0.1 ml CFA (Sig-
ma-Aldrich) into 3 to 4 different sites on the flank. Concomitant with 
the peptide and 2 days later, 200 ng pertussis toxin (Sigma-Aldrich) 
was injected i.v. on day 0 and i.p. on day 2. Disease was monitored daily 

glycolipid antigens in therapy and how to deliberately tailor 
iNKT cell responses for therapeutic applications.

Methods
Mice and cell lines. All mice were housed under specific pathogen–free 
conditions at the animal facilities of the La Jolla Institute for Allergy 
and Immunology (La Jolla, California, USA) in accordance with 
IACUC guidelines. IL-10–/– (B6.129S2-Il10rbtm1Agt/J), IL-10 receptor–
deficient mice (B6.129S2-Il10rbtm1Agt/J), C57BL/6J control mice, and 
C57BL/6J mice thymectomized at 7 weeks of age were purchased 
from The Jackson Laboratory. B6.129-Tcra-Jtm1Tgi (Jα18–/–) mice, Nr4a1 
(Nur77GFP (20) and Il10 (IL-10GFP) (30) reporter mice on a C57BL/6 
background were gifts of Masaru Taniguchi (RIKEN Institute, Yoko-
hama, Japan), Kristin A. Hogquist (University of Minnesota, Minneap-
olis, Minnesota, USA), and Christopher L. Karp (Cincinnati Children’s 
Hospital Medical Center, Cincinnati, Ohio, USA), respectively. The 
melanoma B16-F10 (C57BL/6, CRL-6475) cell lines were purchased 
from ATCC and were retrovirally transfected into stably expressed 
CD1d, as previously described (16).

Reagents and monoclonal antibodies. αGalCer 
[(2S,3S,4R)-1-O-(a-D-galactopyranosyl)-N-hexacosanoyl-2-amin-
o-1,3,4-octadecanetriol] was obtained from Kyowa Hakko Kirin Co. 
Ltd. (Tokyo Research Park, Tokyo, Japan). E. coli (0111-B4) LPS and 
BrdU were purchased from Sigma-Aldrich. 7-AAD was obtained 
from Invitrogen. The following monoclonal antibodies against 
mouse antigens were used: β7-integrin (M293), BCL6 (K112-91), 
BrdU (3D4), CD3ε (145.2C11, 17A2), CD4 (GK1.5, RM4-5), CD5 (53-
7.3), CD8α (53-6.7, 5H10), CD11a (2D7), CD19 (1D3, 6D5), CD25 
(PC61.5), CD22 (OX-97), CD27 (LG.7F9), CD29 (Ha2/5), CD31 
(390, MEC13.3), CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD45R/
B220 (RA3-6B2), CD47 (miap301), CD49d (R1-2), CD62L (MEL-
14), CD69 (H1.2F3), CD93 (R139), CD94 (18d3), CD95 (Jo2), CD103 
(2E7), CD107a (1D4B), CD107b (ABL-93), CD122 (TM-beta1), CD127 
(A7R34, SB/199), CD150/SLAM (TC15-12F12.2), CD152/CTLA4 
(14D3), CD154/CD40L (MR1), CD160 (BY55), CD166 (ALC48), 
CD185/CXCR5 (2G8), CD186/CXCR6 (TG3), CD192/CCR2 (48607), 
CD199/CCR9 (CW-1.2), CD200 (OX90), CD210/IL-10R (1B1.3a), 
CD244 (2B4), CD272/BTLA (6F7), CD278/ICOS (C398.4A), CD279/
PD-1 (J43, RMP1-30), FOXP3 (FJK-16s), FR4 (12A5), GFP (polyclonal), 
GITR (DTA-1), GM-CSF (MP1-22E9), IFN-γ (XMG1.2), IL-2 (JES6-
5H4), IL-4 (11B11, BVD6-24G2), IL-10 (JES5-16E3), IL-13 (13A), Ki67 
(B56), KLRG1 (2F1), Ly49a (A1), Ly49a/e (D7), Ly49G2 (4D11), Ly49I 
(YLI-90), NK1.1 (PK136), NKG2A/C/E (20D5), NKG2D/CD314 (C7), 
NKp46/CD335 (29A1.4), NRP1/CD304 (polyclonal), Nur77 (12.14), 
p-ERK1/2 (E10), SLAMF6/Ly108 (330-AJ), TCRβ (H57-597), TNF 
(MP6-XT22), and TNP-KLH (A95-1). Monoclonal antibodies against 
the following human antigens were used in this study: CD3ε (OKT3, 
HIT3a, UCHT1), CD4 (OKT4, S3.5, SK3), CD8 (3B5, RPA-T8, SK1), 
CD19 (HIB19, SJ25-C1), CD20 (2H7, PC61.5), CD25 (2A3), CD45RA 
(HI30, HI100), CD56 (HCD56), CD161 (HP-3G10), CD194/CCR4 
(1G1), CD197/CCR7 (150503), FoxP3 (PCH101), IFN-γ (4S.B3, B27), 
IL-4 (8D4-8), IL-10 (JES3-9D7), IL-17A (64DEC17), IgG1κ isotype 
(eBRG1), TNF (MAb11), and Vα24i (6B11). Antibodies were purchased 
from BD Biosciences, BioLegend, eBioscience, Invitrogen, R&D Sys-
tems, or Santa Cruz Biotechnology Inc. Antibodies were biotinylated 
or conjugated with Pacific Blue, eFluor 450, V450, Brilliant Violet 421, 
Pacific Orange, V500, Brilliant Violet 570, Quantum Dot 605, Quan-
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transcripts were amplified with the Ovation RNA amplification sys-
tem V2 (NuGEN) and purified with the QIAquick PCR purification 
kit (QIAGEN) according to the manufacturer’s instructions. In vitro 
transcription (IVT) probe generation and hybridization to Affymetrix 
Mouse Genome 430 2.0 arrays (Platform GPL1261) were performed at 
the Veterans Medical Research Foundation GeneChip Microarray facil-
ity (UCSD). Signal intensity data and lists of differentially expressed 
genes were compiled using VAMPIRE (Subramanian Laboratory, 
UCSD) and Genespring (Agilent) software. Microarray data were 
deposited in the NCBI’s Gene Expression Omnibus (GEO GSE47959;  
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47959) (72).

Statistics. Results are expressed as the mean ± SEM. Statistical com-
parisons were drawn using a 2-tailed Student’s t test (Excel; GraphPad 
Prism, GraphPad Software) for all paired samples or otherwise using 
an ANOVA test (GraphPad Prism). Normal distribution was validated 
by the D’Agostino-Pearson omnibus normality test (GraphPad Prism), 
either directly (n >10) or after combining values from repetitive exper-
iments. P values less than 0.05 were considered statistically significant 
and are indicated as *P < 0.05, **P < 0.01, and ***P < 0.001 in the fig-
ures. Each experiment was repeated at least twice, and background 
values were subtracted. Graphs were generated with GraphPad Prism.

Study approval. Human PBMCs were obtained from healthy 
donors in accordance with the La Jolla Institute for Allergy and Immu-
nology Normal Blood Donor Umbrella Program (VD-057). All mouse 
experiments were performed in an AAALAC-accredited facility with 
prior approval of the IACUC of the La Jolla Institute for Allergy and 
Immunology and in accordance with the US Public Health Service 
(PHS) Policy on Humane Care and Use of Laboratory Animals .
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from day 8 onward. Freshly isolated lymphocytes enriched for iNKT 
cells (containing 5 × 106 iNKT cells) were i.v. injected into mice shortly 
before the immunization. Disease was monitored visually using a 
0–5 ranking (0 = normal, 0.5 = tail weakness, 1 = hind limb weakness,  
2 = mild hind limb paralysis, 3 = moderate hind limb paralysis,  
4 = complete hind limb paralysis, 5 = moribund or dead). Gel packs 
were added to all cages as soon as mice reached a score above 2. Ani-
mals with a score of 4 were euthanized once they remained in this state 
for more than 2 consecutive days and were then categorized as score 5.

In vitro cultures. For ex vivo experiments intended for intracellu-
lar staining of IL-10 or IL-17A, lymphocytes were cultured for 2 hours 
in medium consisting of RPMI 1640 (Invitrogen) supplemented with 
10% (v/v) FCS and 1% (v/v) Pen-Strep-Glutamine (10,000 U/ml pen-
icillin, 10,000 g/ml streptomycin, 29.2 mg/ml L-glutamine; Invitro-
gen) in the presence of GolgiPlug and GolgiStop (BD Biosciences) at 
37°C. Ex vivo stimulation was performed with PMA and ionomycin 
(both from Sigma-Aldrich) for 4 hours at 37°C in the presence of Golgi-
Plug and GolgiStop. For detection of degranulation, splenocytes from 
congenic control (CD45.1) and αGalCer-pretreated animals (CD45.2) 
were incubated for 5 hours at 37°C at a 1:1 ratio in αCD3ε antibody–
coated (5 μg/ml, 145.2C11) plates in the presence of 0.5 μg/ml  
αCD107a– (1D4B) and αCD107b (ABL93) Alexa Fluor 488–labeled 
antibodies (Santa Cruz Biotechnology Inc.). For the measurement of 
p-ERK1/2, enriched splenocytes from congenic control (CD45.1) and 
αGalCer-pretreated animals (CD45.2) were mixed at a 1:2 ratio, incu-
bated for 10 minutes on ice with 10 μg/ml αCD3ε antibody (145.2C11, 
BD Biosciences), then washed and stimulated with 40 μg/ml  
cross-linking anti-hamster IgG antibodies (G70-204 and G94-56; BD 
Biosciences) together with CD1d-αGalCer tetramers at 37°C. After  
2 minutes, cells were fixed and stained for p-ERK1/2. Staining of 
primary iNKT cells in this assay required the use of CD1d-αGalCer 
tetramer labeled with the fluorochrome BV421 (BD Biosciences), 
together with the stimulation and rapid addition of the fixation reagent 
after the 2 minutes incubation.

Flow cytometry and ELISA. Flow cytometry and preparation of 
fluorochrome-conjugated αGalCer-loaded CD1d tetramers were 
performed as previously described (71). Cell sorting was performed 
with a FACSAria cell sorter (BD Biosciences). iNKT cells were 
defined throughout as live CD8α–CD19/CD45R–CD44+TCR/CD3+C-
D1d-αGalCer tetramer+ cells (mouse) or as live CD20–CD45RA–C-
D197–CD3+Vα24i+ (clone 6B11) cells (human). IL-10 levels in culture 
supernatants were determined by ELISA using BioLegend reagents, 
according to the manufacturer’s recommendations.

RNA microarray. Enriched Vα14i NKT cells (CD1d-αGalCer 
tetramer+ TCR+) were isolated from spleen using a FACSAria cell sorter 
(BD Biosciences) and stored as cell pellets at –80°C. RNA was isolated 
from the frozen cell pellets using the RNeasy Mini Kit (QIAGEN), and 
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