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A B S T R A C T   

CD4 and CD8 coreceptor double negative TCRαβ+ T (DNT) cells are increasingly being recognized for their 
critical and diverse roles in the immune system. However, their molecular and functional signatures remain 
poorly understood and controversial. Moreover, the majority of studies are descriptive because of the relative 
low frequency of cells and non-standardized definition of this lineage. In this study, we performed single-cell 
RNA sequencing on 28,835 single immune cells isolated from mixed splenocytes of male C57BL/6 mice using 
strict fluorescence-activated cell sorting. The data was replicated in a subsequent study. Our analysis revealed 
five transcriptionally distinct naïve DNT cell clusters, which expressed unique sets of genes and primarily per
formed T helper, cytotoxic and innate immune functions. Anti-CD3/CD28 activation enhanced their T helper and 
cytotoxic functions. Moreover, in comparison with CD4+, CD8+ T cells and NK cells, Ikzf2 was highly expressed 
by both naïve and activated cytotoxic DNT cells. In conclusion, we provide a map of the heterogeneity in naïve 
and active DNT cells, addresses the controversy about DNT cells, and provides potential transcription signatures 
of DNT cells. The landscape approach herein will eventually become more feasible through newer high 
throughput methods and will enable clustering data to be fed into a systems analysis approach. Thus the 
approach should become the “backdrop” of similar studies in the myriad murine models of autoimmunity, 
potentially highlighting the importance of DNT cells and other minor lineage of cells in immune homeostasis. 
The clear characterization of functional DNT subsets into helper DNT, cytotoxic DNT and innate DNT will help to 
better understand the intrinsic roles of different functional DNT subsets in the development and progression of 
autoimmune diseases and transplant rejection, and thereby may facilitate diagnosis and therapy.   
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1. Introduction 

Double-negative T (DNT) cells are a unique subset of TCRαβ+ T 
lymphocytes that do not express CD4, CD8 or natural killer (NK) cell 
markers. Although DNT cells only account for 1%–3% of total T lym
phocytes in the peripheral blood and lymph organs of humans and mice; 
an increasing number of studies have suggested that this unique T cell 
population plays critical and diverse roles in the immune system. 

Most studies suggest that DNT cells are essential for maintaining 
immune system homeostasis with antigen specificity [1–3]. DNT cells 
highly express perforin, granzyme B and FasL and exhibit strong sup
pressive activity toward CD4+ and CD8+ T cells [4–8], as well as B cells 
[9,10], dendritic cells [11], and NK cells [12], which are capable of 
suppressing the immune response and providing significant protection 
against allograft rejection, graft-versus-host disease (GVHD), and auto
immune diseases [5,7,13–16]. For example, young NOD mice that 
display a high proportion of splenic DNT cells are potentially resistant to 
diabetes, and the proportion of DNT cells is significantly reduced in 
diabetes-prone mice in comparison to that in diabetes-resistant mice 
[16]. DNT cells also provide significant protection against Concanavalin 
A induced immune-mediated liver injury in mice [17]. In humans, DNT 
cells suppress Ag-specific T cells, and individuals who carry more than 
1% DNT cells do not develop graft-versus-host disease (GVHD) [15]. 

Interestingly, some reports suggest that DNT cells are involved in 
systemic inflammation and tissue damage under autoimmune or in
flammatory conditions. In patients with systemic lupus erythematosus 
(SLE) [18–22] or primary Sjogren’s syndrome (pSS) [23,24], DNT cells 
that expand in peripheral blood and inflamed tissues are the major 
producers of the proinflammatory cytokine IL-17 and believed to be 
pathogenic. However, due to the lack of a specific positive marker, in 
these studies, DNT cells were often defined as CD4− CD8− TCRβ+ cells 
and thus may have been contaminated with IL-17-producing CD4− CD8−

NKT cells. Thus, whether DNT cells are the true producers of IL-17 and 
are responsible for pathogenesis in these autoimmune diseases remain 
controversial. 

Recent studies have suggested that DNT cells contribute to immune 
surveillance against pathogens. It has been reported that DNT cells 
rather than CD4+ T cells are the major early responding T cell subset in 
lungs, such cells protect mice from infection with a live vaccine strain of 
Francisella tularensis [25]. Infection with Leishmania major leads to the 
activation and proliferation of DNT cells in infected mice. DNT cells 
upregulate genes associated with innate immune responses, including 
C3, Mac-1 (also known as CD11b and encoded by Itgam), myeloperox
idase (encoded by Mpo), and lysozyme (Lyz2), produce IFN-γ and TNF-α, 
and contribute to optimal primary and secondary protection against 
Leishmania major infection [26]. Moreover, influenza A virus infection 
induces DNT cells accumulating in the lungs of mice. These DNT cells are 
preactivated resident memory-like T cells in the lung parenchyma and 
serve as an integral component of the mucosal immune response against 
the influenza virus [27]. 

Overall, current research strongly supports the notion that DNT cells 
are comprised of a rare but heterogeneous T lymphocyte subset. 
Recognizing the molecular diversity and defining possible individual 
functional subsets of DNT cells will bring us closer to better under
standing the role of DNT cells under physiological and pathological 
conditions. In the study herein we took advantage of our ability to apply 
high throughput brute force analysis of the transcriptome of murine 
DNT cells. 

2. Materials and methods 

2.1. Mice splenic T cell enrichment 

Eight-week-old C57BL/6 mice were purchased from Vital River 
Laboratory (Beijing, China). The mice were maintained in a pathogen- 
free, temperature-controlled environment with a 12-h light/dark 

cycle. The animal studies were performed in compliance with the ethical 
guidelines for animal studies and approved by the Institutional Animal 
Care and Ethics Committee of Beijing Friendship Hospital. Six spleens 
from C57BL/6 male mice were dissociated by gentle mashing with a 
syringe plunger and filtered through a 70 μm mesh (BD biosciences, 
USA). After centrifugation for 5 min at 400×g, red blood cells were lysed 
using RBC Lysis Solution (Qiagen, Germany). Then enriched spleen T 
cells were obtained from splenocytes by T cell enrichment columns 
(R&D Systems, USA). Two biological replicates were performed with 
similar procedures. First biological replicate includes TCRαβ+ T, CD4+

T, CD8+ T, nDNT and aDNT cells. And the second biological replicate 
includes nDNT and aDNT cells. 

2.2. Flow cytometry 

Lysophosphatidylcholine (LPC) and alpha-galactosylceramide (αGal) 
were incubated with DimerX I Recombinant Soluble Dimeric Mouse 
CD1d (BD Biosciences, USA) and Mouse CD1d Tetramer PE (MBL, 
Japan), respectively, to produce lipid-CD1d complexes at 4 ◦C over
night. Splenic T cells were stained with LPC-CD1d dimer and αGal-CD1d 
tetramer at 4 ◦C for 1 h, followed by incubation with secondary rat anti- 
mouse IgG1 (BD Biosciences) at 4 ◦C for 1 h. At the last step, the cells 
were stained with other cell surface markers. All fluorescence reagents 
used in this study are listed in Table S1. We sorted individual TCRαβ+ T 
(CD3+NK1.1− TCRβ+), CD4+ T (CD3+NK1.1− TCRβ+CD4+CD8− ), CD8+

T (CD3+NK1.1− TCRβ+CD4− CD8+) and naïve DNT (nDNT, 
CD3+NK1.1− TCRβ+CD4− CD8− αGalCer-CD1d− LPC-CD1d− ) cells using 
fluorescence activated cell sorting (FACS) on Aria II Flow Cytometer (BD 
Biosciences), and all flow cytometry data were analyzed by FlowJo 
(Treestar, USA). In the flow cytometry verification step, we used cells 
from 5 spleens to obtain five biological replicates. 

2.3. DNT cell stimulation in vitro 

Briefly, 96-well plates were coated with anti-CD3 antibodies (5 μg/ 
ml, Biolegend, USA) at 37 ◦C for 2 h. Sorted nDNT cells were stimulated 
for 3 days at 37 ◦C in the presence of anti-CD28 antibodies (3 μg/ml, 
Biolegend) and mouse IL-2 (20 ng/ml, Peprotech, USA). Activated DNT 
(aDNT) cells were collected for scRNA-seq and qPCR. 

2.4. Single-cell RNA sequencing 

Sorted single-cell suspensions were processed with 10x Genomics 
and performed by ANNOROAD Gene Technology company. cDNA li
braries were obtained using Chromium Single Cell 3’ Library & Gel Bead 
Kit v2 or v3 (Table S2) and sequenced on a HiSeq X Ten platform. 

2.5. Processing data from scRNA-seq with 10x genomics 

We used Cell Ranger Single Cell Software Suite v.2.1.0 or v.3.1.0 (htt 
p://support.10xgenomics.com/) developed by 10 × Genomics to pro
cess the raw FASTQ files according to the sample preparation kit version 
(Table S2), namely sample de-multiplexing, barcode processing and 
single-cell 3’ gene counting, generate the digital gene expression (DGE) 
matrices. The references we used were mm10 genome and 
transcriptome. 

2.6. Quality control of scRNA-seq samples 

We imported the pre-processed DGE matrices of each sample into R 
(version 4.0.2) using Seurat package (version 3.2.2) [28,29]. Then, we 
removed the “low-quality” cells with percentage of mitochondrial genes 
more than 10 and number of detected genes lower than 500. Finally, we 
refined our analysis by applying a strategy of gene expression thresholds 
as: 
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a. TCRαβ+ T cells: positive gene expression of Cd3d, Cd3e or Cd3g.  
b. CD4+ T cells: positive gene expression of Cd3d, Cd3e or Cd3g. Null 

gene expression of Cd8a, Cd8b1 and Klrb1c.  
c. CD8+ T cells: positive gene expression of Cd3d, Cd3e or Cd3g. Null 

gene expression of Cd4 and Klrb1c.  
d. Naïve DNT and activated DNT cells: positive gene expression of 

Cd3d, Cd3e or Cd3g. Null gene expression of Cd4, Cd8b1 and Klrb1c.  
e. NK cells: Null gene expression of Cd3d, Cd3e and Cd3g. 

2.7. Batch correcting of scRNA-seq data by harmony 

We used “Harmony” to correct the batch effects across different 
datasets and different versions of library preparation kits (Table S2). In 
detail, after merging the count data of all samples, we first normalized 
them by regressing out the percentage of mitochondrial genes using 
SCTransform [30] and returned the corrected counts of all features and 
pearson residuals of 3000 highly variable features. After running the 
principal component analysis (PCA) using pearson residuals, we ran 
‘RunHarmony’ [31] (harmony version 1.0) to remove the batch effects 
by correcting the PCA embeddings. Then, the first 30 dimensions of 
corrected PCA embeddings were reduced by Uniform Manifold 
Approximation and Projection (UMAP). 

2.8. Batch correcting of scRNA-seq data by integration analysis 

As the biological replicates of nDNT and aDNT cells were performed 
by different versions of 10x Genomics kits (Table S2), we followed 
Seurat integration analysis workflow [32] to correct the batch effects 
from different technologies. In detail, we normalized count data of each 
replicate sample by regressing out the percentage of mitochondrial 
genes using SCTransform and returned the corrected counts of all fea
tures and pearson residuals of 3000 highly variable features. After 
selecting features for downstream integration, we ran “PrepSCTInte
gration” on pearson residuals returned by “SCTransform”. Then after 
running PCA with selected features for each sample, we identified an
chors using reciprocal PCA based on the reference of replicate performed 
by Version 2 10x Genomics Kit. Using the identified anchors, the pearson 
residuals of each biological replicate were integrated. Then we ran PCA 
using integrated pearson residuals and obtained the PCA embeddings of 
two biological replicates. The first 30 dimensions of PCA embeddings 
were reduced by UMAP. 

2.9. Comparative analysis of activated vs naïve DNT cells 

The comparative analysis [28] https://satijalab.org/seura 
t/v3.2/immune_alignment.html of activated vs naïve DNT cells also 
followed the integrated analysis workflow, with small difference where 
reciprocal PCA was based on the reference of nDNT_rep1. In this way, we 
obtained the corresponding relationship between nDNT subgroups and 
aDNT subgroups. 

2.10. Cell clustering of scRNA-seq data 

We ran “FindNeighbors” to construct a shared nearest neighbor 
(SNN) graph using the first 30 dimensions of PCA embeddings. Then the 
Louvain algorithm was used to find cluster with the resolution set as 
0.05 in integrated analysis of biological replicates and 0.01 in compar
ative analysis of nDNT vs aDNT cells. 

2.11. Differential expression analysis of scRNA-seq data 

According to the official manual, as differential expression analysis 
using pearson residuals is currently not supported by Seurat V3 
https://satijalab.org/seurat/v3.2/sctransform_vignette.html, we can 
use the corrected log-normalized counts for differential expression and 
integration. However, to be the most optimal, the normalized count data 

was calculated by the global-scaling normalization method “LogNorm
alize” and used to identify the DNT cell highly expressed genes (HEGs). 

To identify the HEGs of DNT vs other cell types, such as the HEGs of 
nDNT vs CD4+ T cells, we used ‘FindMarkers’ function to find the HEGs 
of nDNT_rep1 vs CD4+ T cells (called HEGs1, Wilcoxon Rank Sum test, 
Bonferroni correction, p_val_adj < 0.05 and avg_logFC > 0.25), also the 
HEGs of nDNT_rep2 vs CD4+ T cells (called HEGs2, Wilcoxon Rank Sum 
test, Bonferroni correction, p_val_adj < 0.05 and avg_logFC > 0.25). 
Then we intersected the HEGs1 and HEGs2 to find genes that have 
higher expression levels in both nDNT_rep1 and nDNT_rep2 than CD4+ T 
cells. We used this approach because the nDNT_rep1, nDNT_rep2 and 
CD4+ T samples were performed by different version (nDNT_rep1 and 
CD4+ T from V2, nDNT_rep2 from V3) of Chromium Single Cell 3′ Li
brary & Gel Bead Kits (Table S2), where the V3 kit has much higher 
sensitivity than V2 kit. Intersecting the HEGs can reduce the false pos
itive HEGs resulting from different versions of preparation kits. We 
applied the same workflow to find the HEGs of nDNT vs CD8+ T, the 
HEGs of nDNT vs NK. Then we intersected the HEGs to find the genes 
that have higher expression levels in nDNT v.s. CD4, CD8 and NK cells. 
Similarly, we obtained the HEGs of aDNT v.s. CD4, CD8 and NK cells. 

To identify the HEGs across the subgroups of individual cell type, 
such as HEGs across nDNT subgroups, we used the FindConserved
Markers function to find the HEGs (max_pval < 0.05, minimump_p_val 
< 0.05 and avg_logFC > 0.25) across different subgroups to reduce the 
false positive HEGs resulting from different versions of preparation kits. 
Similarly, we obtained the aDNT subgroup HEGs in this way. If the cell 
number of a subgroup is lower than 100, we only retained the HEGs 
expressed in more than 50% of subgroup cells and avg_logFC higher than 
1. 

To identify the subgroup HEGs which have higher expression levels 
than CD4+ T, CD8+ T and NK cells, such as the HEGs of nDNT0 vs CD4+

T, CD8+ T and NK cells, we followed the workflow that finding HEGs of 
nDNT0_rep1 vs CD4+ T cells (called HEGs1, p_val_adj < 0.05 and 
avg_logFC > 0.25), HEGs of nDNT0_rep2 vs CD4+ T cells (called HEGs2, 
p_val_adj < 0.05 and avg_logFC > 0.25) first, then intersecting HEGs1 
and HEGs2, and finally obtaining the HEGs of nDNT0 vs CD4+ T cells. 
Then, we intersected the HEGs of nDNT0 vs CD4+ T cells, HEGs of 
nDNT0 vs CD8+ T cells, HEGs of nDNT0 vs NK cells. In this way, we 
obtained the HEGs of nDNT subgroups vs CD4+ T, CD8+ T and NK cells, 
also the HEGs of aDNT vs CD4+ T, CD8+ T and NK cells. 

To identify the conserved markers of activated vs naïve DNT sub
groups, we ran FindConservedMarkers function to find the subgroup 
conserved markers between nDNT and aDNT cells according to the 
corresponding relationship defined by comparative analysis of activated 
vs naïve DNT cells. 

To identify the up- or down-regulated DEGs during the activation of 
nDNT, for example, as we have identified nDNT0, nDNT2 and nDNT3 
corresponding to aDNT0, and they were identified as cluster 0 (namely 
DNT0). We used FindMarkers function with the parameters of ident.1 =
aDNT_rep1, ident.2 = nDNT_rep1, subset.ident = 0, group.by = “orig. 
ident”, to find the DEGs (called DEGs1, Wilcoxon Rank Sum test, Bon
ferroni correction, p_val_adj < 0.05) up- or down-regulated in DNT0 
between nDNT_rep1 and aDNT_rep1. Similarly, we obtained the DEGs 
(called DEGs2, Wilcoxon Rank Sum test, Bonferroni correction, 
p_val_adj < 0.05) up- or down-regulated in DNT0 between nDNT_rep2 
and aDNT_rep2. Then, we intersect DEGs1 with DEGs2, and finally get 
the up- or down-regulated markers in DNT0. 

2.12. Doublets analysis of scRNA-seq data 

To remove the possible doublets in nDNT4 cells, we used both 
DoubletDecon (version 1.1.6) [33,34] and DoubletFinder (version 2.0.3) 
[35]. To be more specific, after clustering scRNA-seq data, we use the 
DoubletDecon functions Improved_Seurat_Pre_Process and Main_
Doublet_Decon to get the object containing doublets information. Then 
the object processed by DoubletDecon was subjected to DoubletFinder 
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function “doubletFinder_v3”. We assume the doublet formation rate in 
our dataset is 10%. Then we apply the “doubletFinder_v3” function to 
the object again, using the Seurat metadata column name for previously 
generated pANN results, and the adjusted total number of doublet pre
dictions produced. 

2.13. Gene ontology (GO) and pathway enrichment analysis 

GO (including BP, CC and MF), KEGG, REACTOME (Pathways and 
Reactions) and WikiPathways enrichment was performed by ClueGO 
(version 2.5.7) [36] plug-in of Cytoscape software [37] using the DEGs 
identified. The parameters of ClueGO are set as: Use GO Term Fusion, 
Demonstrate only Pathways with pV ≤ 0.05. 

2.14. Graphs plotting 

Most graphs were plotted by ggplot2 package (version 3.3.2) and 
venn plots were plotted by eulerr package (version 6.1.0, https://cran. 
r-project.org/package=eulerr). 

2.15. qPCR verification 

Total RNA was isolated from cells using a RNeasy® Plus Micro Kit 
(QIAGEN) and reverse transcribed into cDNA using a SuperScript III RT 
kit (Invitrogen, CA, USA). Real-time PCR was performed by the ABI 
7500 sequence detection system (Applied Biosystems, CA, USA). 
Amplicon expression in each sample was normalized to GAPDH 
expression, and gene expression was subsequently quantified using the 
2− ΔΔCt method. The genes and primer sequences are shown in Table S3. 
In this qPCR verification step, we used approximately twenty mice 
spleens to isolate T cell populations and DNT clusters for feature gene 
verification. 

2.16. Codes availability 

All the codes used for processing data and graphs were in the sup
plementary data. 

2.17. Data availability 

The data reported in this work have been uploaded in the Gene 
Expression Omnibus (GEO) database under accession number 
GSE129030. 

3. Results 

3.1. Single-cell transcriptome analysis of DNT cells 

To investigate the single-cell transcriptome profile of DNT cells, we 
sequenced 28,835 single cells (including TCRαβ+ T, CD4+ T, CD8+ T, 
nDNT and aDNT cells), using the 10x Genomics Chromium system, a 
high-throughput and parallel droplet-based single-cell RNA-seq plat
form (The illustration of isolating each cell type and the typical gating 
strategy of FACS were shown in Figs. 1a and S1a. With the same gating 
strategy, the specificity of CD1d tetramer reagents was tested by staining 
the relevant cells, Fig. S1b), and analyzed 4273 previously published 
mouse splenic natural killer (NK) cells dataset (three biological repli
cates) [38] to identify the characteristics of nDNT and aDNT cells in the 
context of other TCRαβ+ T (CD4+ and CD8+ T) and NK cells. After 
quality control (Figs. S2a-c and Table S2), we applied a strategy of gene 
expression threshold to different type of cells to further refine our 
analysis (Table S2 and Figs. S2d-j) and obtained 29,949 cells in total. 

After “Harmony” [31] corrected the batch effects across different 
datasets, the uniform manifold approximation and projection (UMAP) 
[39] analysis clearly segregated CD4+ T, CD8+ T, nDNT, aDNT, and NK 
cells (Fig. 1b). CD4+ and CD8+ T cells occupied the mutually exclusive 

area of TCRαβ+ T cells (Figs. S3a-c). The two biological replicates of 
nDNT and aDNT cells, and the three replicates of NK cells overlapped 
with each other respectively (Figs. S3d-j). These results suggest that the 
experiment and analysis in this study are biological replicable. 

Consistent with previous studies, CD62 ligand (encoded by Sell), a 
marker of naïve T cells [40], was highly expressed in TCRαβ+ T, CD4+ T, 
CD8+ T and nDNT cells (Fig. S4a). Ncr1 [38] was specifically highly 
expressed only in NK cells (Fig. S4b). The marker gene expression pat
terns also demonstrate the experimental reliability. 

3.2. nDNT versus CD4+ T, CD8+ T, and NK cells 

To determine the expression characteristics of total nDNT cells, we 
first compared nDNT with CD4+ T, CD8+ T and NK cells. nDNT cells 
expressed 143, 150 and 163 genes which have significantly higher 
expression levels than CD4+ T, CD8+ T and NK cells, respectively 
(Fig. 1c top-left panel and Table S4). We classified the 110 genes, which 
have higher expression levels in nDNT cells than those in CD4+ and 
CD8+ T cells, into three categories: cell membrane molecules, tran
scription factors and secreted proteins (Fig. 1c top-left panel and 1d). 
Gene ontology (GO) and pathway enrichment analysis showed that 
genes, which have higher expression levels in nDNT cells than those in 
CD4+ and CD8+ T cells, were enriched in natural killer cell mediated 
cytotoxicity, IL-17 signaling pathway and transcription factor AP-1 
complex (Fig. 1e). 

We then validated the mRNA expression levels of 11 markers, such as 
Ikzf2 and Ly6c2, in nDNT, CD4+ T and CD8+ T cells, using quantitative 
reverse transcriptase PCR (qRT-PCR) (Fig. S5a), and all the qPCR results 
coincided with the scRNA-seq results (Fig. S5b). 

Among the 110 genes with significantly higher expression levels in 
nDNT v.s. CD4+ T and CD8+ T cells, only five genes (Ikzf2, Ly6c2, Cd160, 
Cxcr3 and Snhg9) had significantly higher expression levels in nDNT 
than those in NK cells (Fig. 1c top-left panel, 1d, and S4c-g, and Table S4 
and S5). In these 5 genes, only the avg_logFC (nDNT vs CD4+ T, CD8+ T 
and NK cells respectively) of Ikzf2 and the avg_logFC (nDNT vs CD4+ T 
cells) of Ly6c2 were higher than 1 (Fig. S4 and Table S4). Then we 
further verified the expression levels of IKZF2 and Ly-6C in nDNT, CD4+

T, CD8+ T and NK cells by flow cytometry (Fig. S5c). As the proteins 
encoded by Ly6c1 and Ly6c2 share 95% of amino acid sequence, the 
commercial flow cytometry Ly-6C antibody detected the mixture of 
proteins encoded by both Ly6c1 and Ly6c2. As shown in Fig. S5c, 
although Ly-6C detected the mixture of proteins encoded by both Ly6c1 
and Ly6c2, the percentage of Ly-6C+ cells in nDNT cells was still 
significantly higher than that in CD4+ T cells, and the percentage of 
IKZF2+ cells in nDNT cells was markedly higher than that in CD4+ T, 
CD8+ T and NK cells (Fig. S5c), which coincided with the mRNA 
expression (Fig. S5d). The mRNA expression levels of Ly6c1 and Ly6c2 in 
scRNA-seq showed that Ly6c1 expression was lower than Ly6c2 in nDNT 
cells (Fig. S5e). Therefore, we suggest that Ikzf2 and Ly6c2 are of great 
significance for DNT cells in naïve mice. 

To determine the expression characteristics of nDNT cells that also 
conserved after activation, we then compared aDNT cells with CD4+ T, 
CD8+ T and NK cells. 533, 592 and 475 genes have higher expression 
levels in aDNT cells than those in CD4+ T, CD8+ T and NK cells, 
respectively (Fig. 1c top-right panel and Table S5). 486 genes expressed 
by aDNT cells were significantly higher than that expressed by both 
CD4+ and CD8+ T cells (Fig. 1c top-right panel). Among them, 36 genes 
were found highly expressed by both nDNT and aDNT cells compared 
with CD4+ and CD8+ T cells (Fig. 1c bottom-left panel and 1d). These 36 
genes included 9 cell surface molecules such as Cd160, Cd44, Fcer1g, 
Il2rb and Klra7 (also known as Ly49G), 5 secreted protein genes such as 
Ctla2a, Ifng, and Xcl1, 6 transcriptional factors such as Ikzf2, Jund, Pim1 
and Sub1, and 16 other genes (Fig. 1d). Among the 36 genes with 
significantly higher expression levels in both nDNT and aDNT cells, only 
the transcriptional factor Ikzf2 had a higher expression level than that in 
NK cells (Fig. 1c bottom-right and 1d). Although the mRNA expression 
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level of Ikzf2 was downregulated in aDNT cells (Fig. S5d), the IKZF2+

cells in aDNT cells was still higher than that in CD4+ T, CD8+ T and NK 
cells (Fig. S5c). Overall, these results indicated that IKZF2 is a distin
guished transcriptional factor of DNT cells. 

3.3. Transcriptomic signatures of nDNT subgroups 

To assess the heterogeneity of nDNT cells, we first corrected the 
batch effects by Seurat integration analysis [28], then projected all 9503 
nDNT cells, two biological replicates, on UMAP plots and finally 
identified five subgroups (Fig. 2a). Cells of five subgroups in two bio
logical replicates had the same UMAP distributions (Fig. S6). We 
observed 657 highly expressed genes (HEGs) across each subgroup 
(Fig. 2b and Table S6). In addition, among those 657 HEGs, 286 HEGs 
also had higher expression levels in nDNT cells than in CD4+ T, CD8+ T 
and NK cells (Fig. S7 and Table S7). Then, we classified the 10-top 
fold-change HEGs of each subgroup into four categories: cell mem
brane markers, secreted protein genes, transcription factors and the 
remaining genes, and showed which of HEGs also had higher expression 
levels in nDNT than those in CD4+ T, CD8+ T and NK cells (Fig. 2c). 

Cluster 0 (nDNT0) accounted for the majority (78.0%, 7413 cells) of 
nDNT cells, and had 72 HEGs (Fig. 2b and Table S6), which include cell 
surface molecules: Cd2, Cd7, Ly6c2, Cd160, cytokine receptor (Ifngr1 
and Il2rb), killer cell lectin-like receptor (Klrd1 and Klra7); secreted 
protein genes: chemokine ligand (Ccl5 and Xcl1) and Ctsw; and tran
scription factors: Ikzf2 (Fig. 2c and Table S6). Bcl2, which blocks the 
apoptotic death of lymphocytes [41], was also highly expressed in 
nDNT0 cells. GO and pathway analysis showed that nDNT0 subgroup 
HEGs are involved in ribosome, and natural killer cell mediated cyto
toxicity (Fig. S8 and Table S6 and S8). Studies have suggested that CD94 
(encoded by Klrd1) is a negative regulator of NK cells. The CD94-NKG2A 
(encoded by Klrc1) heterodimer or Ly49G2 (encoded by Klra7) [42], 
binds with nonclassical MHC class I molecules on target cells and stops 
NK cells from killing target cells [43–45]. The results indicate that 
nDNT0 cells mainly functions as resting nDNT cells: keeping themselves 
alive, synthetic proteins, preparing for activation and migration but not 
killing target cells. 

Cluster 1 (nDNT1) accounted for 12.4% (1180 cells) of nDNT and 
had 209 HEGs (Fig. 2b). The ten top fold-change HEGs of nDNT1 cells 
include cell membrane markers: receptors (Ccr2, Cxcr6 and Il7r), T cell 
costimulator Icos and transmembrane protein (Tmem176a and 
Tmem176b); secreted protein markers: proteinase inhibitor Serpinb1a; 
and transcriptional factors: AP-1 complex members (Fos, Fosb, Jun and 
Junb), DNA-binding inhibitor Id2, transcriptional activator or repressor 
Maf, and nuclear hormone receptor (Nr1d1, Rora and Rorc) (Fig. 2c and 
Table S6). GO and pathway enrichment analysis showed that HEGs of 
nDNT1 cells were significantly enriched in T cell activation and Th1, 
Th2 and Th17 differentiation (Fig. S8 and Table S6 and S8). Considering 
the transcriptional factor RORγt (encoded by Rorc) is also expressed by 
mucosal-associated invariant T cells (MAIT), we used Vβ6 and Vβ8, the 
limited array of TCR β-chains expressed in mouse MAIT cells [46,47], to 
assess the possible CD4− CD8− MAIT contamination in nDNT1 cells. As 
shown in Fig. S9, nDNT1 cells contained about 2.9% Vβ6+ and 15.9% 
Vβ8+ cells in average, which indicated the nDNT1 cells contained a 
small number of CD4− CD8− MAIT cells. Overall, the HEGs and enrich
ment results suggest that nDNT1 cells mainly act as T helper cells, 
although contain some MAIT cells. 

Cluster 2 (nDNT2) accounted for 7.5% (712 cells) of nDNT cells and 
had 196 HEGs (Fig. 2b), such as cell membrane marker Slamf6 and 
Slamf7, secreted protein marker Cst7 and Anxa5, and transcription fac
tors Eomes and Nr4a2 (Fig. 2c and Table S6). GO and pathway enrich
ment analysis showed that nDNT2 HEGs were significantly involved in T 
cell differentiation and immunoregulatory interactions between a 
lymphoid and a non-lymphoid cell (Fig. S8 and Table S6 and S8). The 
transcription factor eomesodermin (encoded by Eomes), which induces T 
cells to express cytokines [48], was highly expressed in nDNT2 cells. In 
addition, Eomes-regulated interferon-γ (encoded by Ifng) and granzyme 
B (encoded by Gzmb) were not highly expressed in nDNT2 but in nDNT3 
cells (Fig. 2c and Table S6). As CRACC (encoded by Slamf7) inhibits 
cytotoxicity of natural killer cells in the absence of EAT-2 (encoded by 
Sh2d1b1, which was almost not expressed in nDNT2) [49]. Therefore, 
we suggest that nDNT2 cells act as intermediate nDNT cells, already 
expressing some signs of activation but still unable to kill target cells. 

Cluster 3 (nDNT3) accounted for 1.1% (108 cells) of nDNT cells and 
had 134 HEGs (Fig. 2b), such as cell membrane marker Klrc1, Klre1, 
Klrk1 and Nkg7, secreted protein Ccl4, Ccl5, Gzmb, Gzmk and Ifng, and 
transcriptional factor Hmgb2, Sub1 and Zeb2 (Fig. 2c and Table S6). 
nDNT3 HEGs were not only enriched in T cell activation and differen
tiation, but also enriched in natural killer cell mediated cytotoxicity 
(Fig. S8 and Table S6 and S8), which indicate the cytotoxic function of 
nDNT3 cells. 

As cluster 4 (nDNT4) only accounted for only 0.9% (90 cells) of 
nDNT cells, we applied a stringent screening criterion to identify HEGs 
and found 46 HEGs (Fig. 2b): such as cell membrane marker Cd74 and 
H2-Aa, secreted protein genes Lyz2, and transcriptional factor Spi1 
(Fig. 2c and Table S6). GO and pathway enrichment analysis showed 
that nDNT4 HEGs were involved in antigen processing and presentation 
of exogenous peptide antigen via MHC class II and phagosome (Fig. S8 
and Table S6 and S8), which are a key parts of the innate immune 
response [50]. The HEGs and enrichment analysis indicate that nDNT4 
cells mainly function as innate immune cells. 

MHC class II molecules, which are expressed mainly by antigen 
presentation cells, has not been seen expressing in murine T cells. After 
removing all the doublets that can detected by both DoubletDecon and 
DoubletFinder, we found that nDNT4 cells still highly expressed MHC 
class II antigen presentation related genes, such as Cd74, H2-Ab1 and 
H2-Eb1, and transcriptional factor Spi1 which is expressed in various 
hematopoietic lineage (Figs. S10a-d). 

To validate the function of each nDNT subgroup, we isolated these 5 sub
groups of nDNT by FACS using four cell surface markers from nDNT subgroup 
HEGs, namely Cxcr6 (encoding CXCR6), Slamf7 (encoding CD319), Klrc1 
(encoding NKG2A) and Cd74 (encoding CD74). No more than 5% of the cells 
overlapped (top right part of each panel in Fig. 3a). Consistent with nDNT0, N0 in 
flow cytometry (CD74− CD319-CXCR6-NKG2A- nDNT) also dominated in nDNT 
(Fig. 3b–c). The proportions of N1 (CD74− CD319− CXCR6+NKG2A− nDNT), N2 
(CD74− CD319+CXCR6− NKG2A− nDNT), N3 (CD74− CD319− CXCR6− NKG2A+

nDNT) and N4 (CD74+CD319− CXCR6− NKG2A− nDNT) in flow cytometry 
agreed with those of corresponding nDNT1, nDNT2, nDNT3 and nDNT4 
(Fig. 3b–c). The marker genes specifically highly expressed by nDNT0 - nDNT4 
were confirmed by qRT-PCR in sorted N0, N1, N2, N3 and N4 of nDNT cells, 
respectively (Fig. 3d). As Fig. 3d shows, nDNT0 cells functioned as resting cells 
and highly expressed Klrd1, the negative regulator of natural killer cells [51]; 
nDNT1 cells functioned as helper cells and highly expressed Rora, which syner
gizes the Rorc to regulate the Th17 lineage [52]; nDNT2 cells functioned as 

Fig. 1. Single-cell transcriptome analysis of murine DNT cells, a Schema of experimental procedures. b Uniform manifold approximation and projection (UMAP) 
graph of 29,949 cells from six cell types: TCRαβ+ T, CD4+ T, CD8+ T, nDNT, aDNT and NK cells. c Venn plot in top-left panel shows the number of genes that have 
significantly higher expression levels in nDNT cells than in CD4+ T, CD8+ T or NK cells, respectively. Venn plot in top-right panel shows the number of genes that 
have significantly higher expression levels in aDNT cells than in CD4+ T, CD8+ T or NK cells, respectively. Venn plot in bottom-left panel shows the number of genes 
that have higher expression levels in nDNT or aDNT cells than in conventional T cells (CD4+ and CD8+ T cells), respectively. Venn plot in bottom-right panel shows 
the number of genes that have higher expression levels in nDNT or aDNT cells than in other cells (CD4+ T, CD8+ T and NK cells), respectively. d Heatmap shows the 
relative expression levels of the 110 HEGs, which have higher expression levels in nDNT cells than in conventional T cells (CD4+ and CD8+ T cells) (p_val_adj < 0.05 
and avg_logFC > 0.25). e Dot plot shows the GO and pathway enrichment of 110 HEGs of nDNT vs CD4+ and CD8+ T cells. 
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intermediate cells and highly expressed Eomes, which induces T cells to express 
cytokines [48]; nDNT3 cells functioned as the cytotoxic cells and highly 
expressed Gzmb, which can be secreted by NK and CTL cells to kill cells [53]. 
Besides that, the flow cytometry results also verified the functions of nDNT 

subgroups: nDNT1 cells highly expressed IL17A indicating its proinflammatory 
function, and nDNT3 cells highly expressed GZMB indicating its cytotoxic func
tion (Fig. 3e), which agreed with the scRNA-seq results (Fig. 3f). We also found 
that IKZF2 was highly expressed in nDNT0 and nDNT3 (Fig. 3e–f), which 

Fig. 2. Naïve DNT have five subgroups. a UMAP plot of 9503 nDNT cells that were segregated into five clusters. b Heatmap of 657 nDNT-subgroup HEGs that clearly 
clustered each nDNT subgroup (max_pval < 0.05 and minimump_p_val < 0.05). c Dot plots demonstrate the relative gene expression and expressed percentage of 
nDNT-subgroup HEGs. The HEGs were 10 top-fold-change genes of each subgroup, and represented four categories: cell membrane marker, secreted protein, 
transcriptional factor, and remaining genes. The color of the dots shows the relative expression levels of genes, and the size of the dots shows the percentage of 
expressed cells. 
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indicates that IKZF2 is an important transcription factor for cytotoxic nDNT 
subgroups. With a little mRNA expression of Ly6c1 (Fig. 3g), Ly-6C was highly 
expressed in nDNT0 and nDNT2 and low expressed in proinflammatory nDNT1 
cells (Fig. 3e–f), which indicates that Ly6c2 may be one of the key genes for nDNT 
cells excluding the proinflammatory cells. 

To sum up, we identified five nDNT subgroups including resting DNT 
(nDNT0), helper DNT (nDNT1), intermediate DNT (nDNT2), cytotoxic 
DNT (nDNT3), and innate DNT (nDNT4). And in the physiology naïve 
condition, there have been a few DNT cells functions as proin
flammatory or cytotoxic cells. 

3.4. Transcriptomic signatures of aDNT subgroups 

To determine the heterogeneity of activated DNT (aDNT) cells, we 
first corrected the batch effects by Seurat integration analysis [28], then 
projected 3125 aDNT cells (two biological replicates) on UMAP and 
finally identified two aDNT subgroups (Figs. 4a and S11a). We found 
220 aDNT subgroup HEGs (Fig. 4b and Table S9), and 51.4% (113 genes) 
aDNT subgroup HEGs also had higher expression levels than CD4+ T, 
CD8+ T and NK cells (Fig. S12 and Table S10). 

As the biggest cluster (2618 cells, 83.8% of aDNT cells) (Fig. 4b and 
Table S9), aDNT0 cells specifically expressed cell membrane genes such 
as Cd160, Klrd1 and Ly6c2, secreted protein genes such as Ccl5, Ifng and 
Gzmb, and transcriptional factors such as Eomes, Nr4a1, Nr4a2 and Ikzf2 
(Fig. 4c and Table S9). The aDNT0 HEGs were mainly enriched in pos
itive regulation of cell killing and interferon-gamma production (Fig. 4d 
and Table S11), which indicates the cytotoxic function of aDNT0 cells 
through Gzmb and Ifng. 

aDNT1 cells account for 16.2% (507 cells) of aDNT and express 148 
HEGs (Fig. 4b and Table S9), including cell membrane genes such as 
Cxcr6 and Icos, secreted protein genes such as Il17a, Il4, Lta and Ser
pinb6a, and transcriptional factors such as Id2, Rora, Zbtb16 and Zbtb32 
(Fig. 4c and Table S9). The aDNT1 HEGs were mainly enriched in T cell 
proliferation and Th17 cell differentiation (Fig. 4d and Table S9), which 
indicates the proinflammatory function of aDNT1 cells through IL17A. 

To further validate the function of aDNT0 and aDNT1 cells, we used 
anti-CXCR6 antibody to distinguish aDNT subgroups and analyzed 
GZMB and IL17A expressions in CXCR6+ and CXCR6- cells by flow 
cytometry (Fig. S11b). We observed that only the CXCR6+ cells (aDNT1 
subgroup) secreted IL17A (about 14%) (Fig. S11b), which corresponded 
with the mRNA result (Figs. S11g) and verified the proinflammatory 
function of aDNT1 cells. Besides that, about 55% of CXCR6- cells 
(aDNT0) were GZMB+, which indicates the cytotoxic function of aDNT0 
cells (Fig. S11b). However, as the Cxcr6 still had some mRNA expression 
in aDNT0 cells (Fig. S11c), and not all the aDNT1 cells expressed Cxcr6, 
which led that the sorted aDNT subgroups were not mutually exclusive 
and the percentage of GZMB+ cells in CXCR6+ (aDNT1) cells was also 
high (Fig. S11b), better cell surface marker antibodies to distinguish 
aDNT0 and aDNT 1 are needed. As Ikzf2 and Ly6c2 were also identified 
as aDNT0 HEGs (Figs. S11d, f), we also verified the expression levels of 
IKZF2 and Ly-6C by flow cytometry. Corresponding to the mRNA results 
(Figs. S11d-f), the percentages of IKZF2+ and Ly-6C+ cells in CXCR6- 

(aDNT0) cells are slightly higher than in CXCR6+ (aDNT1) cells 
(Fig. S11b). Despite the differences between protein and mRNA 
expression levels of Ikzf2 and Ly6c2, the results can still indicate that 
Ikzf2 and Ly6c2 are conservatively expressed by cytotoxic DNT cells. 

In conclusion, aDNT cells are comprised of two subgroups: the 
cytotoxic aDNT0 in majority, and the proinflammatory aDNT1 in minor. 

3.5. Conserved signatures between naïve and activated DNT 

To determine the correspondence between nDNT and aDNT cells, we 
applied the Seurat comparative analysis on DNT replications, obtained 
two clusters which we named as DNT0 and DNT1 (Fig. 5a top panel). We 
then projected the cell identities of nDNT and aDNT subgroups into the 
UMAP plot of all DNT cells (Fig. 5a top panel) and obtained the UMAP 
plot with the clustering information from five nDNT and two aDNT 
subgroups (Fig. 5a bottom panel). The projection results indicated that 
nDNT0, nDNT2, nDNT3 cells correspond with aDNT0 cells, and nDNT1 
cells correspond with aDNT1 cells. 

Then we identified 104 activation conserved subgroup HEGs (Fig. 5b 
and Table S12) and 41.3% (43 genes) activation conserved subgroup 
HEGs had higher expression level than CD4+ T, CD8+ T and NK cells 
(Fig. S13 and Table S13). 

As the biggest cluster 10,899 cells (86.3%) (Fig. 5b and Table S12), 
DNT0 cells conservatively and specifically express 38 genes (Fig. 5c and 
Table S12), including cell membrane genes: Cd160, Klrd1, Ly6c2, 
Ms4a4b and Nkg7, secreted protein genes: Ccl5 and Xcl1, and tran
scriptional factors: Klf2 and Ikzf2. GO and pathway enrichment analysis 
(Fig. 5d and Table S14) showed that DNT0 activation conserved sub
group HEGs were enriched in positive regulation of leukocyte mediated 
cytotoxicity and regulation of interferon-gamma production, which 
suggests that DNT0 cells were conserved in mediating cytotoxic. 

DNT1 accounted for 13.7% (1729 cells) (Fig. 5b and Table S12) of 
DNT cells and had 66 activation conserved subgroup markers (Fig. 5c 
and Table S12), including cell membrane genes: Cxcr6 and Icos, secreted 
protein genes: Ctsb and Srgn, and transcriptional factors: Id2, Rora, Sub1 
and Maf. DNT1 activation conserved subgroup markers were enriched in 
inflammatory bowel disease (IBD) and NF-kappa B signaling pathway. 
Cxcr6, as a chemokine receptor, is reported to recruit the proin
flammatory IL-17A producing T cells into atherosclerotic aortas [54]. 
These data indicated the proinflammatory function of DNT1 cells. 

Overall, the conserved signatures between nDNT and aDNT sub
groups demonstrate that, DNT0 is conserved in mediating cytotoxicity 
and DNT1 is conserved in proinflammatory function. 

3.6. Transcriptome changes during activation of nDNT 

To investigate the transcriptome changes during activation, we 
compared nDNT with aDNT subgroups, and identified 570 upregulated 
genes (Fig. 6a top-left venn plot and Table S15) and 235 downregulated 
genes (Fig. 6b). 

During activation, the expression levels of 234 genes increased in 
both DNT0 and DNT1 subgroups (Fig. 6a top-left venn plot), including 
cell membrane genes such as Il2ra, Ly6a and Tnfrsf9; secreted protein 
genes such as Ccl3, Ccl4 and Gzmb, and transcriptional factors such as 
Irf4 and Irf8 (Fig. 6c). GO and pathway enrichment analysis of those 570 
genes showed that, both DNT0 and DNT1 upregulated genes were 
mainly enriched in oxidative phosphorylation and ribosome, the genes 
only upregulated in DNT0 cells were mainly enriched in DNA replication 
and RNA binding, and the genes only upregulated in DNT1 cells were 
mainly enriched in IBD and regulation of lymphocyte apoptotic process 

Fig. 3. Verification of five subgroups of nDNT. a Flow cytometry plots demonstrate the expression of four cell surface markers in nDNT cells: CXCR6 (encoded by 
Cxcr6), CD319 (encoded by Slamf7), NKG2A (encoded by Klrc1) and CD74 (encoded by Cd74). b Strategy of sorting nDNT into five subgroups. N0, 
CD74− CD319− CXCR6− NKG2A− ; N1, CD319− CD74− CXCR6+NKG2A− ; N2, CD319+CD74− ; N3, CD319− CD74− CXCR6− NKG2A+; N4, CD319− CD74+. c Error bar plot 
shows the percentage of each nDNT subgroup in flow cytometry and scRNA-seq. n = 6 in flow cytometry and n = 2 in scRNA-seq. d Heatmap shows the scaled ΔCt 
values of selected nDNT-subgroup HEGs which were verified by qPCR. e Left panel shows the representative flow cytometry analysis of IL17A and GZMB expression 
by five nDNT subsets using the strategy in (b). CXCR6− CD319− NKG2A− CD74− , CXCR6+, CD319+, NKG2A+ and CD74+ represented from nDNT0 to nDNT4 in 
sequence. The percentage of cells in the indicated gates is denoted. Data are shown as the mean ± SD, n = 5 per group. Paired t-test was used to calculate the 
significance. *P < 0.05, **P < 0.01, ***P < 0.001. f Violin plots demonstrate the mRNA expression levels of Ikzf2, Ly6c1 + Ly6c2, Il17a and Gzmb in scRNA-seq 
results corresponding to (e). g Violin plots demonstrate the mRNA expression levels of Ly6c1 and Ly6c2 in scRNA-seq data of nDNT cells. 
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Fig. 4. Activated DNT have two subgroups. a UMAP plot of 3125 aDNT cells that were segregated into two clusters. b Heatmap of 220 aDNT-subgroup HEGs that 
clearly clustered each aDNT subgroup (max_pval < 0.05, minimump_p_val < 0.05 and avg_logFC > 0.25). c Dot plots demonstrate the relative gene expression and 
expressed percentage of aDNT-subgroup HEGs. The HEGs were 10 top-fold-change genes of each subgroup, and represented four categories: cell membrane marker, 
secreted protein, transcriptional factor, and remaining genes. The color of the dots shows the relative expression levels of genes, and the size of the dots showed the 
percentage of expressed cells. d Dot plot shows the GO and pathway enrichment of aDNT-subgroup HEGs. 
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Fig. 5. Conserved signatures between nDNT and aDNT subgroups. a Multiple UMAP plots and stacked bar plot demonstrate the corresponding relationship between 
nDNT and aDNT subgroups. b Heatmap of 104 nDNT-aDNT-subgroup conserved HEGs. c Dot plots demonstrate the relative gene expression and expressed per
centage of nDNT-aDNT-subgroup conserved HEGs. The HEGs were 10 top-fold-change genes of each cluster, and represented four categories: cell membrane marker, 
secreted protein, transcriptional factor, and remaining genes. The color of the dots shows the relative expression levels of genes, and the size of the dots shows the 
percentage of expressed cells. d Dot plot shows the GO and pathway enrichment of nDNT-aDNT-subgroup conserved HEGs. 
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Fig. 6. Transcriptome changes during activation of nDNT cells. a The scatter plot shows the up- or down-regulated genes after activation of nDNT subgroups. The 
venn plots in top-right and bottom-left correspond to the scatter plots, which shows the overlapping of each type of up- or down-regulated DEGs. b Dot plots 
demonstrate the relative gene expression and expressed percentage of DNT-subgroup upregulated genes. The genes were 10 top-fold-change genes of each cluster and 
represented three categories: cell membrane marker, secreted protein, and transcriptional factor genes. The color of the dots shows the relative expression levels of 
genes, and the size of the dots shows the percentage of expressed cells. 
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(Fig. S14 and Table S16). The enrichment results indicate that during 
activation both DNT0 and DNT1 cells increase oxidative phosphoryla
tion, the DNT0 cells specifically increase their DNA replication, while 
the DNT1 cells specifically increase their proinflammatory function. 

During activation, the expression levels 81 genes decrease in both 
DNT0 and DNT1 subgroups (Fig. 6a bottom-right venn plot). GO and 
pathway enrichment analysis of the 235 downregulated genes shows 
that, the genes decreased in both DNT0 and DNT1 subgroups were 
mainly enriched in Toll-like receptor and TNF signaling pathways, the 
genes decreased only in DNT0 subgroup were mainly enriched in T cell 
differentiation and T cell receptor signaling pathway, while the genes 
decreased only in DNT1 subgroup were mainly enriched in regulation of 
interferon-gamma production (Fig. S14 and Table S16). The enrichment 
results indicate that during activation both DNT0 and DNT1 cells 
decrease their TNF signaling, DNT0 cells specifically decrease their T 
cell differentiation, while DNT1 cells mainly decrease their regulation of 
IFN-γ production. 

4. Discussion 

To date, controversies remain on the function of DNT cells, which 
have been found pro-inflammatory and immunoregulatory in different 
disease models and patients, although they might be due to the inclusion 
of CD4 and CD8 double negative γδ T cells, NKT cells or MAIT in some 
studies. Thus, the molecular and functional signatures of DNT cells, a 
lineage of T lymphocytes, are still poorly understood, which has signi
ficantly hampered the progress in understanding the functions of DNT 
cells and their possible contributions to pathological and physical 
conditions. 

In this study, demonstrated that nDNT cells, a type of TCRαβ+ T 
lymphocytes were heterogeneous and clustered into five subgroups: 
resting DNT (nDNT0), helper DNT (nDNT1), intermediate DNT 
(nDNT2), cytotoxic DNT (nDNT3), and innate DNT (nDNT4). The 
expression level of Sell in nDNT0 and nDNT2 cells was higher than that 
in nDNT1, nDNT3 and nDNT4 cells, which indicates that nDNT0 and 
nDNT2 cells are in a relatively naïve state, whereas nDNT1, nDNT3 and 
nDNT4 cells are in a partially active state. nDNT0 and nDNT2, these two 
subgroups, mainly maintained the cell number, participated in immune 
surveillance, and prepared for activation. nDNT1 cells functioned like T 
helper cells, which could secret cytokines, such as IL-17. nDNT3 
mirrored the cytotoxic function of CD8+ T cells, and nDNT4 functioned 
as innate immune cells. Therefore, nDNT cells play critical roles in the 
immune system, and the functions of five nDNT subgroups span a wide 
spectrum from innate to adaptive immune responses. 

Some studies have reported that DNT cells participate in systemic 
inflammation and tissue damage under autoimmune or inflammatory 
conditions. The authors believe that IL-17-producing DNT cells are 
pathogenic in systemic lupus erythematosus (SLE) [18–20] and primary 
Sjogren’s syndrome (pSS) [23]. Although the DNT cells in these studies 
might be contaminated with IL-17-producing CD4− CD8− NKT cells, 
according to our study, nDNT1 cells, which mirror the CD4+ T helpers, 
specifically highly express Il17a. In addition, the expression level of 
Il17a dramatically increases in aDNT1 cells, suggesting that in SLE or 
pSS patients, compared with other DNT subgroups, nDNT1 cells could be 
selectively activated and accumulated, which might contribute to dis
ease development. 

Many studies support the notion that DNT cells are essential for 
maintaining immune system homeostasis [55,56]. These DNT cells 
highly express cytotoxic genes, like CD8+ T cells and NK cells. In our 
study, nDNT3 cells shared many HEGs with aDNT0 cells, and the 
expression levels of cytotoxic genes, such as Gzmb, increased in aDNT0 
cells. Therefore, high expression of Fasl, Gzmb, Ifng, Klrd1, Klrc1 and 
Klrk1 in nDNT or aDNT subgroups might serve regulatory purposes in 
DNT cells. 

Based on these findings, we suggest that in autoimmune diseases, 
helper DNT could produce proinflammatory cytokine IL-17 and might 

contribute to the development and progression of autoimmune diseases. 
On the contrary, cytotoxic DNT might exert regulatory function to 
control excessive inflammation and re-balance the immune system in 
autoimmune diseases. 

IL-7 is reported to diminish the suppressive activity of DNT cells 
toward allogeneic CD4+ effector T cells [57]. Based on our findings, 
nDNT1 cells specifically highly expressed Il7r, which indicated that IL-7 
stimulation could selectively amplify the function of T helpers instead of 
cytotoxic T cells and dampen the suppressive function of DNT cells. 
Furthermore, some groups used the expanded DNT cells from healthy 
donors as novel immunotherapy agents to treat acute myeloid leukemia 
[58], and these therapies depended on the high expression level of 
NKG2D (encoded by KLRK1) and DNAM-1 (encoded by CD226). In our 
study, nDNT3 cells specifically highly expressed Klrk1 (encoding 
NKG2D), which suggests that nDNT3 cells instead of total DNT cells 
have the potential to be used to treat related diseases. Therefore, to 
prevent the possible induction of autoimmunity by IL-17, eliminating 
nDNT1 and aDNT1 cells before cell therapy is recommended. 

Studies have also suggested that DNT cells contribute to immune 
surveillance against pathogens, including Francisella tularensis [25], 
Leishmania major [26] and influenza virus [27]. nDNT4 cells specifically 
highly expressed phagosome related genes [50], which indicates that 
nDNT4 cells are important for innate immunity and immune surveil
lance against pathogens. In our current study, we used 
anti-CD3/CD28-antibodies to stimulate nDNT cells and obtained mainly 
two subgroups of aDNT cells. We could not enrich for the activated 
phagocytic DNT population in this experiment. We inferred that 
anti-CD3/CD28 stimulation may not favor expansion of innate-like 
nDNT4 cells; therefore, further understanding of the functionality of 
these different naïve DNT subgroups and the stimulated plasticity is 
required. 

Currently, there are no known phenotypic markers or transcription 
signatures, which readily allow us to better discriminate and understand 
the DNT cells. In this study, we found both Ly6c2 and Ikzf2 were highly 
expressed by nDNT cells. After activation, in aDNT cells, especially the 
cytotoxic DNT subgroup, Ikzf2 had significantly higher mRNA expres
sion levels, which suggests that Ikzf2 can be a phenotypic transcription 
factor of both naïve and activated cytotoxic regulatory DNT cells. The 
transcription factor IKZF2 is expressed by T cells undergoing central and 
peripheral tolerance [59]. Beyond its role in regulating IL-2 production 
in regulatory T (Treg) cells, studies have revealed that IKZF2 is also 
required for the stability of a suppressive phenotype in Foxp3+ Treg 
populations [60]. As a unique immune-regulatory T cell population, 
what is the intrinsic role of Ikzf2 in the development and function of DNT 
cells needs further study. Although the mRNA expression level of Ly6c2 
was downregulated in aDNT cells and became lower than that in CD4+

T, CD8+ T and NK cells, Ly6c2 was still conservatively expressed in both 
cytotoxic naïve and activated DNT subsets, which indicates that Ly6c2 is 
an important gene for naïve and activated DNT cells, especially the 
cytotoxic DNT subsets. Ly-6C is reported to recruit macrophages in 
murine liver fibrosis [61]. Thus, we need further studies about the 
function of Ly6c2 in cytotoxic DNT cells. 

There are limitations in current study. First, The DNT cells we 
studied were defined as CD3+NK1.1− TCRβ+CD4− CD8− αGalCer- 
CD1d− LPC-CD1d− , where the γδT cells had been removed. αGalCer- 
CD1d− excluded the type I NKT cells, LPC-CD1d− excluded the majority 
of type II NKT cells [62], and NK1.1- excluded the majority of non-CD1d 
restricted NKT cells. Although we have excluded almost all the NKT 
cells, the DNT cells might still contain some unknown NKT cells. Second, 
based on the expression of the co-receptors CD4 and CD8, mouse MAIT 
cells are categorized into four subsets (CD4+CD8− , CD4− CD8− , 
CD8α+CD8β− and CD8α+CD8β+) [47,63]. When sorting DNT cells, we 
had removed the CD4+ and CD8+ MAIT cells (about 62% of total MAIT 
cells [64]). However, the DNT cells we studied still contained a small 
number of CD4− CD8− MAIT cells, which might contaminate the anal
ysis. Further studies on the DNT1 cells after the removal of CD4− CD8−
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MAIT cells are needed. Third, limited by the extremely low DNT cell 
number in naïve mice, the functional assays of DNT cells in this study 
were absent. Further studies using different mouse disease models, can 
give us a better understanding of DNT subgroups and their possible 
contributions to pathological and physical conditions. 

In summary, after removing CD4 and CD8 double negative γδ T cells, 
NKT cells and majority MAIT, using single-cell RNA-seq, we revealed 
subgroups of naïve and active DNT in mice, which express unique sets of 
genes and have distinctive functions. This study has several major 
findings. First, we delineated the heterogeneity of nDNT and aDNT cells 
in mice, defined five nDNT subgroups (resting nDNT, helper nDNT, in
termediate nDNT, cytotoxic nDNT and innate nDNT) and two aDNT 
subgroups (cytotoxic aDNT and proinflammatory aDNT), and provided 
unique transcriptional and spatial signatures which give us insights into 
their possible functions. Second, Ikzf2 is an important transcriptional 
factor for both naive and activated cytotoxic DNT cells, compared with 
CD4+ T, CD8+ T and NK cells. Finally, we provided the transcriptome 
changes during activation of nDNT to aDNT subgroups. 

The clear characterization of functional DNT subsets into helper 
DNT, cytotoxic DNT and innate DNT will help to better understand the 
intrinsic roles of different functional DNT subsets in the development 
and progression of autoimmune diseases and transplant rejection, and 
thereby may facilitate diagnosis and therapy. The analysis herein should 
become the “backdrop” of similar studies in the murine models of 
autoimmunity, potentially highlighting the importance of DNT cells in 
immune surveillance, defense, and homeostasis. 
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