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Summary

Invariant natural killer T (iNKT) cells recognize glycolipids as antigens and diversify into NKT1 

(IFN-γ), NKT2 (IL-4), and NKT17 (IL-17) functional subsets while developing in the thymus. 

Mechanisms that govern the balance between these functional subsets are poorly understood due 

partly to the lack of distinguishing surface markers. Here we identified the heparan sulfate 

proteoglycan syndecan-1 (sdc1) as a specific marker of naïve thymic NKT17 cells and that sdc1 

deficiency significantly increased thymic NKT17 cells at the expense of NKT1 cells, leading to 

impaired iNKT cell-derived IFN-γ, both in vitro and in vivo. Using surface expression of sdc1 to 

identify NKT17 cells, we confirmed differential tissue localization and interstrain variability of 

NKT17 cells and uncovered that NKT17 cells expressed high TCRβ, preferentially use Vβ8, and 

display high sensitivity to ɑ-GalCer than to CD3/CD28 stimulation. These findings provide a 

novel non-invasive simple method for identification and viable sorting of naïve NKT17 cells from 

unmanipulated mice and suggest that sdc1 expression negatively regulates homeostasis iNKT 

cells. In addition, they lay the groundwork for investigating the mechanisms by which sdc1 

regulates NKT17 cells.
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Introduction

The invariant natural killer T (iNKT) cell is a unique innate-like cell type that expresses an 

invariant T cell receptor α-chain (TCRVα14-Jα18 in mice) and recognizes glycolipids, 
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instead of peptides, as antigens [1, 2]. While developing in the thymus, the iNKT cell 

acquires an effector ability to rapidly secrete large amounts of IFN-γ, IL-4, and IL-17 [3] 

that are prototypically produced by activated CD4 T helper cells after differentiation into 

Th1, Th2, or Th17 cells, respectively, depending on cytokines in milieu and nature of 

instigating pathogen [4]. By rapidly secreting these cytokines, iNKT cells play critical roles 

in regulating innate and adaptive immune responses and driving autoimmune diseases [4]. 

However, the mechanisms controlling the generation and relative ratio of the functional 

iNKT cell subsets are yet to be fully understood due, at least partly, to the lack of bona fide 

physiologic surface markers that can be used to visualize and fractionate iNKT cells into 

viable subsets without resorting to terminal intracellular staining of transcription factors and 

cytokines.

Syndecan 1 (sdc1, CD138) is a heparan sulfate proteoglycans (HSPGs) that regulates 

multiple cellular functions, including cell proliferation, differentiation, and survival of 

adherent cells and tumors by using its heparan sulfate side chains to mediate interactions 

with multiple ligands, including cell matrix proteins, growth factors, cytokines, and 

chemokines [5-7]. In addition, sdc1 has been implicated in triglyceride clearance [8] and 

modulating chemotaxis and inflammatory responses [6]. Sdc1 is normally expressed by 

epithelial and other adherent cells [5]. Among normal immune cells, only plasma cells and 

developing B cells are known to express sdc1 [7].

Here we identified sdc1 as an unexpected and specific marker of IL-17-producing NKT17 

cells that also appears to play an important role in regulating their frequency relative to that 

of IFN-γ-producing NKT1 during thymic development.

Results and Discussion

Surface expression of sdc1 identifies IL-17-producing iNKT (NKT17) cells

We have detected a discrete novel subset of thymic iNKT cells that specifically expressed 

sdc1 (sdc1pos iNKT cells) (Fig. 1A). To identify this subset and its relationship to the 

sdc1neg subset, we isolated sdc1pos and sdc1neg subsets from Balb/c mice and conducted 

genome-wide gene profiling using Affymetrix DNA microarrays. The genes associated with 

IL-17 and IFN-γ lineages were differentially expressed by the sdc1pos and sdc1neg subsets, 

respectively (Fig. 1B), suggesting that sdc1 expression distinguishes between IL-17 and 

IFN-γ-producing subsets. Both subsets had CD4+ and CD4− subpopulations, but the CD4+ 

cell subpopulation of the sdc1pos subset was very small (Fig. 1C). Flow cytometric analysis 

validated the microarray data as RORγt was exclusively expressed by the sdc1pos cells, 

whereas T-bet was expressed by the sdc1neg cells, irrespective of the CD4 expression (Fig. 

1D). Likewise, sdc1pos and sdc1neg subsets differentially expressed IL-17 and IFN-γ after 

PMA/ionomycin stimulation (Fig. 1E). To exclude the possibility that sdc1 is also expressed 

by IL-4-producing NKT2 cells (identified by high PLZF expression), we related PLZF 

expression to that of sdc1. Only PLZFintermediate iNKT cells (NKT17), but not PLZFhigh 

(NKT2) or PLZFlow (NKT1) cells expressed sdc1 (Fig. 1F). Taken together, these results 

identify sdc1 as an exclusive marker of thymic NKT17 cells.
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The ability to identify NKT17 cells using surface sdc1 staining allowed us to confirm 

properties of NKT17 that would otherwise require intracellular staining. These include rarity 

of NKT17 cells in C57BL/6 mice [9] and their relative abundance in the C3H/HeJ and 

NOD/LtJ mice (Supporting information Fig. 1). We were also able to monitor thymic 

NKT17 cells in mice of different ages and show that they plateau around the age of 10 

weeks (Supporting information Fig. 2). Furthermore, sdc1pos cells resided mainly in 

peripheral lymph nodes and visceral adipose tissue (Fig. 1G), consistent with published 

results [10]. While selective sdc1 expression in certain tissues is indicative of specific 

staining, additional negative controls are included (Supporting information Fig. 3). In 

addition, we discovered that sdc1pos cells preferentially utilize TCRVβ8 chain at 

approximately 3:1 ratio relative to Vβ8− chains, whereas sdc1neg cells use Vβ8+ : Vβ8− at 

approximately 1:1 ratio (Fig. 1H). These data together with the report that NKT2 cells 

preferentially utilize Vβ2 and β7 chains [9] are strongly supportive of differential utilization 

of Vβ chains by the functional subsets of iNKT cells.

NKT17 cells are highly responsive to α-GalCer compared to anti-CD3/CD28 stimulation

Vβ usage influences antigen affinity of iNKT cells [3, 11]. In light of skewed Vβ usage by 

thymic sdc1pos versus sdc1neg subset and our new capacity to FACS-sort them into viable 

status, we compared the ability of each subset to produce its signature cytokine (IL-17 and 

IFN-γ, respectively) as well as common cytokines (IL-4, TNFα) in response to the 

stimulation with αGalCer glycolipid and anti-CD3/CD28 beads. Due to rarity of CD4+ 

sdc1pos cells, we limited our analysis of the sdc1pos subset to the CD4− subpopulation. 

Surprisingly, αGalCer was significantly more potent than anti-CD3/CD28 in eliciting 

cytokine secretion by NKT17 cells (Fig. 2A). More than 90% of sdc1pos cells expressed 

IL-17 in response to αGalCer compared to about 57% in response to anti-CD3/CD28 

stimulation (Fig. 2A, dot plots). Quantitatively, αGalCer reproducibly elicited about 1000-

fold more IL-17 than anti-CD3/CD28 stimulation (Fig. 2A, left graph). Production of IL-4 

and TNFα by NKT17 cells followed the same pattern as for IL-17, although the differences 

were less dramatic (Fig. 2A, middle and right graphs). Differential responses were also 

observed in the case of sdc1neg cells, albeit in the opposite direction and largely limited to 

IFN-γ as both CD4+ and CD4− subpopulations produced significantly more IFN-γ in 

response to anti-CD3/CD28 than to αGalCer stimulation (Fig. 2B, dot plots and left 
graph). CD4+ sdc1neg cells showed similar trends in the cases of IL-4 and TNFα, but the 

differences were not statistically significant (Fig. 2B, middle and right graphs). CD4− 

sdc1neg cells produced significantly more TNFα after anti-CD3/CD28 as compared to 

αGalCer stimulation, but not in the case of IL-4 (Fig. 2B, middle and right graphs). Why 

production of common cytokines particularly of IL-4 by sdc1neg cells did not follow the 

observed pattern for IFN-γ is currently unknown, but likely related to the presence of NKT2 

cells within sdc1neg subset (Fig. 1F) and the possibility that NKT2 are more responsive to 

αGalCer than CD3/CD28 stimulation - will be examined in the future. Expression or lack of 

CD4 is a second potential confounding factor [12, 13]. Taken together, these results show 

that NKT17 cells, which primarily reside in white adipose tissue and lymph nodes and 

preferentially expressed Vβ8, were highly responsive to αGalCer at least in regard to the 

tested cytokines, whereas NKT1 cells, which primarily reside in the liver and spleen, were 

more responsive to CD3/CD28 stimulation as measured by IFN-γ production, their signature 
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cytokine. αGalCer and CD3/CD28 also differed in their ability to induce shedding of surface 

sdc1. Only a few sorted sdc1pos cells retained sdc1 expression after stimulation with anti-

CD3/CD28 beads (13% ± 9), but the majority (81% ± 3) retained expression when 

stimulated with αGalCer, raising the possibility that NKT17 cells might retain sdc1 

expression after activation with some but not all ligands. It is noteworthy that PMA/

ionomycin stimulation led to rapid loss of sdc1 by NKT17 cells (Supporting information 

Fig. 4), as described for epithelial cells [14]. The differential ability of αGalCer and anti-

CD3/CD38 to elicit cytokine production by iNKT subsets could have important implications 

for choosing and testing therapeutic ligands and for clues that may lead to identification of 

natural ligands.

Sdc1-deficiency increases the frequency of NKT17 cells at the expense of NKT1 cells

To analyze the impact of sdc1 deficiency on iNKT cell development, we compared their 

frequency and total numbers in sdc1KO and WT controls. Sdc1 was not essential for iNKT 

cell development as they were present in thymi of sdc1KO mice of various ages although 

their frequency varied slightly from that of age-matched WT mice (Fig. 3A). The absolute 

numbers of iNKT cells were also slightly higher in sdc1KO mice than in WT controls up to 

the age of 16 weeks (Fig. 3B). Furthermore, we observed that thymic iNKT cells could be 

divided into TCRβhi (mean fluorescent intensity, MFI of 2002 ± 41), and TCRβlo, (MFI of 

854 ± 51) subpopulations. The ratio and absolute numbers of TCRβhi and TCRβlo were 

virtually reversed in WT and sdc1KO mice at all ages tested (Fig. 3C-D, Supporting 

information Fig. 5). Moreover, NKT17 cells resided almost exclusively within the TCRβhi 

subpopulation, where NKT1 cells resided within the TCRβlo subpopulation. This was based 

on differential expression of sdc1 and intracellular IL-17 and IFN-γ by the two 

subpopulations (Fig. 3E). The increased percentage of TCRβhi subpopulation in sdc1KO 

mice correlated with significant increase in the frequency of NKT17 cells at the expense of 

the NKT1 cells (Fig. 3F), but not in the frequency of IL-4-expressing cells (Supporting 

information Fig. 6) or PLZFhi cells (Supporting information Fig. 7). Functionally, this 

translated into significantly reduced IFN-γ and increased IL-17 production by sdc1KO after 

in vitro and in vivo activation with αGalCer (Fig. 3G-H) with no measurable effect on 

serum IL-4 (Supporting information Fig. 8). Thus, sdc1 deficiency significantly increases 

thymic NKT17 cells and raises their proportion at the expense of NKT1 cells.

Concluding Remarks

These results identify sdc1 as a specific surface marker of naïve NKT17 cells. By providing 

a simple flow cytometric assay for distinguishing NKT17 from NKT1 and NKT2 cells, sdc1 

expression provides a novel approach for detection and live sorting of NKT17 necessary for 

functional analysis. These results lay the groundwork for analysis of sdc1 expression by 

human iNKT cells and opportunities for modulating NKT17 cells for novel therapeutics.

Materials and Methods

Mice

Wild type Balb/c mice, C57BL/6, NOD-LtJ, and C3H/HeJ mice were purchased from the 

Jackson Laboratory. Sdc-1−/− Balb/c mice, generated as described [15] were a gift from 
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Mary Ann Stepp (George Washington University). Jα18−/− mice [16] backcrossed onto 

Balb/c [17] were a gift from M. Taniguchi (Riken Research Center for allergy and 

Immunology) and R. Blumberg and D. Umetsu (Harvard University). Unless otherwise 

noted, female mice between the age of 8 and 10 weeks were used. All mice were bred and 

kept in specific pathogen-free conditions at the Johns Hopkins Animal Care Facility and all 

experimental procedures were approved by Institutional Animal Care and Use Committee.

Thymus-derived iNKT cell enrichment and sorting

Thymic iNKT cells were MACS enriched by depleting DP cells using the CD8α-MACS 

isolation kits (Miltenyi Biotec), surface-stained with mAbs specific for sdc1 (clone 281-2), 

CD4 (clone GK1.5), and TCRβ (clone H57-597) mAbs, and CD1d-PBS-57 tetramer 

(hereafter referred to as CD1d tetramer) and gated iNKT cells were sorted as whole or 

divided into sdc1pos and sdc1neg subsets using Mo-Flo FACS sorter. Unloaded tetramers 

were always used for specific gating.

Isolation of lymphocytes from different organs

Lymphocytes were isolated from lymphoid organs [18], liver [19] and visceral adipose 

tissues [20] using standard procedures.

Analysis of intracellular and secreted cytokines

Intracellular cytokines were analyzed after stimulation for 5 h with PMA and ionomycin 

using standard procedure. Cytokines were also measured after 72 h with anti-CD3/CD28 

beads or with αGalCer. FACS-sorted iNKT cells were cultured (2 × 104 / well) and 

stimulated in duplicates with anti-CD3/28 beads (2 × 104) or 100 ng/ml αGalCer for 72 h in 

the presence of Jα18−/− feeders. BD Th1/Th2/Th17 cytometric bead array (CBA) was used 

to measure cytokines in tissue culture supernatants according to the manufacturer’s 

instruction. Data were acquired on LSRII (BD Biosciences) and analyzed with FlowJo 

software (TreeStar).

In vivo stimulation with αGalCer

Wild type and sdc-1KO Balb/c mice were injected i.p. with α-Galcer (2 μg mouse). Sera 

collected at baseline, 6, 12, 24, and 48 h were assayed for cytokines, using BD Th1/Th2/

Th17 cytokine kit according to the manufacturer’s instruction.

Statistical analysis

Data are expressed as arithmetic mean ± s.e.m. Statistical significance was evaluated using 

the two-tailed unpaired Student’s t test, Mann-Whitney U test, and one-way ANOVA 

followed by Bonferroni post hoc test for comparing means of more than two groups with a 

confidence level of 95%. A p value ≤0.05 was considered significant. Data were analyzed 

using Prism 5 Statistical Software package (GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparative analysis of sdc1pos and sdc1neg subsets of iNKT cells
(A) Thymic iNKT cells were stained with CD1d tetramer and analyzed for sdc1 expression 

by FACS. (B) Transcript profiles of sorted sdc1pos and sdc1neg subsets were determined 

using affymetrix DNA microarray. Heat map shows differential expression of genes 

encoding IL-17, IFN-γ, IL-4, and associated transcription factors. (C) Surface staining and 

percentages of sdc1pos and sdc1neg subsets that express CD4. Results (mean ± s.e.m) are 

derived from three independent experiments; n= 15-20 mice pooled. (D-E) iNKT cells 

(pooled from 10 to 15 mice per experiment) were sorted into the indicated subpopulations 

and analyzed for the expression of T-bet and RORγt (D) or intracellular IL-17 and IFN-γ (E) 
after rapid stimulation with PMA/ionomycin. Cumulative data are from one of at least three 

independent experiments with similar results. (F) Relative expression of sdc1 by PLZFlow 

(NKT1), PLZFintermediate (NKT17), and PLZFhigh (NKT2) subsets of gated iNKT cells. Dot 

plot is from one of two independent experiments with similar results (n= 3-5 mice per 

experiment). (G) iNKT cells were isolated from the indicated organs and analyzed for sdc1 

expression as shown in dot plots. Average frequency of sdc1pos and sdc1neg subsets were 

determined using data from three independent experiments; n = 15 mice. (H) Thymic iNKT 

cells were isolated and analyzed for TCRVβ8 usage by sdc1pos and sdc1neg subsets. Dot plot 

shows surface expression of TCRVβ8+ (TCRVβ8.1+8.2) and sdc1 by gated iNKT cells. 

Ratio of TCRVβ8+ versus TCRVβ8− (which are mainly Vβ2+β7 in iNKT cells) usage by 

sdc1pos and sdc1neg subsets are derived from three independent experiments; n= 9 mice. 

Error bars indicate s.e.m. *P < 0.05, **P < 0.01 by Student’s t test.
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Figure 2. Expression and secretion of cytokines by thymic NKT17 and NKT1 cells in response to 
stimulation with αGalCer or anti-CD3/CD28 beads
Thymic iNKT cells were sorted into CD4−sdc1pos (A) and sdc1neg subset into a CD4+ 

sdc1neg, and CD4− sdc1neg subpopulation (B). Sorted cells were stimulated in duplicates for 

72 h with αGalCer or anti-CD3/CD28 beads and analyzed for intracellular IL-17 and IFN-γ 

and secreted IL-17 and IFN-γ, IL-4, and TNFα. Results are from one of at least three 

independent experiments with similar results; n= 10-15 mice. Comparison of cytokine 

concentrations by sdc1pos cells were compared using unpaired t test with Welch’s 

correction. Secretion of cytokines by sdc1neg cells were compared using one-way ANOVA 

followed by Bonferroni’s Multiple Comparison Test. Error bars indicate s.e.m. *P < 0.05, 

**P < 0.001.
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Figure 3. Impact of sdc1 deficiency on development and cytokine secretion by thymic iNKT cells
(A-B) Thymocytes were analyzed from WT and sdc1KO mice of indicated ages and 

frequency and absolute number of iNKT cells of age-matched mice compared. (A) 
Representative dot plots and (B) absolute numbers; n= 3-5 mice per age group. (C-D) iNKT 

cells from 8- to 10-week-old WT and sdc1KO mice were analyzed. (C) Percentages of 

TCRβhi (red-colored) and TCRβlo (blue-colored) in 8- to 10-week-old WT and sdc1KO 

mice. (D) Absolute numbers in WT and sdc1KO of increasing ages; n= 10-15 per age group. 

(E) Thymic iNKT cells from WT mice were gated and analyzed for the expression of CD4 

and sdc1 (left) or IL-17 and IFN-γ (right) by gated TCRβhi (red dots) and TCRβlo (blue dots) 

subpopulations. (F-G) Thymic iNKT cells from age-matched WT and sdc1KO mice were 

sorted, stimulated for 72 h in triplicates with αGalCer and then analyzed intracellular (F) 
and secreted IFN-γ and IL-17(G). Results are from three independent experiments; n= 5-10 

mice. (H) Sdc1KO and WT mice were treated with αGalCer and serum levels of IFN-γ and 

IL-17 measured at the indicated time points using CBA. Results are derived from 6 to 8 

mice per group. Error bars indicate s.e.m. *P < 0.05, **P < 0.01 by Mann-Whitney test.
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