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Improved Detection of Cytokines 
Produced by Invariant NKT Cells
Duygu Sag1,2, Müge Özkan3, Mitchell Kronenberg   4,5 & Gerhard Wingender   1,4

Invariant Natural killer T (iNKT) cells rapidly produce copious amounts of multiple cytokines after in 
vivo activation, allowing for the direct detection of a number of cytokines directly ex vivo. However, 
for some cytokines this approach is suboptimal. Here, we report technical variations that allow the 
improved detection of IL-4, IL-10, IL-13 and IL-17A ex vivo. Furthermore, we describe an alternative 
approach for stimulation of iNKT cells in vitro that allows a significantly improved detection of cytokines 
produced by iNKT cells. Together, these protocols allow the detection of iNKT cell cytokines ex vivo and 
in vitro with increased sensitivity.

Invariant natural killer T (iNKT) cells are innate-like T cells that share features with natural killer (NK) 
cells and memory T lymphocytes. Antigens for iNKT cells are largely glycolipids, like the model antigen 
α-galactosylceramide (αGalCer), which are presented by CD1d, a non-polymorphic MHC class I homolog. 
Following antigenic activation, subsets of iNKT cells rapidly produce copious amounts of cytokines, including 
Th1, Th2 and Th17 cytokines as well as IL-101–6. However, the detection of some of these cytokines via intracel-
lular cytokine staining (ICCS) is often poor, which is especially the case after in vitro activation of primary iNKT 
cells. This has led to inconsistencies in the published data for the production of several iNKT cell cytokines and 
hampers the use of in vitro assays to study the functions of primary iNKT cells. We present here several enhance-
ments to purification and staining protocols that allow improved detection of cytokines, including GM-CSF, 
IFNγ, IL-2, IL-4, IL-10, IL-13, IL-17A and TNF, produced by primary iNKT cells, ex vivo or in vitro.

Results
Influence of the fixation method on cytokine detection.  Following activation with αGalCer in vivo 
the majority of iNKT cells produced IL-4, which can be detected directly ex vivo, meaning without the need for 
TCR cross-linking or pharmacologic activators, and without a requirement for culture in the presence of blockers 
of protein transport through the Golgi apparatus (Fig. 1A). However, the intensity of the staining tended to be low 
(Fig. 1A and data not shown) and this can at times make the discrimination of positive events difficult. Therefore, 
we tested several alternatives for staining and fixation to improve the intracellular staining for IL-4, combined 
with the use of different fluorophores. We found that fixation of the cells with Cytofix/Cytoperm for 10 min-
utes at 37 °C, instead of the recommended 4 °C, also significantly increased the staining intensity for most IL-4 
conjugates, without negatively affecting surface staining (Fig. 1A and data not shown). This was seen with both 
of the αIL-4-antibody clones, 11B11 and BVD6-24G2, that were tested (Fig. 1A). The increased staining inten-
sity allowed significantly more iNKT cells to be detected as IL-4+ in the case of FITC- and PE-Cy7-conjugated 
antibodies, but not in the case of AF647- and PE-CF594-conjugated antibodies (Fig. 1A and Supplementary 
Figure 1A). A similar variability in the percent of the activated iNKT cells classified as cytokine positive also 
was noted for IL-2 and IL-13 staining. This depended on the antibody conjugates tested, and for some of the 
conjugates, fixation at 37 °C led to an increased staining intensity (Fig. 1B). In contrast, no difference in the stain-
ing intensity of other cytokine tested, namely GM-CSF, IFNγ, IL-10, IL-17A and TNF, was observed (Fig. 1B, 
Supplementary Figure 1B, and data not shown). Importantly, changing the temperature of the fixation step did 
not negatively affecting the surface staining of any of the tested markers (Supplementary Figure 2). Therefore, 
fixation of activated iNKT cells at 37 °C instead of 4 °C is preferable for IL-2, IL-4 and IL-13 detection.
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iNKT cell IL-17A requires in vitro cytokine accumulation.  In recent years, functional subsets of iNKT 
cells have been defined7,8. The definition of iNKT cell subsets is largely based on their expression of transcription 
factors and their function, especially significant biases in cytokine production of the respective iNKT cell types. 
NKT19, NKT29,10 and NKT1711–14 cells are defined as the iNKT cell subsets biased towards Th1, Th2 or Th17 
cytokines, respectively. The underlying gene programs are imprinted during thymic development15. NKT10 cells 
were characterized by IL-10 production16–20. NKTFH

21–23 and FoxP3+ iNKT24,25 cells were defined based on their 
similarities with TFH and FoxP3+ T cells, respectively. However, the detection of IL-10 and IL-17A production 
by activated iNKT cells of the appropriate functional subtype is particularly poor when the cells were analyzed 
directly ex vivo (Figs 2A, 3A and data not shown). For the detection of cytokines produced by conventional, MHC 
class II-reactive T cells, an in vitro incubation of the cells after purification in the presence of Golgi-transport 
inhibitors is routinely used to improve cytokine detection26. We adopted this method for the detection of IL-17A 
production by iNKT cells. Mice were injection i.v. with αGalCer and 90 min later splenocytes were obtained 
and cultured for 2 h in the presence of Golgi-transport inhibitors. As shown in Fig. 2A, the IL-17A-producing 
subset is relatively infrequent in the spleen, but importantly, the in vitro accumulation of biosynthesized IL-17A 
was required for the effective detection of IL-17A+ iNKT cells. For several other cytokines tested, namely 
GM-CSF, IFNγ, IL-2, IL-4 and IL-13, a 2 h in vitro incubation resulted in a marked increase in the percentage of 

Figure 1.  Fixation method influenced the detection in iNKT cells of several cytokines. (A–C) C57BL/6 mice 
were either mock treated or injected i.v. with 1μg αGalCer and 90 min later the expression of the cytokines 
IL-4 (clone BVD6-24G2 or 11B11, as indicated in the histogram) (A), IL-2 (JES6-5H4) (B) and IL-13 (13A) 
(C) by splenic iNKT cells was analyzed by intracellular cytokine staining (ICCS). Cells were fixed with Cytofix/
Cytoperm for 10 min at either 4 °C or 37 °C as indicated. A summary graph (left) and representative data from 
gated iNKT cells (right) are in adjacent panels. The fluorochromes conjugated to the antibodies utilized are 
indicated below the histograms. ns = not statistically significant. Representative data from one of at least three 
independent experiments are shown.
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cytokine-positive iNKT cells (Fig. 2B). Also for IL-10 an improvement in cytokine staining was observed, which, 
however, did not reach statistical significance in all experiments (data not shown). In contrast, no difference was 
evident for TNF after a 2 h in vitro incubation (Fig. 2B). Furthermore, extending the in vitro incubation beyond 
2 h did not improve cytokine detection further (data not shown). Therefore, in vitro culture of in vivo stimulated 
iNKT cells for 2 h in the presence of Golgi-transport inhibitors is required for efficient IL-17A detection and 
clearly improves the detection of most other iNKT cell cytokines.

Effective detection of iNKT cell IL-10 requires dead cell removal.  IL-10-producing iNKT cells are 
a relatively small subset in the spleen, but they are enriched in adipose tissue and increased long term after 
strong or repeated antigenic stimulation19. We noticed previously that the maximal number of IL-10+ iNKT cells 
could be detected after stimulation in vitro with PMA and ionomycin19. However, when we compared the IL-10 
staining after PMA/ionomycin stimulation in vitro in iNKT cells from splenocytes and peripheral blood mono-
nuclear cells (PBMCs) we noted a clearly stronger IL-10 staining in iNKT cells derived from PBMCs compared 
to splenocytes (Fig. 3A). As we did not expect such a difference in the iNKT cells present in PBMCs compared to 
the spleen, we tested if the different purification methods employed could account for the observed difference. 
Whereas splenocytes were utilized directly after the single cell suspension was obtained, PBMCs were first puri-
fied via a density-gradient to remove red blood cells and dead cells. Therefore, we compared the IL-10 staining 

Figure 2.  Effective detection of iNKT cell IL-17A ex vivo required cytokine accumulation in vitro. C57BL/6 
mice were either mock treated or injected i.v. with 1μg αGalCer and 90 min later expression of the indicated 
cytokines by splenic iNKT cells was analyzed by ICCS. Cells were either stained directly ex vivo (ex vivo) or after 
a 2 h in vitro incubation at 37 °C in the presence of the Golgi-transport inhibitors Brefeldin A and monensin 
(+2 h). (A) Intracellular IL-17A produced by gated iNKT cells is depicted against CD4 for representative 
data, and as a summary graph (left panels). (B) Production of indicated cytokines by iNKT cells is depicted 
as a summary graph (left panels) and representative data (right panels). ns = not statistically significant. 
Representative data from one of at least three independent experiments are shown.
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after PMA/ionomycin stimulation in vitro of splenic iNKT cells that were used either directly ex vivo or after 
purification via a density-gradient. As shown in Fig. 3B the IL-10 staining in iNKT cells significantly improved, 
with regard to the percentage of IL-10+ cells detected as well as to the intensity of the staining, when dead cells 
were removed from the splenocytes prior of the stimulation. Given these results, we tested if the removal of dead 
cells would also allow an improved detection of IL-10+ iNKT cells ex vivo after αGalCer injection. Mice were 
injected i.v. with αGalCer and 90 min later splenocytes were obtained and analyzed either directly ex vivo or after 
purification via a density-gradient. To allow for accumulation of IL-10 in the iNKT cells, the splenocytes were cul-
tured for 2 h in vitro in the presence of Golgi-transport inhibitors. Again, the purification via a density-gradient 
allowed an improved detection of IL-10+ cell iNKT cells (Fig. 3C). Therefore, for the optimal detection of IL-10, 
the initial removal of dead cells via a density-gradient and incubation in vitro in the presence of Golgi-transport 
inhibitors were required.

Dead cell removal allows for improved detection of multiple cytokines.  Whereas the large major-
ity of iNKT cells produce cytokines following activation with αGalCer in vivo, on a per cell basis their response 
after in vitro stimulation with αGalCer is weaker (Fig. 4 and data not shown). Given the clear improvement 

Figure 3.  Effective detection of iNKT cell IL-10 required the removal of dead cells. (A) C57BL/6 splenocytes 
and PBMCs were stimulated in vitro for 4 h with PMA and ionomycin and the percentage of IL-10+ iNKT cells 
was measured by ICCS. (B) C57BL/6 splenocytes were either left untreated (control) or purified via a density-
gradient (+Lymphoprep) and stimulated in vitro for 4 h with PMA and ionomycin in the presence of the Golgi-
transport inhibitors Brefeldin A and monensin. The percentage of IL-10+ iNKT cells was then measured by 
ICCS. (C) C57BL/6 animals were injected i.v. with 1μg αGalCer and 90 min later splenocytes were purified via a 
density-gradient and incubation for 2 h in vitro in the presence of the Golgi-transport inhibitors Brefeldin A and 
monensin. The percentage of IL-10+ iNKT cells was then measured by ICCS. A summary graph (left panel) and 
representative data (right panel) are shown, respectively. The means of activation is also given on the left of the 
panels. Representative data from one of at least three independent experiments are shown.
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of the IL-10 staining by the elimination of dead cells, we tested whether a similar approach would improve 
cytokine detection by iNKT cells following in vitro stimulation with αGalCer. C57BL/6 splenocytes were either 
left untreated or purified by a density-gradient before the cells were incubated in vitro for 5 h in the presence of 
αGalCer and Golgi-transport inhibitors. As shown in Fig. 4, although the optimal in vitro stimulated responses 
did not reach the intensities observed when cells were analyzed ex vivo, significantly more iNKT cells from the 
gradient-purified splenocyte population scored positive for cytokine production after αGalCer stimulation. 
Additionally, the intensity of the cytokine staining obtained tended to be higher in iNKT cells from purified 
splenocytes (Fig. 4). The purification of splenocytes by a density-gradient either after αGalCer in vivo stimula-
tion followed by a 2 h in vitro culture (Supplementary Figure 3A) or before in vitro stimulation with PMA and 
ionomycin (Supplementary Figure 3B) also allowed for increased detection of cytokine-positive iNKT cells. This 
increase in cytokine-positive iNKT cells was statistically significant for most of the cytokines. Altogether, the 
removal of dead cells by a density-gradient before in vitro culture allows for clearly improved cytokine detection 
in iNKT cells by ICCS.

Kinetics of iNKT cell cytokine production.  Having established an optimized protocol for the detection of 
iNKT cell cytokines at the single cell level, we tested its utility by measuring the induction of cytokine production 
by iNKT cells over time. To this end, C57BL/6 splenocytes were stimulated in vitro with either PMA/ionomycin or 
with αGalCer. The cytokines produced by iNKT cells were measured between 0.5-4 h after stimulation with PMA/
ionomycin or between 1–5 h after stimulation with αGalCer. GM-CSF, IFNγ, IL-2, IL-4, IL-10, IL-13, IL-17A and 
TNF were measured in parallel by ICCS. Following stimulation with PMA/ionomycin, the percentage of iNKT 
cells producing any of the cytokines measured reached at least 50% of the maximal response after 2 h, with IL-10 
constituting the exception requiring 3 h (Fig. 5). Although most splenic iNKT cells in C57BL/6 mice have been 
reported to be NKT1 cells9, and the highest frequency of the PMA/ionomycin stimulated cells produced TNF, a 
high percentage of the cells also produced IL-4, while relatively few cells were positive for IL-2 or IL-13. Therefore, 
a rapid, multi-cytokine response was elicited by the strong stimulation achieved by PMA/ionomycin.

As expected, the stimulation with αGalCer showed a slightly delayed response. Cytokine production reached 
more than 50% of the maximal response after 3 h, rather than 2 h. A large proportion of the cells produced IL-4, 
even larger than the percentage that produced TNF, after antigen stimulation, with a reduced percentage pro-
ducing IFNγ (Fig. 5). Furthermore, the standard deviation of the cytokine values following αGalCer stimulation 
tended to be larger than after PMA/ionomycin stimulation. For both methods of stimulating iNKT cells, the IL-10 
response included the fewest cells, and it also was the slowest to rise.

Figure 4.  Removal of dead cells allowed for an improved detection of iNKT cell cytokines in vitro. C57BL/6 
splenocytes were either left untreated (control) or purified via a density-gradient (+Lymphoprep) and 
stimulated in vitro for 5 h with 100ng/ml αGalCer in the presence of the Golgi-transport inhibitors Brefeldin 
A and monensin. The expression of the indicated cytokines by splenic iNKT cells was analyzed by ICCS. A 
summary graph (left panels) and representative data (right panels) are shown. Representative data from one of 
at least three independent experiments are shown.
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Strain comparison of cytokine production.  Immune responses in BALB/c mice generally are more 
biased to Th2 than in C57BL/6 mice27. In agreement with this, it has been reported that more Th2-like NKT2 cells 
are present in the thymus of BALB/c than in C57BL/6 mice9. We compared iNKT cell production of GM-CSF, 
IFNγ, TNF, IL-2, IL-4, IL-10, IL-13 and IL-17A in these two strains. C57BL/6 or BALB/c splenocytes were stim-
ulated in vitro with either PMA/ionomycin or with αGalCer and the cytokines produced by iNKT cells were 
measured after 0.5–4 h for PMA/ionomycin or 1–5 h for αGalCer. Interestingly, the cytokine response was not 
significantly different for iNKT cells derived from C57BL/6 (Fig. 5) or BALB/c (Fig. 6A,B) splenocytes, irrespec-
tive of the in vitro stimulation method. To verify that this comparable response was not the result of the in vitro 
conditions, we stimulated C57BL/6 and BALB/c mice in vivo with αGalCer for 90 min and measured the iNKT 
cell cytokine response by ICCS. Under these conditions the cytokine response of BALB/c derived iNKT cells 
tended to be lower for all tested cytokines than those of C57BL/6 derived iNKT cells (Fig. 6C). However, this 
difference was small and reached statistical significance only for IL-4, IFNγ and TNF. Together, these data suggest 
that the cytokine response of splenic iNKT cells is largely comparable in C57BL/6 and BALB/c mice in vivo and 
in vitro.

Discussion
The copious amount of some cytokines, like IFNγ, TNF, IL-4 and IL-13, produced by iNKT cells in vivo makes 
it possible to detect and quantify them directly ex vivo. However, this common practice is suboptimal for other 
cytokines like IL-2, IL-10, IL-17A and GM-CSF. We describe here an optimized protocol for the detection of 
iNKT cell cytokines ex vivo. Furthermore, we describe an improved protocol for the in vitro stimulation that 
allows a significantly improved detection of iNKT cell cytokines. Detailed ‘step-by-step’ procedures for these 
protocols are provided in the Supplemental information.

We first noted that the temperature of the fixation (4 °C vs. 37 °C) significantly increased the detection of IL-2, 
IL-4 and IL-13 produced by iNKT cells, without negatively affecting the detection of other cytokines or staining 
for molecules on the cell surface (Fig. 1A). The reason for this difference, however, is not clear yet. Furthermore, 
similar to conventional T cells, the in vitro incubation of iNKT cells after in vivo stimulation in the presence of 
Golgi-transport inhibitors significantly improved the detection of the cytokines GM-CSF, IFNγ, IL-2, IL-4, IL-13 
and IL-17A (Fig. 2). Interestingly, the purification of splenocytes by a density-gradient was essential for the effi-
cient detection of IL-10+ iNKT cells (Fig. 3). Furthermore, such purification before the in vitro stimulation also 
significantly improved the detection of other iNKT cell cytokines (Fig. 4). The effect of the density-gradient cen-
trifugation is likely due to the removal of dead and apoptotic cells. Thus, our data on the functional impairment 
of iNKT cells during in vitro cultures are in line with a report showing that iNKT cells are sensitive to cell death 
induced by NAD released from apoptotic cells28.

One surprising result of the data presented is the largely comparable cytokine production of splenic iNKT cells 
derived from C57BL/6 and BALB/c mice in vivo and in vitro (Figs 5 and 6). Immune responses in the BALB/c 
mice are generally more biased to Th2 than in C57BL/6 mice27. In agreement with this is the finding that in 

Figure 5.  Kinetics of cytokine production by splenic iNKT cells. (A,B) C57BL/6 splenocytes were purified via 
a density-gradient and stimulated either for 0.5–4 h with PMA/ionomycin (A) or for 1–5 h with αGalCer (B) in 
the presence of the Golgi-transport inhibitors Brefeldin A and monensin. Expression of the indicated cytokines 
by splenic iNKT cells was analyzed by ICCS. A summary graph of the absolute values of cytokine positive iNKT 
cells over time is shown in the top panels. The lower panels show normalized data, with the relative increase 
of cytokine positive iNKT cells at the last time point (PMA/ionomycin = 4 h, αGalCer = 5 h) set to 100%. The 
graphs summarize the mean values of three independent experiments done in parallel for each stimulation 
method, with three mice in each experiment.
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BALB/c mice more Th2-like NKT2 cells are present than in C57BL/6 mice9. However, in that study9 cytokine data 
where only reported for the thymus and not for the spleen. Therefore, organ specific differences might account for 
the strain dependent differences observed previously in the thymus9 and by us for the spleen. Additionally, NKT2 
cells were reported to be located preferentially in the T cell zones of the white pulp of the spleen29, and are there-
fore less easily activated by antigens injected by the i.v. route29. This might explain the lack of a marked difference 
between C57BL/6 and BALB/c mice we observed in vivo, but cannot explain the similar outcome we obtained 
with in vitro stimulated cells. The later finding is surprising as the induction of the transcription factor Nur77, 
which acts as a faithful marker for TCR-engagement in iNKT cells30, was reported to be equally induced in splenic 
NKT1 and NKT2 cells following an in vitro stimulation29. The reason for this discrepancy is currently not know. 
Nonetheless, our study suggests that the Th2-bias in the BALB/c mouse does not extend to splenic iNKT cells.

In summary, the described protocols allow the improved detection of iNKT cell cytokines by ICCS ex vivo 
and in vitro. The alterations to the protocol outlined here, were not tested for conventional T cells. However, it is 
possible that some aspects are transferable to conventional, peptide plus MHC class II-reactive T cells.

Material and Methods
Mice.  All mice were housed under SPF conditions in the vivarium of the La Jolla Institute for Allergy and 
Immunology (LJI, La Jolla, USA) or the Izmir Biomedicine and Genome Center (IBG, Izmir, Turkey) in accord-
ance with the respective institutional animal care committee guidelines. C57BL/6 and BALB/c mice were pur-
chased from the Jackson Laboratories (Bar Harbor, ME).

Figure 6.  Strain comparison of iNKT cell cytokine synthesis. (A,B) BALB/c splenocytes were purified via a 
density-gradient and stimulated either for 0.5–4 h with PMA/ionomycin (A) or for 1–5 h with αGalCer (B) in 
the presence of the Golgi-transport inhibitors Brefeldin A and monensin. The expression of indicated cytokines 
by splenic iNKT cells was analyzed by ICCS. A summary graph of the absolute values of cytokine positive iNKT 
cells over time is shown in the top panels. The lower panels show normalized data with the relative increase of 
cytokine positive iNKT cells, with the last time point (PMA/ionomycin = 4 h, αGalCer = 5 h) set to 100%. The 
graphs summarize the mean values of three independent experiments done in parallel for the PMA/ionomycin 
and αGalCer stimulation, with three mice in each experiment. (C) C57BL/6 and BALB/c animals were injected 
i.v. with 1μg αGalCer and 90 min later splenocytes were purification via a density-gradient and incubated for 2 h 
in vitro in the presence of Golgi-transport inhibitors (Brefeldin A and monensin). The expression of indicated 
cytokines by iNKT cells was analyzed by ICCS. Representative data from one of two independent experiments 
are shown.



www.nature.com/scientificreports/

8Scientific REPOrTS | 7: 16607  | DOI:10.1038/s41598-017-16832-1

Ethics statement.  All mouse experiments were performed under SPF-conditions with prior approval by 
the institutional ethic committee (LJI ‘Animal Care and Use Committee’; IBG ‘Ethical Committee on Animal 
Experimentation’), in accordance with national laws and policies. All the methods were carried out in accordance 
with the approved guidelines and regulations.

Reagents, monoclonal antibodies and flow cytometry.  α-galactosylceramide (αGalCer) was 
obtained from Kyowa Hakko Kirin (Tokyo Research Park, Tokyo, Japan) or from Avanti Polar Lipids (Alabaster, 
AL, USA). Monoclonal antibodies against the following mouse antigens were used in this study: CD3ε (145.2C11, 
17A2), CD4 (GK1.5, RM4-5), CD8α (53–6.7, 5H10), CD19 (1D3, 6D5), CD44 (IM7), CD45R/B220 (RA3-6B2), 
CD69 (H1.2F3), CD122 (TM-beta1), CD127 (A7R34, SB/199), GM-CSF (MP1-22E9), IFNγ (XMG1.2), IL-2 
(JES6-5H4), IL-4 (11B11, BVD6-24G2), IL-10 (JES5-16E3), IL-13 (13A), NK1.1 (PK136), TCRβ (H57-597) 
and TNF (MP6-XT22). Antibodies were purchased from BD Biosciences (San Diego, CA), BioLegend (San 
Diego, CA), eBioscience (San Diego, CA), Invitrogen/ThermoFisher Scientific (Carlsbad, CA), R&D Systems 
(Minneapolis, MN) or Santa Cruz (Dallas, TX). Antibodies were biotinylated or conjugated to Pacific Blue, eFluor 
450, V450, Brilliant Violet 421, Pacific Orange, V500, Brilliant Violet 570, Quantum Dot 605, Quantum 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 purified from hyridoma cells in our laboratory or from Tonbo Biosciences. 
Unconjugated mouse and rat IgG antibodies were purchase from Jackson ImmunoResearch (West Grove, PA). 
Dead cells were labelled with Blue, Aqua or Yellow Dead Cell Stain Kit (Invitrogen). Flow cytometry and prepa-
ration of fluorochrome-conjugated αGalCer loaded CD1d tetramers were performed as described31,32. Graphs 
derived from digital data are displayed using a ‘bi-exponential display’33. Vα14i NKT cells were defined through-
out as live, CD8α−, CD19/CD45R−, CD44+, TCRβ/CD3ε+, CD1d/αGalCer-tetramer+ cells.

In vivo challenge and cell preparation.  Acute activation in vivo was induced by i.v. injection of 1 μg 
αGalCer followed by analysis 90 min later, unless otherwise indicated. Single-cell suspensions from mouse spleen 
and thymus were prepared as described34. In some experiments, intended for intracellular staining of IL-10, sple-
nocytes were purified by use of Lymphoprep (Axis-Shield, Oslo, Norway; and StemCell Technologies, Vancouver, 
Canada) density gradient centrifugation and by depletion of B cells with anti-CD45R coated magnetic beads 
(ThermoFisher Scientific). For ex vivo experiments intended for intracellular staining of IL-10 or IL-17A, lym-
phocytes were cultured 2 h in the presence of GolgiPlug and GolgiStop (BD Biosciences, San Diego, CA) at 37 °C.

In vitro stimulation.  Splenocytes were stimulated in vitro either with PMA and ionomycin (both 
Sigma-Aldrich, St. Louis, MO) for 4 h; or with 100ng/ml αGalCer for 5 h at 37 °C in the presence of both Brefeldin 
A (GolgiPlug) and Monensin (GolgiStop). As GolgiPlug and GolgiStop (both BD Biosciences, San Diego, CA) 
where used together, half the amount recommended by the manufacturer where used, as suggested previously26.

Statistical analysis.  Results are expressed as mean ± standard error of the mean (SEM). Statistical com-
parisons were drawn using a two-tailed Student t-test (Excel, Microsoft Corporation, Redmond, WA; GraphPad 
Prism, GraphPad Software, San Diego, CA) for all paired samples or otherwise using an ANOVA test (GraphPad 
Prism). p-values < 0.05 were considered significant and are indicated with *p < 0.05, **p≤0.01 and ***p≤0.001. 
Each experiment was repeated at least twice, and background values were subtracted. Graphs were generated with 
GraphPad Prism (GraphPad Software).

References
	 1.	 Bendelac, A., Savage, P. B. & Teyton, L. The Biology of NKT Cells. Annu. Rev. Immunol. 25, 297–336 (2007).
	 2.	 Brennan, P. J., Brigl, M. & Brenner, M. B. Invariant natural killer T cells: an innate activation scheme linked to diverse effector 

functions. Nature reviews 13, 101–117 (2013).
	 3.	 Salio, M. & Silk, J. D. Yvonne Jones, E. & Cerundolo, V. Biology of CD1- and MR1-Restricted T Cells. Annu. Rev. Immunol. 32, 

323–366 (2014).
	 4.	 Kronenberg, M. Towards an Understanding of NKT Cell Biology: Progress and Paradoxes. Annu. Rev. Immunol. 23, 877–900 (2005).
	 5.	 Wingender, G. & Kronenberg, M. Role of NKT cells in the digestive system. IV. The role of canonical natural killer T cells in mucosal 

immunity and inflammation. Am. J. Physiol. Gastrointest. Liver Physiol. 294, G1–8 (2008).
	 6.	 Wingender, G. & Kronenberg, M. In The Autoimmune Diseases 103–129 https://doi.org/10.1016/B978-0-12-384929-8.00008-3 

(Elsevier, 2014).
	 7.	 Buechel, H. M., Stradner, M. H. & D’Cruz, L. M. Stages versus subsets: Invariant Natural Killer T cell lineage differentiation. Cytokine 

72, 204–209 (2015).
	 8.	 Constantinides, M. G. & Bendelac, A. Transcriptional regulation of the NKT cell lineage. Current Opinion in Immunology 25, 

161–167 (2013).
	 9.	 Lee, Y. J., Holzapfel, K. L., Zhu, J., Jameson, S. C. & Hogquist, K. A. Steady-state production of IL-4 modulates immunity in mouse 

strains and is determined by lineage diversity of iNKT cells. Nat Immunol 14, 1146–1154 (2013).
	10.	 Watarai, H. et al. Development and function of invariant natural killer T cells producing T(h)2- and T(h)17-cytokines. Plos Biol 10, 

e1001255 (2012).
	11.	 Milpied, P. et al. IL-17-producing invariant NKT cells in lymphoid organs are recent thymic emigrants identified by neuropilin-1 

expression. Blood 118, 2993–3002 (2011).
	12.	 Coquet, J. M. et al. Diverse cytokine production by NKT cell subsets and identification of an IL-17-producing CD4-NK1.1- NKT 

cell population. Proc. Natl. Acad. Sci. USA 105, 11287–11292 (2008).
	13.	 Michel, M. L. et al. Identification of an IL-17-producing NK1.1neg iNKT cell population involved in airway neutrophilia. Journal of 

Experimental Medicine 204, 995–1001 (2007).
	14.	 Doisne, J. M. et al. Skin and peripheral lymph node invariant NKT cells are mainly retinoic acid receptor-related orphan receptor 

(gamma)t+ and respond preferentially under inflammatory conditions. The Journal of Immunology 183, 2142–2149 (2009).
	15.	 Engel, I. et al. Innate-like functions of natural killer T cell subsets result from highly divergent gene programs. Nat Immunol 1–15 

https://doi.org/10.1038/ni.3437 (2016).

http://dx.doi.org/10.1016/B978-0-12-384929-8.00008-3
http://dx.doi.org/10.1038/ni.3437


www.nature.com/scientificreports/

9Scientific REPOrTS | 7: 16607  | DOI:10.1038/s41598-017-16832-1

	16.	 Wingender, G. et al. Selective Conditions Are Required for the Induction of Invariant NKT Cell Hyporesponsiveness by Antigenic 
Stimulation. The Journal of Immunology 195, 3838–3848 (2015).

	17.	 Birkholz, A. M. et al. A Novel Glycolipid Antigen for NKT Cells That Preferentially Induces IFN-γ Production. The Journal of 
Immunology 195, 924–933 (2015).

	18.	 Lynch, L. et al. Regulatory iNKT cells lack expression of the transcription factor PLZF and control the homeostasis of Treg cells and 
macrophages in adipose tissue. Nat Immunol 16, 85–95 (2015).

	19.	 Sag, D., Krause, P., Hedrick, C. C., Kronenberg, M. & Wingender, G. IL-10-producing NKT10 cells are a distinct regulatory invariant 
NKT cell subset. The Journal of clinical investigation 124, 3725–3740 (2014).

	20.	 Wingender, G., Sag, D. & Kronenberg, M. NKT10 cells: a novel iNKT cell subset. Oncotarget 6, 26552–26553 (2015).
	21.	 Tonti, E. et al. Follicular helper NKT cells induce limited B cell responses and germinal center formation in the absence of CD4(+) 

T cell help. The Journal of Immunology 188, 3217–3222 (2012).
	22.	 Chang, P.-P. et al. Identification of Bcl-6-dependent follicular helper NKT cells that provide cognate help for B cell responses. Nat 

Immunol 13, 35–43 (2012).
	23.	 King, I. L. et al. Invariant natural killer T cells direct B cell responses to cognate lipid antigen in an IL-21-dependent manner. Nat 

Immunol 13, 44–50 (2012).
	24.	 Moreira-Teixeira, L. et al. Rapamycin Combined with TGF-beta Converts Human Invariant NKT Cells into Suppressive Foxp3+ 

Regulatory Cells. The Journal of Immunology 188, 624–631 (2012).
	25.	 Monteiro, M. et al. Identification of regulatory Foxp3+invariant NKT cells induced by TGF-beta. The Journal of Immunology 185, 

2157–2163 (2010).
	26.	 Maecker, H. T. Multiparameter flow cytometry monitoring of T cell responses. Methods Mol. Biol. 485, 375–391 (2009).
	27.	 Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J. & Hill, A. M. M-1/M-2 macrophages and the Th1/Th2 paradigm. The Journal of 

Immunology 164, 6166–6173 (2000).
	28.	 Rissiek, B., Danquah, W., Haag, F. & Koch-Nolte, F. Technical Advance: A new cell preparation strategy that greatly improves the 

yield of vital and functional Tregs and NKT cells. Journal of leukocyte biology https://doi.org/10.1189/jlb.0713407 (2013).
	29.	 Lee, Y. J. et al. Tissue-Specific Distribution of iNKT Cells Impacts Their Cytokine Response. Immunity 43, 566–578 (2015).
	30.	 Moran, A. E. et al. T cell receptor signal strength in Treg and iNKT cell development demonstrated by a novel fluorescent reporter 

mouse. Journal of Experimental Medicine 208, 1279–1289 (2011).
	31.	 Wingender, G. & Kronenberg, M. OMIP-030: Characterization of human T cell subsets via surface markers. Cytometry A 87, 

1067–1069 (2015).
	32.	 Matsuda, J. L. et al. Tracking the response of natural killer T cells to a glycolipid antigen using CD1d tetramers. J. Exp. Med. 192, 

741–754 (2000).
	33.	 Roederer, M., Darzynkiewicz, Z. & Parks, D. R. Guidelines for the presentation of flow cytometric data. Methods Cell Biol. 75, 

241–256 (2004).
	34.	 Wingender, G., Krebs, P., Beutler, B. & Kronenberg, M. Antigen-specific cytotoxicity by invariant NKT cells in vivo is CD95/CD178-

dependent and is correlated with antigenic potency. J. Immunol. 185, 2721–2729 (2010).

Acknowledgements
The authors wish to thank Archana Khurana, the Flow Cytometry Core Facilities at the La Jolla Institute for Allergy 
and Immunology (LJI) and at the Izmir Biomedicine and Genome Center (IBG), the Department of Laboratory 
Animal Care (LJI), as well as the vivarium at IBG for excellent technical assistance. We are grateful to Alysia 
Birkholz and Isaac Engel for their scientific contributions. This work was funded by NIH grants RO1 AI45053, 
AI69296, R37 AI71922 (MK); TUBITAK grant 116Z272 (GW); EMBO Installation Grant 3073 (GW); and by the 
Co-Funded Brain Circulation Scheme (MSCA/TUBITAK) (DS (#115C074), GW (#115C075)). The funders had 
no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Author Contributions
Conceived and designed the experiments: D.S., M.K., G.W. Performed the experiments: D.S., M.Ö., G.W. 
Analyzed the data: D.S., G.W. Wrote the paper: D.S., M.Ö., M.K., G.W. All authors reviewed and approved the 
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16832-1.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1189/jlb.0713407
http://dx.doi.org/10.1038/s41598-017-16832-1
http://creativecommons.org/licenses/by/4.0/

	Improved Detection of Cytokines Produced by Invariant NKT Cells

	Results

	Influence of the fixation method on cytokine detection. 
	iNKT cell IL-17A requires in vitro cytokine accumulation. 
	Effective detection of iNKT cell IL-10 requires dead cell removal. 
	Dead cell removal allows for improved detection of multiple cytokines. 
	Kinetics of iNKT cell cytokine production. 
	Strain comparison of cytokine production. 

	Discussion

	Material and Methods

	Mice. 
	Ethics statement. 
	Reagents, monoclonal antibodies and flow cytometry. 
	In vivo challenge and cell preparation. 
	In vitro stimulation. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Fixation method influenced the detection in iNKT cells of several cytokines.
	Figure 2 Effective detection of iNKT cell IL-17A ex vivo required cytokine accumulation in vitro.
	Figure 3 Effective detection of iNKT cell IL-10 required the removal of dead cells.
	Figure 4 Removal of dead cells allowed for an improved detection of iNKT cell cytokines in vitro.
	Figure 5 Kinetics of cytokine production by splenic iNKT cells.
	Figure 6 Strain comparison of iNKT cell cytokine synthesis.




