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A divergent transcriptional landscape underpins the development and functional branching of 

MAIT cells.  
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Abstract 

MR1-restricted mucosal-associated invariant T (MAIT) cells play a unique role in the immune system. 

These cells develop intra-thymically through a three-stage process but the events that regulate this are 

largely unknown. Here, using bulk and single-cell RNAseq-based transcriptomic analysis in mice and 

humans, we studied the changing transcriptional landscape that accompanies transition through each 

stage. Many transcripts were sharply modulated during MAIT cell development, including SLAM 

family members, chemokine receptors, and transcription factors. We also demonstrate that stage-3 

‘mature’ MAIT cells comprise distinct sub-populations including newly arrived-transitional stage-3 

cells, IFN-g-producing MAIT1 cells and IL-17-producing MAIT17 cells. Moreover, the validity and 

importance of several transcripts detected in this study is directly demonstrated using specific mutant 

mice. For example, MAIT cell intrathymic maturation was found to be halted in SLAM-associated 

protein (SAP)-deficient and Cxcr6-deficient mouse models, providing clear evidence for their role in 

modulating MAIT cell development. These data underpin a model that maps the changing 

transcriptional landscape and identifies key factors that regulate the process of MAIT cell 

differentiation, with many parallels between mice and humans. 

 

Introduction 

Mucosal-associated invariant T (MAIT) cells are a population of unconventional T cells that detect 

vitamin-B2 (riboflavin) metabolites presented by the monomorphic antigen-presenting molecule 

MR1(1, 2). Most MAIT cells express a semi-invariant T cell receptor (TCR) comprising a TRAV1-

2/TRAJ33 TCR-a chain, paired with a limited array of TCR-b chains (enriched for TRBV19 and 

TRBV13 in mice, and TRBV6 and TRBV20 in humans). MAIT cells are highly abundant in humans, 

representing up to 10% of circulating T cells and up to 45% of T cells in some tissues such as liver(1). 

However, for reasons that are unclear, they are also highly variable between individuals. While the 

consequences of low or high MAIT cells are uncertain in humans; in mice, many studies have 

demonstrated that MAIT cell deficiencies can be important in immunity to bacterial and viral 

infections(1, 3, 4) and in autoimmune and inflammatory diseases(1, 5). It is therefore critical that we 

understand how the development and homeostasis of MAIT cells is regulated.  

 

MAIT cells are known to develop in the thymus through a three-stage process in mice and humans(6). 

In mice, the first stage is defined as CD24+CD44-, the second is CD24-CD44- and the third stage is 

CD24-CD44+. In humans, the corresponding stages are defined as: CD27-CD161-; CD27+CD161-; and 

CD27+CD161+ cells(6). The progression through each stage is thought to depend on the interaction of 
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developing MAIT cells with MR1 expressed on cortical thymocytes(7). MR1 is not only important for 

their initial selection towards the MAIT cell lineage, but also for their subsequent maturation in the 

thymus(6). The progression from stage 1 to stage 2 also depends on the microRNA (miRNA) 

processing enzyme Drosha(6), microRNA miR-181a/b-1(8), and the presence of undefined microbial 

factors as this process is impaired in germ-free mice(6). The progression from stage 2 to stage 3 is 

dependent on the transcription factor promyelocytic leukemia zinc finger (PLZF) and the cytokine IL-

18(6). Stage 3 MAIT cells are closest in phenotype to mature MAIT cells in the periphery, although 

further extrathymic maturation of these cells is required for them to reach a fully mature phenotype(6, 

9). Thus, the transition from stage 2 and stage 3 represent key events in MAIT cell maturation where 

MAIT cells not only enter their final maturation stage, but also diversify into functionally distinct 

subsets. A major subset of stage 3 cells in the thymus (MAIT17) produce IL-17 and expresses the 

transcription factor RORgt, while another subset (MAIT1) produces interferon-g and expresses the 

transcription factor T-bet(6, 10). Thus, it seems that either within, or just prior to, stage 3 of MAIT 

cell development there are some important differentiation events that contribute to the divergent MAIT 

cell populations and it is likely that these cells do not all group into one transcriptionally homogeneous 

population. 

 

In this study, we have carried out bulk and single cell RNAseq transcriptomic analysis of MAIT cells 

from both mice and humans at each stage of their development. These results have revealed many 

genes that are sharply up or downregulated as MAIT cells develop and there are substantial 

commonalities between the two species. Based on this information, we have used a series of gene-

deleted mice to identify factors that control development of this unique arm of the immune system. 

Furthermore, we have also dissected stage 3 MAIT cells into transcriptionally distinct subpopulations 

which has led us to construct a more detailed developmental model that reflects the functional 

bifurcation events that see MAIT cells branch into two distinct lineages. Collectively, our findings 

provide a major advance in our understanding of how MAIT cells develop and differentiate and the 

factors that control this process. 

 

Results 

Differentially expressed genes associated with intrathymic mouse MAIT cell development.  

We previously described a three-stage intra-thymic development pathway for MAIT cells in mice and 

humans. In mice, the pathway begins with CD24+CD44- stage 1 MAIT cells, which develop into CD24-

CD44- stage 2 MAIT cells and then into CD24-CD44+ stage 3 MAIT cells(6) (Fig. 1a). To investigate 
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the molecular mechanisms that underpin this process, we compared the transcriptomes of thymic 

immature stage 1 and mature stage 3 MAIT cells from mouse thymus using bulk (100 cell) RNAseq. 

We identified 314 differentially expressed genes (DEGs) between stages 1 and 3, of which 196 were 

significantly upregulated and 118 significantly downregulated, between stages 1 and 3 (Fig. 1b). A 

list of the top 50 DEGs is shown in (Fig. 1c) and a full list of these genes can be found in Table S1. 

As a strong validation of the RNAseq-based approach, DEGs included several markers that we had 

previously identified for each population(6); thus, stage 1 cells expressed higher: Cd24a, Cd4 and 

Cd8b, Cd69, Sell (CD62L); while stage 3 cells expressed higher Cd44, Icos, Il18r (CD218), Itgae 

(CD103), Il7r (CD127), Zbtb16 (PLZF), Klrb1c (NK1.1) and Rorc (RORgt). Importantly, these data 

revealed many additional genes that were upregulated (such as Cxcr6, Ccr6, Maf, Sdc1 (Syndecan 1, 

CD138), GzmB (Granzyme B) and Ly6e) or downregulated (such as Slamf1, Slamf6, Tcf7, Satb1, Tox, 

Ccr7, Ccr9 and Lef1) as MAIT cells mature in the thymus (Figs. 1b and c). To determine whether 

these transcriptional changes were associated with transitions between stage 1 and 2 or stage 2 and 3, 

we used single cell RNAseq to separately probe these populations separately because stage 2 cells are 

quite rare and difficult to isolate sufficient numbers for bulk RNAseq. These data demonstrated that 

the transition from stage 1 to 2 is accompanied by 173 transcripts that increased and 91 genes that 

decreased (Fig. 1d). Interestingly, the majority of transcripts (70 of 184) that increased encode 

ribosomal proteins (Rps and Rpl), suggesting that this transition is associated with increased cellular 

activity and protein production, consistent with a recent study showing that stage 2 is linked to 

increased proliferation(8). Gene set testing performed on the differentially expressed genes using Gene 

Ontology (GO) and KEGG databases also highlighted the heavy enrichment of ribosomal activity 

pathways between stage 2 and stage 1 (Fig. S2). Additionally, the transition from stage 1 to stage 2 

was associated with changes in some important immunological genes, including increased: Zbtb16 

(PLZF), Il18r (CD218), Il23r and Ccr2; and decreased: SlamF1, Satb1, Cd28, and Cd24a (already 

validated as the surface marker that separates stage 1 from stage 2 cells). A comparison of stage 2 to 

stage 3 shows that most of the changes identified in association with the bulk RNAseq comparison of 

stage 1 and stage 3 (Fig. 1b) were associated with this transition. 

 

To further validate these transcriptional data, we performed flow cytometry analysis with a selection 

of antibodies and confirmed that transcription factors LEF1, SATB1 and TCF1 (Tcf7) were 

downregulated as MAIT cells develop, whereas BACH2 transiently increased between stage 1 and 2 

and decreased at stage 3 (Fig. 1e). Surface receptors CD138, CCR2, CCR6 and CXCR6 were 

upregulated, whereas CCR7, CD27, CD28, CD150 (Slamf1) and Ly108 (Slamf6) were downregulated 
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at the protein level, between stages 1, 2 and 3 (Fig. 1e). Given that Slamf1 and Slamf6 were clearly 

downregulated as MAIT cells mature, we also examined Slamf7 (CD319), another slam family 

member that showed the opposite trend in our transcriptome analysis. This protein was clearly detected 

on a small subset of stage 3 thymic MAIT cells, reflecting heterogeneity in stage 3 (Fig. 1e). 

Accordingly, MAIT cells undergo major changes in gene and protein expression as they mature from 

stage 1 to stage 2, and even more-so between stages 2 and 3. Furthermore our data identify a number 

of candidate genes that might be important for the development of MAIT cells within the thymus. 

 

Separation of mature stage 3 MAIT cells into functionally distinct subsets.  

As we have previously reported(6, 10), thymic stage 3 mouse MAIT cells include 2 functionally 

distinct subsets, defined as IFN-g-producing T-bet+ MAIT1 and IL-17 producing RORgt+ MAIT17 

cells (Fig. 2a).  To compare these cell types at the transcriptomic level, we avoided cell fixation and 

permeabilization and/or activation by identifying cell surface markers to separate them. We 

investigated several possible candidate markers that are differentially expressed by stage 3 MAIT cells 

(Fig. 1c; Table S1), including some that are expressed by related NKT1 and NKT17 cells(11, 12). 

These included: CD138 (Syndecan 1), CD43 (high glycosylation (HG) variant), CD122 (IL-2Rb), 

CD127 (IL-7Ra) and CD319 (Slamf7) (Fig. 1e). We tested these markers against RORgt and T-bet 

intracellular staining (Fig. 2b). RORgt+ cells stained higher for CD138, CD43HG, and CD127, 

whereas T-bet+ cells stained higher for CD319 and CD122. The combination of CD319 versus CD138 

provided a clear and mutually exclusive separation, allowing us to identify MAIT1 and MAIT17 cells 

respectively, within the stage 3 MAIT cell population without fixation and permeabilization (Fig. 2c). 

We also observed that some stage 3 MAIT cells did not express CD319 or CD138, which we surmised 

may encompass uncommitted stage 3 cells. 

 

We isolated CD319+ (MAIT1) and CD138+ (MAIT17) single cells and performed single cell RNAseq 

comparison of these two mature thymic MAIT cell populations (Fig. 2d). Over 1000 genes were 

differentially expressed between the mature CD138+ and CD319+ stage 3 MAIT cell subsets, 783 that 

were more highly expressed by the MAIT17 cells and 275 genes that were more highly expressed by 

the MAIT1 cells (Fig. 2d and e). As expected from our cytometry-based analysis in Figure 2b and c, 

CD319+ MAIT1 cells had higher gene expression of genes encoding CD319 (Slamf7), CD122 (Il2rb) 

and IFN-g (Ifng), while CD138+ MAIT17 cells expressed higher levels of the genes encoding CD138 

(Sdc1), CD127 (Il7ra), RORgt (Rorc) and IL-17A (Il17a) (Fig. 2d and e). In addition to these genes, 

MAIT1 cells were distinguished by higher expression of genes encoding natural killer (NK) family 
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members including Klr family members and many other genes including Lef1, Nkg7, Klrb1c, Ly6c2, 

GzmB, Bcl2, Stat4, Ms4a4b and Cd28 (Fig. 2d and e). In contrast, MAIT17 cells had higher expression 

of genes encoding IL-17-related molecules such as Il17a, Il17f, Il22, Il23r, Il17rb, Il17re and also 

higher expression of Blk, Maf, Icos, Zbtb16, Tnfrs25 and Cd44 (Fig. 2d). Flow cytometry-based 

analysis of MAIT1 and MAIT17 subsets was used to validate some of these results (Fig. 2f). For 

example, RORgt+ MAIT17 cells expressed moderately higher PLZF and CD44 and much higher levels 

of ICOS compared to T-bet+ MAIT1 cells. Conversely, Ly6c and NK1.1 (Kkrb1c) were positive on 

many (but not all) MAIT1 cells, while most MAIT17 cells did not express these markers. Using CD138 

and CD319 as surrogate markers, LEF1 expression and CD28 were confirmed as being lower on 

MAIT17 cells, while SATB1, which was expressed slightly higher in MAIT1 cells at the transcript 

level (Fig. 2d), showed no clear difference at the protein level (Fig. 2g). Additionally, MAIT17 cells 

expressed much higher levels of CD103 (Itgae) compared to MAIT1 (Fig. 2g). Taken together, these 

data demonstrate that MAIT1 and MAIT17 cells are transcriptionally and functionally distinct 

populations that emerge as MAIT cells develop in the thymus. 

 

Lineage diversification within stage 3 of MAIT cell development 

Given that MAIT1 and MAIT17 cells exhibit a highly divergent transcriptional program, we sought to 

determine whether this happens before, at, or after they reach stage 3 of MAIT cell development in the 

thymus. Using the combination of cell surface CD138 and CD319 expression, it was clear that stage 1 

and 2 MAIT cells (Fig. 1d), and some stage 3 cells (Fig. 3a), lacked expression of these markers. This 

raised the possibility that MAIT1 and MAIT17 cells emerge after MAIT cells arrive at stage 3 and 

moreover, that some newly arrived stage 3 cells may lack MAIT1 and MAIT17 transcriptomic 

signatures and will more closely resemble less mature stage 2 cells. To investigate these subsets of 

stage 3 cells in greater detail, we compared stage 3 (CD24-CD44+) cells, sorted into three 

subpopulations: CD138-CD319+, CD138+CD319-, CD138-CD319-; alongside immature stage 1 

(CD24+CD44-) and stage 2 (CD24-CD44-) cells, using single cell RNAseq analysis. Principal 

component analysis and Monocle analysis of these populations provided a clear demonstration of the 

marked differences between thymus-derived CD319+ (MAIT1) and CD138+ (MAIT17) stage 3 cells 

(Fig. 3b). Moreover, it demonstrated that the CD138- CD319- stage 3 cells were heterogeneous, with 

some sitting between the CD138+ and CD319+ populations based on principle component analysis 

dimension 2, while others appeared to merge with the CD138+ subset (Fig. 3b). There was less overlap 

between CD138-CD319- stage 3 cells and the CD319+ subset, although some CD319 cells merged with 

the CD138-CD319- subpopulation in the middle (Fig. 3b). This principal component analysis also 
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showed that immature stage 1 and stage 2 cells were clearly distinct from most stage 3 cells including 

CD138+, CD319+ and CD138-CD319- cells, although some CD138-CD319- cells fell between 

immature stage 1 and stage 2 cells and CD138+ and CD319+ cells on dimension 1 (Fig. 3b). 

Additionally, Pseudotime analysis carried out using Monocle on DDRtree clustering of the cell subsets 

also showed two trajectories branching from an intermediate CD138-CD319- subpopulation towards 

terminally differentiated (CD138+ and CD319+) stage 3 subsets (Fig. 3b and Fig. S3a). Thus, CD138-

CD319- cells may include candidates for newly-arrived stage 3 MAIT cells that share similarities with 

stage 2 precursors.   

 

Heat map analysis of the top genes that separate each of the populations is shown in Figure 3c and the 

full heat map is provided in Figure S1. The columns are grouped into each of the different MAIT cell 

subsets as described above, and further organised for each subset based on CD4 expression level, since 

CD4 is highly expressed by stage 1 and 2 cells, but is absent from most mature stage 3 cells(6). This 

heatmap analysis again highlights the many similarities between stage 1 and 2 MAIT cells (Fig. 1d) 

and how a major transcriptomic change is apparent when comparing these to the majority of stage 3 

cells. Similar to Figure 2d and e, this data also reflects the extensive transcriptomic differences 

between CD319+ MAIT1 and CD138+ MAIT17 cells (Fig. 3c). It was also apparent that many of the 

stage 3 CD138-CD319- cells more closely resembled CD138+ MAIT17 stage 3 cells, but consistent 

with the principal component analysis (Fig. 3b), a subset of the CD138-CD319- cells, outlined by the 

black rectangle (Fig. 3c), appeared to be more similar to stage 2 cells in their overall transcript 

signature. For example, these cells express Cd4 at mid to high levels, in contrast to most other stage 3 

cells that do not express Cd4. As Lef1 was found to be the top gene most positively associated to Cd4, 

a second heatmap ordered via Lef1 expression illustrated a similar subset of cells within this black 

rectangle (Fig. 3c). These Cd4 and Lef1 expressing stage 3 cells also expressed higher levels of many 

other genes that are more in line with the stage 2 signature than other stage 3 cells, including Tcf7, 

Itm2a and Satb1 and they showed little expression of MAIT1 or MAIT17 related genes (Fig. S1). 

Importantly, CD4 and LEF1 expressing CD138-CD319- stage 3 cells were almost entirely 

encompassed within the cells in the centre of the principal component and Monocle analysis (Fig. 3b), 

and Cd4 and Lef1 also showed a similar expression trajectory, when Pseudotime is overlaid onto 

Monocle analysis (Fig. S3b). To exclude the possibility that the CD4+LEF1+ cells were contaminating 

stage 2 cells during the single cell RNAseq sorting, we used flow cytometry to examine stage 3 MAIT 

cells, and confirmed that a clear subset (~10%) of CD4+ cells was present within the CD138-CD319- 

population (Fig. 3d). Moreover, intracellular transcription factor staining revealed that these also 

expressed LEF1, in contrast to most other stage 3 cells (Fig. 3d and 3e). Thus, these data suggest that 
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CD4+LEF1+CD319-CD138- stage 3 cells are the next stage beyond stage 2 and represent newly arrived 

stage 3 cells that have not yet committed to either the MAIT1 or MAIT17 lineages. In order to directly 

investigate this developmental sequence, we reanalysed experiments from our earlier study(6) 

examining stage 3 cells from very young (2 week-old mice). We report here that a much higher 

percentage of stage 3 cells were CD4+ compared to in older mice (Fig. S4a).  

 

Aside from the CD4+LEF1+CD138-CD319- stage 3 cells, which also seem to be a less mature subset 

of stage 3 cells based on their DEG profile (Fig. S4b), the remaining population of CD4-LEF1-CD138-

CD319- stage 3 cells contained a mix of cells whose characteristics were more in common with 

CD138+ MAIT17 cells than with CD319+ MAIT1 cells. This is clearly seen using MD plot analysis 

where relatively few genes were differentially expressed between LEF- CD138-CD319- stage 3 cells 

and CD138+ MAIT17 cells (Fig. S4c), while many genes were differentially expressed between LEF1+ 

CD138-CD319- stage 3 cells and CD138+ MAIT17 cells (Fig. S4d). Of the many genes that 

distinguished CD4-LEF1-CD138-CD319- cells from CD319+ cells, some of the most noteworthy 

included: Slamf7, GzmA, Ccl5, Bcl2 (all increased); and Ccr6, Ccr7, Icos, (decreased) and some of the 

IL-17-associated genes such as Rorc, Il17ra, Il17re. The enrichment of these lineage specific 

signatures were recapitulated in KEGG pathway analysis performed between these subets (Fig. S2b). 

Of the few genes that distinguished CD4-LEF1-CD138-CD319- and CD138+ cells, notable genes 

included increased Klf4 and proto-oncogene transcription factors Fos, FosB, and Jun (Fig. S4c and 

d).  

 

Taken together, these data highlight a high degree of diversity within stage 3 of MAIT cell 

development. These data suggest there are distinct subpopulations of stage 3 MAIT cells, the earliest 

arrivals being the CD4+LEF1+ stage 3 cells and the most functionally mature being the CD319+ MAIT1 

or CD138+ MAIT17 cells, as well as a population of CD4-LEF1-CD138-CD319- cells that comprises 

a mixture of cells, including some resembling CD138+ MAIT17 cells which we propose represent 

putative precursors of mature CD138+ MAIT17 cells. Conversely, we were unable to detect a clear 

population of CD4-CD319-CD138- cells that might reflect MAIT1 precursors, suggesting that this 

transition happens quite rapidly, and/or that CD319 is an early marker associated with the 

differentiation of this functionally distinct sub-lineage. The detection of some CD319+ cells in the 

middle range of the principal component analysis plot (Fig. 3b) supports this possibility. 

 

Factors that regulate MAIT cell differentiation. 
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As many of the genes that were sharply modulated as MAIT cells mature are known to be important 

in the development or function of at least some types of T cells, we selected a panel of these genes to 

examine their importance in MAIT cell maturation. Because SLAM family members were 

differentially expressed between immature stage 1 MAIT cells and mature stage 3 MAIT cells (Fig. 

1), we investigated MAIT cell development in mice lacking the SLAM adaptor protein (SAP) that 

transmits SLAM-based intracellular signals(13). This analysis revealed a key role for slam family 

members in regulating MAIT cell development beyond stage 1, such that stage 2 MAIT cells were 

numerically diminished and stage 3 MAIT cells were essentially absent, with the few residual stage 3 

cells enriched for CD4+ (Fig. S4a), supporting the hypothesis that these could be early stage 3 cells. 

Furthermore, we were unable to detect MAIT cells in spleens of SAP-deficient (SAP KO) mice (Fig. 

4a). Conventional TCRb+ MR1-tetramer- cells were present in moderately higher numbers in these 

SAP-deficient samples (Fig. S5a), while as expected, these mice also had a reduction in CD1d-

restricted NKT cells, and only a slight decrease in the percentage, but not number, of gd T cells (Fig. 

S5b).  

 

SATB1 is a chromatin organising protein with crucial functions in T cells, including in Foxp3+ T-

regulatory (T-reg) cell development and function(14) and NKT cell development(15). This gene was 

differentially expressed as MAIT cells develop, with highest expression in stage 1 MAIT cells (Fig. 

1b-d). We examined a novel Satb1m1Anu/m1Anu mouse model that is unlike Satb1-deficient mice, which 

are runted and typically die by 3 weeks after birth(16). Mice homozygous for the Satb1m1Anu allele are 

healthy and have a normal lifespan but exhibit abnormalities in T cell development (Fig. S6 and 

manuscript under preparation). Satb1m1Anu/m1Anu mice show a major defect in MAIT cell development 

beyond stage 2 with a marked reduction of stage 3 MAIT cells (Fig. 4b). MAIT cells were also 

markedly diminished in the spleens of Satb1m1Anu/m1Anu mice (Fig. 4b). As anticipated, Satb1m1Anu/m1Anu 

mice also had a major reduction in CD1d-restricted NKT cells(15), but no significant change in gd T 

cells, aside from a moderately reduced number of these in spleen (Fig. S5b). Conventional TCRb+ 

MR1-tetramer- cell numbers were not significantly different in Satb1m1Anu/m1Anu samples, apart from a 

verified increase in the CD4+ Foxp3+ T-reg compartment (Fig. S5a and S6). 

 

Next we examined Zap70-deficient (SKG) mice(17) because we have previously shown that MAIT 

cell development requires ongoing MR1-dependent signalling, suggesting a role for TCR signalling, 

and Zap70-deficient mice were previously reported to lack NKT cells(18). We found that indeed, 

MAIT cells are diminished in thymus and spleen of the Zap70-deficient mice, although all subsets 



 10 

were still detectable (Fig. 4c), supporting a role for TCR signalling not only in the initial emergence 

of Stage 1 MAIT cells, but also in MAIT cell maturation to stage 3. Interestingly, we did not detect a 

change in thymus NKT cells, and furthermore, these cells were more frequent in spleens of Zap70-

deficient mice. TCRb+ MR1 tetramer- T cells in thymus were present in normal numbers in Zap70-

deficient mice (Fig. S5). 

 

As several chemokine receptors were strongly modulated as MAIT cells mature, we examined whether 

signalling through some representative chemokine receptors is important for MAIT cell maturation. 

CXCR6-deficient mice exhibited a near complete block in MAIT cell development between stages 2 

and 3, and no MAIT cells could be detected in spleen or lymph nodes of CXCR6-deficient mice (Fig. 

4d). CXCR6-deficient mice also had a moderate reduction in the number of CD1d-restricted NKT 

cells in thymus and a major reduction of these cells in spleen (Fig. S5b). In contrast, CCR7-deficient 

mice had a partial defect in MAIT cell development with a large reduction in the percentage and 

number of MAIT cells in thymus and spleen, but not lymph nodes. Interestingly, CCR7 KO mice 

retained a clear population of MAIT cells at stage 3, that on further analysis showed to be heavily 

biased towards Tbet+ MAIT1 cells compared to MAIT cells from wild-type mice (Fig. 4e), 

demonstrating that CCR7 is selectively required for the differentiation of Rorgt+ MAIT17 subset. This 

effect was even more pronounced for MAIT cells in spleens of CCR7-deficient mice, but no difference 

was observed for these cells in lymph nodes (Fig. 4e). As an aside, these results also suggest that 

CD138+ MAIT cells might preferentially home to, or expand in, lymph nodes and that CCR7 is not 

required for their presence in this site. CCR7 KO mice also had a major reduction in CD1d-restricted 

NKT cells and, to a lesser extent, gd T cells (Fig. S5b). Conventional TCRb+ MR1-tetramer- cells were 

present in normal numbers in CXCR6 and CCR7 deficient samples (Fig. S5a). Interestingly, mice 

deficient in Bach2, a repressor of effector differentiation regulated by PLZF(19), exhibited no change 

in MAIT cell percentage or number despite its elevated expression in early stage MAIT cells (Fig. S7).  

 

Differentially expressed genes associated with human MAIT cell development.  

In humans, there are important parallels with mouse MAIT cell development, including the existence 

of a 3-stage development pathway where stage 1 MAIT cells are CD27-CD161-; stage 2 MAIT cells 

are CD27+CD161-, while stage 3 MAIT cells are CD27+/-CD161+ (Fig. 5a)(6). 

 

To explore the changing transcriptomic landscape during human MAIT cell development, we carried 

out RNAseq analysis of different stages of thymic MAIT cells. A comparison of stage 1 to stage 3 
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revealed 625 differentially expressed genes, 390 of which were increased and 235 were decreased as 

MAIT cells mature (Fig. 5b). The 50 most significant of each category are listed in Figure 5c and the 

full list of differentially expressed genes is provided in Table S2 and a heatmap is provided in Figure 

S8. Our previous study identified higher protein expression of CD218 (IL18R), CD161 (KLRB1), 

CD27, and PLZF (ZBTB16) in stage 3 MAIT cells compared to stage 1 MAIT cells(6) and this was 

also reflected by an increase in gene expression of these molecules (Figs. 5b and c). Additionally, we 

detected a significant increase in SLAMF7, GZMA (granzyme A), GZMK, CXCR6, CCR5, CCR6, 

IL2RB (CD122) and IL7RA (CD127), ABCB1 encoding the ATP-binding cassette-multi-drug efflux 

protein 1 (MDR1) that is prominently expressed on peripheral blood MAIT cells(20, 21), and CEBPD 

encoding for the bZIP transcription factor C/EBPδ recently shown to be important for MAIT cell 

trafficking(22). Conversely, there were many genes that were downregulated in stage 3 human MAIT 

cells, including: RAG1, SATB1, Lef1, Tcf7, CCR9, BACH2, CD8b and CD4 (Figs. 5b and c). It is also 

noteworthy that many of these were similarly modulated between stages 1 and 3 in mouse MAIT cells, 

including ZBTB16, CXCR6, CCR6, CCR9, SLAMF7, IL2RB, IL7R, IL18R, RAG1, SATB1, LEF1, 

TCF7, BACH2, CD8b and CD4 (Fig. 1 b-d and Fig. 5b-c).  

 

We next investigated where most of these transcriptional changes occurred by comparing stage 1 to 

stage 2, and stage 2 to stage 3 (Fig. 5d). This revealed that only 84 genes were significantly modulated 

(51 up, 33 down) between stage 1 to stage 2, while a much greater change took place between stage 2 

and stage 3 (205 up and 148 down). As expected, one of the genes that increased between stage 1 and 

2 was CD27, which is consistent with its use as a marker to separate these stages. Also increased 

between stages 1 and 2 were HLA-A, B and C genes and CCL5, and decreased were RAG1, RAG2, and 

CD1e, which is consistent with the relative maturity of stage 2 cells. As expected, most of the changes 

between stages 2 and 3 were the same as those detected between stages 1 and 3. Accordingly, these 

data reveal that most changes in gene expression occur between stages 2 and stage 3 in humans, which 

is similar to that in mice (Fig. 1), further validating the three-stage thymic development pathway we 

originally proposed(6). 

 

Using flow cytometry, we were able to validate results from these RNAseq studies, showing a decrease 

in expression of SATB1, LEF1 and TCF1 transcription factors and CD1 proteins (CD1a, b and d) as 

human MAIT cells mature from stages 1 to 3 (Fig. 5e). Conversely, human MAIT cells upregulate 

expression of HLA class I, CCR5 and CCR6 molecules as they mature intrathymically (Fig. 5e-f). 

These findings, in conjunction with previously validated factors (CD27, CD161, CD218, PLZF)(6) 
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provide assurance that the modulated transcripts detected in our RNAseq based assay are reflective of 

actual changes in protein expression as MAIT cells mature. Considering that we detected a CD4+ 

LEF1+ population that appear to be early stage 3 cells in mice, and that these proteins were similarly 

expressed in human MAIT cells, we looked for the presence of a comparable population in humans. 

Indeed, we found that approximately 15% of human stage 3 cells expressed CD4, and these were all 

LEF1+ (Fig. 5g). This suggests that a similar population within stage 3 cells expresses analogous 

factors in both mice and human thymus.  

 

Further transcriptional modulation associated with extrathymic MAIT cell differentiation. 

We have previously documented that human MAIT cells appear to undergo further, extrathymic 

maturation after leaving the thymus, increasing their capacity to produce cytokines and switching from 

CD8ab to CD8aa(6). Hence, we carried out RNAseq analysis on sorted stage 3 MAIT cells from 

human thymus and blood samples from the same donors. These data revealed considerable diversity 

between mature thymic versus extrathymic MAIT cells, even despite the blood coming from very 

young thymus-blood matched donors (Fig. 6a-b). Of those that increased, some of the 

immunologically relevant genes were: TGFB1, NFkB1, IRF1, CD83, CXCR4 and SOCS3 while those 

that decreased included: LEF1, CCR7, CXCR6, EOMES, CD2, ID3, IL7R, SOX4, TOX2 and SATB1. 

Of note, we have recently profiled SATB1 expression in human T cells where thymic T cell progenitors 

have the highest levels of SATB1 that is subsequently downregulated in mature peripheral CD4+ and 

CD8+ T cells(23). We validated via flow cytometry that CCR7 and LEF1 expression decreased 

between thymus and young blood stage 3 MAIT cells (Fig. 6c). It has previously been reported that 

CD8aa MAIT cells arise extrathymically as most stage 3 cells in the thymus are CD8ab(6, 9). We 

found that CD8b was reduced on average in peripheral MAIT cells but the difference did not quite 

reach significance in our analysis. Taken together, these data reveal that human MAIT cells continue 

to mature and differentiate after leaving the thymus, which may be a result of extrathymic exposure to 

antigen, cytokines, or other factors. Previous studies have examined the transcriptional profile of 

human MAIT cells, defined as CD161-associated genes in one study(24) or Va7.2+ CD161+ T cells in 

another(25). We found considerable overlap of these reported genes with the DEGs revealed in our 

RNA-seq based study on purified MAIT cells and could further segregate these gene regulation events 

in a temporal manner. Thus we grouped the genes that stood out in these signatures into two stages: 

those that arise intra-thymically between stages 1 and 3 and those that arise after MAIT cells leave the 

thymus (Fig. 6d).  
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We also carried out RNAseq based comparison of MAIT cells from mouse spleen (essentially all stage 

3) to stage 3 MAIT cells from mouse thymus. This analysis revealed surprisingly few genes (19) that 

were differentially expressed between these populations, 5 that were increased and 14 that were 

decreased. Immunologically relevant genes amongst those that were increased include DTX1 (Deltex1) 

and CCL5, whereas amongst those that were decreased include LY6A, KLRA3 and KLRA9. The main 

message to arise through these data seems to be that there is remarkable consistency between the 

transcriptome of stage 3 MAIT cells in mouse thymus and MAIT cells in spleen (Figure S9). 

 

In summary, these data have provided a major advance to our current understanding of MAIT cell 

development, identifying a new population of CD4+ LEF1+ stage 3 cells that appears to be present in 

both mice and humans, and many genes that are modulated through the three-stage progression that 

are similar between mice and humans. This suggests that these conserved transcriptional changes play 

a key role in MAIT cell development in both species. We have integrated the information derived from 

our findings in this paper into a new model of MAIT cell development, as illustrated in Figure 7. 

 

Discussion 

We have previously presented a model of MAIT cell development that progressed through three 

distinct stages in mice and humans. Here, using these stages as a starting point, we have mapped the 

transcriptional changes that occur as MAIT cells progress through each stage, in both species. Our 

results have highlighted a greater level of complexity in the stage 3 phase of MAIT cell development, 

allowing many key advancements to the existing model developed in our previous publication(6). This 

has resulted in a new model (Fig. 7) that integrates some of the key findings from this paper.  

 

Our findings have confirmed that stages 1 and 2 are clearly separate populations with numerous 

transcriptional changes, and there are many more transcriptional changes that separate stages 2 and 3. 

This is true for both mice and humans and indeed, many of the changes align between both species 

which is quite reassuring that mouse MAIT cell development represents a viable model for 

understanding this process in humans. We also identified an unexpected degree of heterogeneity in 

mouse stage 3 cells and with the power of single-cell RNAseq, we were able to separate these into at 

least 4 distinct subpopulations. Of these, we have identified a new stage 3 subpopulation, defined as 

CD4+ LEF1+ stage 3 cells, that seem to bridge the gap between stage 2 and the bulk of stage 3 cells 

This is illustrated by principle component analysis and is experimentally supported by its enrichment 

in stage 3 cells from very young mice and PLZF null mice. At the other end of the stage 3 spectrum 

we have populations of functionally mature MAIT1 and MAIT17 cells that are capable of IFN-g or 



 14 

IL-17A production, respectively. While we had previously identified these two populations(6, 10), 

here, we demonstrate that they are remarkably distinct at the transcriptomic level and furthermore, that 

they can be readily separated using CD138 and CD319 cell-surface markers. A comparison of the 

genes expressed by MAIT1 and MAIT17 cells to those recently published for NKT1 cells and NKT17 

cells, highlights considerable overlap between these functionally similar subsets(12). Moreover, a 

recent study focused on tissue resident MAIT cells showed that RORgt+ MAIT17 cells and RORgt- 

MAIT cells, (enriched for MAIT1 cells), identified from the lung, liver and spleen shared similarity to 

NKT1 and NKT17 cells isolated from the same tissue, although clear differences were observed 

between tissues for each cell type(26). In our study, we focussed on MAIT cell subsets in the thymus 

to understand where this transcriptional bifurcation is likely to occur during intra-thymic MAIT cell 

development. We propose that MAIT1 and MAIT17 cells arise in the thymus, within stage 3, from a 

subset that did not label with anti-CD138 or CD319. These cells are themselves diverse, including the 

CD4+LEF1+ population that more closely resembles stage 2 cells, and CD4-LEF1-CD138-CD319- 

cells, which most closely resemble MAIT17 cells. Thus, we have proposed a model pathway that 

integrates these stage 3 subpopulations into the earlier 3 stage pathway of MAIT cell development(6) 

(Fig. 7). This pathway postulates that stage 2 cells (which express CD4 and LEF1) first arrive as 

CD4+LEF1+ stage 3 cells. These CD4+ stage 3 cells then transition to either CD319+ MAIT1 or CD138+ 

MAIT17 cells. The CD138-CD319-CD4-LEF1- stage 3 population may contain intermediates for both 

MAIT1 and MAIT17 cells, although as a population they more closely resembled the MAIT17 lineage 

and may reflect a continuum with MAIT17 cells.  

 

We were able to validate many of the transcriptional changes observed by antibody mediated detection 

of the relevant proteins, for example, SLAM family members (Slamf1, Slamf6, Slamf7) varied widely 

at the level of transcripts and this was verified by antibody staining of the relevant MAIT cell subsets. 

Importantly, we were also able to directly test the biological significance of some of the key factors 

detected in this study, demonstrating a critical role that several of these gene products play in the 

process of MAIT cell development. An initial report suggested that the SLAM-SAP-Fyn pathway was 

not critical for the development of MAIT cells because SAP-deficient patients contained normal 

frequencies of MAIT cells(27). However, the expression of SLAMF1 and SLAMF6 in early MAIT 

cell precursors, and of SLAMF7 (CD319) by MAIT1 cells, prompted us to re-examine the role of 

SLAM family members using SAP deficient mice, revealing that MAIT cell numbers are drastically 

reduced in these mice. The dissimilarities in MAIT cell frequency observed between species is likely 

due to the large expansion of MAIT cells that occurs in humans but not mice(6, 28-31). Furthermore, 
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while this paper was under review, another study has been recently published that also demonstrated 

downregulation of expression of SLAMF6 as MAIT cells developed and showed impaired MAIT cell 

development in SAP-deficient mice(32). CCR7 was recently shown to be expressed by RAG2+ early 

MAIT cell precursors(33) and we validated this finding here using transcriptome and flow cytometry 

analysis. Furthermore, we demonstrate that a deficiency in CCR7 results in a reduction of thymic and 

splenic MAIT cells and a bias towards MAIT1 cells in these organs. CCR7 might be required for 

thymocyte migration as previous studies showed that NKT cell development is impaired in CCR7 KO 

mice, likely due to diminished thymocyte migration into the thymic medulla(34). We also showed that 

mice that lack Zap70 have a drastic reduction in thymic MAIT cells suggesting a role for TCR 

signalling in MAIT cell development, although these mice have reduced thymocyte survival and this 

might be caused by diminished Bcl-XL, RORγ and TCF1/LEF1 in these mice(35, 36). Notwithstanding 

the lack of formal validation for the role of LEF1 with LEF1-deficient mouse models, we recently 

demonstrated that Tcf7, encoding TCF1 is essential for MAIT cell development with virtually no 

detectable MAIT cells in Tcf7 KO mice(37), indicating a Tcf7-dependent step at the earliest stage of 

MAIT cell development (Fig. 7). Given that TCF1 and LEF1 are similarly regulated as MAIT cells 

mature, and that they have a similar role in conventional T cell development(38) and both play 

coordinated roles in NKT cell development(39, 40), we suggest that similar to TCF1, LEF1 will also 

be a key factor in regulating MAIT cell development. 

 

Our data identifies many other genes that are differentially expressed as MAIT cell develop in the 

thymus and indeed the data from this manuscript may serve as a basis for many new experiments that 

explore the development, function and differentiation of these cells. For example, c-maf is upregulated 

in stage 3 thymic MAIT cells, specifically MAIT17 cells, and it was recently reported to regulate the 

expression of known IL-17 effector program genes (Blk, Rorc and Il17a) in IL-17 producing mouse 

gd T cells(41). We demonstrate here that these same genes are preferentially expressed by MAIT17 

cells compared to MAIT1 cells and less mature MAIT cells. Thus, we have markedly expanded the 

list of known factors that control MAIT cell development before stage 1 (SKG); between stages 2 and 

3 (SLAM family members via SAP; CXCR6; SATB1); and the functional branchpoint within stage 3 

(CCR7). 

 

It was encouraging that there were many homologous/orthologous genes that are similarly regulated 

in both human and mouse MAIT cell maturation through stages 1-3, in terms of transcription factor 

and surface protein expression. As some key examples: PLZF, IL-7 receptor (CD127), IL-18 receptor 
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(CD218), CD161 (NK1.1/KLRB1), SATB1, LEF1 and CD4 undergo similar regulation between stage 

1, 2 and 3 cells, in both mice and humans. Considering the large evolutionary gap between humans 

and mice, and that many genes in humans are simply not expressed or differentially regulated in mice 

and vice versa, we feel that the two models from each species are perhaps surprisingly well aligned 

and information gained from mouse models is valuable for understanding intrathymic MAIT cell 

development in both species. We note that these observations build on previous findings that human 

thymic stage 3 MAIT cells do not show the same clear bifurcation in the thymus as mouse stage 3 

MAIT cells, but the bifurfication event in human MAIT cell development appears to occur post-

thymically, and seem to be influenced by different tissue microenvironments(42-44). 

  

In summary, this combined transcriptomic based study has mapped in fine detail the molecular changes 

that occur in MAIT cells as they develop in the thymus of mice and humans. Many of these have been 

validated by flow cytometry and we have established the functional significance of several of these as 

regulators of MAIT cell development using gene knockout mice. The results provide a new and far 

more detailed model of how MAIT cells develop in mice and humans and provides a framework upon 

which future studies of these cells, and the factors that control their generation, will be founded.  

 

Figure captions 

Figure 1. Transcriptomic analysis of mouse MAIT cell development.  

a. Flow cytometric analysis of 3 stages of mouse thymic MAIT cells post MR1-5-OP-RU tetramer 

enrichment. MAIT cell stages are defined with CD24 and CD44; stage 1 (S1, CD24+CD44-) in blue, 

stage 2 (S2, CD24-CD44-) in green and stage 3 (S3, CD24-CD44+) in red. b. MD plot showing gene 

expression comparison of bulk-cell purified stage 3 versus stage 1 MAIT cells. Colored dots indicate 

genes significantly up-regulated in stage 3 (red) and stage 1 (blue). Colored numbers represent the 

total number of differentially expressed genes (DEG). (c) Table lists the top 50 most DEGs within 

each subset. b, c. Data are from 3 pooled biological replicates each generated from a pool of thymi 

from five mice. d. Gene expression comparison of single-cell purified stage 2 versus stage 1 (left) and 

stage 3 versus stage 2 (right) MAIT cells. e. Phenotypic analysis of thymic MAIT cell stages for 

expression of transcription factors LEF1 (encoded by gene Lef1), SATB1 (Satb1), TCF1 (Tcf7), Bach2 

(Bach2); SLAM molecules CD150 (Slamf1), Ly108 (Slamf6), and CD319 (Slamf7); costimulation 

receptors CD27 (Cd27) and CD28 (Cd28); glycoprotein CD138 (Sdc1) and chemokine receptors 

CCR2 (Ccr2), CCR6 (Ccr6), CCR7 (Ccr7) and CXCR6 (Cxcr6). Histograms depict stage 1 MAIT 

cells in blue, stage 2 MAIT cells in green, stage 3 MAIT cells in red, CD4+CD8+ double positive (DP) 

thymocytes in black. Coloured numbers indicate mean fluorescence intensity values (MFI) of each 
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marker for the respective cell population. a, e. Data are representative of at least 2 independent 

experiments with a total of 2 separate samples (pools of 3 thymi).  

 

Figure 2. Bifurcation and transcriptomic comparison of mature mouse MAIT cells.  

a. Flow cytometric analysis of mature mouse thymic MAIT cells post HSA-complement mediated 

depletion showing RORγt and T-bet expression in CD44+ stage 3 MAIT cells. b. Panel of markers 

showing expression of CD138 (Sdc1), CD319 (Slamf7), CD43HG (Spn), CD122 (Il2rb) and CD127 

(Il7r) relative to RORγt and T-bet in stage 3 MAIT cells. (c) Flow cytometry profile of stage 3 MAIT 

cells co-stained with CD138 and CD319. d. Gene expression comparison of purified CD319+ versus 

CD138+ stage 3 MAIT cells. Colored dots indicate genes significantly up-regulated in CD319+ cells 

(red) and CD138+ cells (blue). Colored numbers represent the total number of DEGs. e. Tables list 

genes enriched corresponding to CD319+ (red, top) and CD138+ (blue, bottom) MAIT cell subsets. f. 

Flow cytometry analysis for expression of PLZF, CD44, ICOS, Ly6c and NK1.1 relative to RORγt+ 

and T-bet+ mature MAIT cells. g. LEF1, SATB1, CD28 and CD103 expression on CD138+ and 

CD319+ stained mature MAIT cells. Coloured numbers indicate mean fluorescence intensity values 

(MFI) of each marker for the respective CD138+ or CD319+ MAIT cells. a-c, f-g. Data are 

representative of at least 2 independent experiments.  

 

Figure 3. Lineage diversification within stage 3 of MAIT cell development 

a. Flow cytometry profile of mouse MAIT cell subsets present within the mouse thymus single-cell 

sorted for RNA-sequencing analysis. Graph depicts percentages of each stage 3 subpopulation across 

8 samples. b. (Left) Principal component analysis (PCA) on the respective sorted subsets in (a), and 

(Right) Monocole DDRtree showing the clustering of respective MAIT cell subsets. c. Heatmap 

showing the differentially expressed genes across MAIT cell subsets ordered by decreasing Cd4 (top) 

and Lef1 (bottom) expression, grouped across developmental subsets. (n = 363 in total, n = 75 stage 

1, n = 34 stage 2, n = 81 CD138- CD319- DN stage 3, n = 95 CD138+ stage 3, n = 78 CD319 stage 

3). d. Flow cytometry analysis mature CD44+ MAIT cells for CD138 and CD319 expression (left). 

Analysis of CD4+ subset (yellow) from mature CD44+ CD319- MAIT cells (middle). Histogram 

overlay analysis of LEF1 expression between CD319- and CD138-CD319- CD4+ stage 3 MAIT cells 

(right). e. Scatter plot graph shows percentage of CD4+ subset within stage 2 and CD319- stage 3 

MAIT cells. Graph shows percentage LEF1+ cells within CD4+ S2 and CD4+ S3 MAIT cell 

populations.  
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Figure 4. Identification of SAP, SATB1, Zap70, CXCR6, and CCR7 as key factors that regulate 

MAIT cell development with gene-deleted mice. 

a-e. 3 panels depicting analysis of MAIT cells WT control mice and SAP KO (a), Satb1m1Anu/m1Anu (b), 

SKG (c), CXCR6 KO (d) and CCR7 KO (e) mice. Left panel of flow cytometry analysis show 

detection of MAIT cells from whole and MR1-5-OP-RU tetramer enriched thymus of respective mice, 

analysis of MR1-tetramer enriched MAIT cells for CD24 and CD44 expression. Scatter graphs depict 

absolute numbers and percentage of MAIT cells of T cells in thymus and spleen (a-e) and lymph nodes 

(e) of the respective mouse strains. Bar graphs in (e) show the proportion of RORγt and T-bet subset 

of stage 3 MAIT cells in WT and CCR7 KO thymus, spleen and lymph nodes. Data are representative 

of 2 independent experiments with a total of 6-9 mice per group (a-e; mean ± SEM) *P<0.1 **P<0.01 

***P<0.001, ****P<0.0001 (Mann-Whitney rank sum U test (a-e)). 

 

Figure 5. Transcriptomic analysis of human MAIT cell development.  

a. Flow cytometric analysis of 3 stages of human Va7.2+ thymic MAIT cells of CD3+ cells pre- and 

post TRAV1-2 enrichment. MAIT cell stages are defined with CD27 and CD161; stage 1 (S1, CD27-

CD161-) in blue, stage 2 (S2, CD27+CD161-) in green and stage 3 (S3, CD27+/-CD161+) in red. b. MD 

plot showing gene expression comparison of bulk-cell purified stage 3 versus stage 1 human MAIT 

cells. Colored dots indicate genes significantly up-regulated in stage 3 (red) and stage 1 (blue). Colored 

numbers represent the total number of differentially expressed genes (DEG). c. Table lists the top 50 

most DEGs within each subset. d. Gene expression comparison of purified stage 2 versus stage 1 

human MAIT cells, and stage 3 versus stage 2 human MAIT cells. b-d. Data are representative from 

2 separate sorts, with a total of 8 donor samples. (e) Phenotypic analysis of human thymic MAIT cell 

stages for expression of transcription factors SATB1, LEF1, TCF1, CD1 molecules CD1a, b and d, 

HLA-A,B,C, and chemokine receptors CCR5 and CCR6. Histograms depict stage 1 MAIT cells in 

blue, stage 2 MAIT cells in green, stage 3 MAIT cells in red, CD4+CD8+ double positive (DP) 

thymocytes in black. f. Flow cytometry analysis of CD4+ (yellow) and CD4- (pink) CD161+ thymic 

MAIT cells for LEF1 expression. Scatter plots show percentage CD4+ cells within CD161+ thymic 

MAIT cells and percentage LEF1+ cells within this CD4+ population. (e,f) Data indicate mean ± SEM 

and are representative of at least 3 experiments using 3-7 separate donor samples.  

 

Figure 6. Transcriptomic analysis of extrathymic MAIT cell development.  

a. Flow cytometry profile with CD27 and CD161 expression of Va7.2+ MAIT cells of CD3+ cells 

from young (thymus donor) and adult peripheral blood sample. b. MD plot showing gene expression 
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comparison of bulk-cell purified stage 3 MAIT cells from young peripheral blood vs thymus sample 

and associated list of most differentially regulated genes. Data derived from 5 young blood and 3 

thymus donor samples. c. Flow cytometry analysis of CCR7 and LEF1 expression on stage 3 thymus 

MAIT cells, stage 3 young blood MAIT cells, and young blood conventional T cells. Data are 

representative of at least 3 experiments using 3 separate donor samples. d. Classification of known 

DEGs between MAIT and conventional T cells, and known core transcriptional signature of CD161-

associated upregulated genes into intrathymic (between thymic stage 3 vs stage 1) and extrathymic 

(between young blood and thymus) regulation events.  

 

Figure 7. A new model of MAIT cell development.  

Dashed lines depict likely pathways based on transcriptome analysis. Phenotypic signature of each 

stage is shown in blue text in boxes. Factors that regulate each differentiation step are depicted above 

arrow for each relevant steps: Green text represents newly defined factors that support the relevant 

step, red text represents newly defined factors that inhibit the relevant step, black text represents 

previously defined factors, from this study. This model is based on mouse MAIT cell development. 
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Methods 

Mice 

C57BL/6 wild-type (WT), BALB/c WT, CXCR6-GFP(45) (C57BL/6 background), Satb1m1Anu/m1Anu 

(C57BL/6 background), Bach2CD4-cre (46) (C57BL/6 background) and SKG(17) (BALB/c background) 

mice were bred in-house at the Department of Microbiology and Immunology Animal House, 

University of Melbourne. Satb1m1Anu/m1Anu mice were generated from the Satb1m1Anu mutation. The 

Satb1m1Anu allele (NM_001163630.1:c.1500T>A), which encodes leucine instead of phenylalanine at 

amino acid 393 of SATB1, was identified in a screen for immunological regulators based on the 

chemical mutagen, N-ethyl-N-nitrosourea(47). The Satb1m1Anu mutation was identified by exome 

sequencing(48) of 3 littermate mice that exhibited decreased CD44 expression on CD4+ and CD8+ T 

cells (manuscript in preparation). Similar phenotypic abnormalities in mice with T cell-specific 

ablation of SATB1 expression were observed in Satb1m1Anu/m1Anu  mice ((14), Fig. S6). SAP KO 

(Sh2d1a−/−) mice(49) and littermate controls are housed in the University of Queensland Animal 

Facility. CCR7 KO mice were sourced from JAX (006621) and were bred and maintained at the 

University of Adelaide Animal Facility behind a specific pathogen free (SPF) barrier in IVC caging. 

CCR7 WT controls were age and sex matched with WT C57BL/6J that were bred and maintained in 

the same room and on the same rack. All mice used were aged between 6 to 10 weeks old at time of 

sacrifice. All procedures using mice were approved by the University of Melbourne, University of 

Queensland or University of Adelaide Animal Ethics Committees, The Australian National University 

Animal Experimentation Ethics Committee, or by the Walter and Eliza Hall Institute Animal Ethics 

Committee. Single cell suspensions from mouse thymus, spleen and lymph nodes were prepared as 

previously described(10).  

 

Human blood and tissue  

Adult peripheral human blood samples were obtained from the Australian Red Cross Blood Service 

under agreement number 13-04VIC-07. Young human peripheral blood samples and matching thymus 

were obtained from the Royal Children’s Hospital (RCH), Victoria, Australia. These thymic and 

matched peripheral blood data were derived from 8 donors between the age of 2 months to 4 years old.   

Experiments were conducted in accordance with University of Melbourne Human Research and Ethics 

committee guidelines (reference numbers 1035100 and 1443540) and RCH Human Research Ethics 

Committee Approval (reference number 24131 G). Blood mononuclear cells were isolated by Ficoll-

Paque PlusTM density gradient centrifugation (GE Healthcare). Donor thymi were cut into small pieces 

and passed through a 70-micron cell strainer into ice-cold RPMI-1640 medium containing 2mM 

EDTA before being washed into PBS + 2% Fetal Calf Serum (FACS buffer). 
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Magnetic bead enrichment of thymic MAIT cells. 

Using 5-OP-RU formed in situ from synthetic 5-A-RU and methylglyoxal,  mouse and human MR1 

tetramers were generated and biotinylated as previously described (50-52). Biotinylated MR1-5-OP-

RU monomers were tetramerized with streptavidin conjugated to either PE (SA-PE) (BD Pharmingen) 

or Brilliant Violet 421 (SA-BV) (Biolegend). Single cell suspensions of mouse thymus were prepared 

and stained with PE-mouse MR1-5-OP-RU tetramers prior to magnetic bead enrichment using anti-

PE microbeads as per manufacturer’s instructions (Miltenyi Biotec). One independent enriched sample 

represents 2-3 pooled thymi unless otherwise specified. Single cell suspensions of human thymus were 

enriched for TRAV1.2+ cells by staining for TRAV1.2-PE antibody, followed by magnetic bead 

enrichment using anti-PE microbeads (Miltenyi Biotec). 

 

Flow cytometry, sorting and intracellular transcription factor staining. 

Mouse and human cells were stained with viability dye 7-aminoactinomycin D (7-AAD; Sigma) and 

cell surface antibodies concurrently with MR1-tetramers, at room temperature (RT) for 30 minutes. 

List of antibodies used are detailed in Table S4. Transcription factors were assessed by staining with 

antibodies after the cells were surface-stained and permeabilized with the eBioscience Foxp3 

Fixation/Permeabilization kit, according to the manufacturer’s instructions. Apart from intracellular 

analysis, mouse cells were analysed unfixed after staining, whereas human cells were fixed with 1% 

paraformaldehyde (PFA). Analysis was carried out using a BD LSR Fortessa equipped with a 561nm 

yellow-green laser and data processed using FlowJo software (Treestar). Mouse cells are gated on 

B220- lymphocytes and human cells on CD14-CD19- lymphocytes after dead cell and doublet 

exclusion. Flow cytometric sorting for live, unfixed bulk (100 cells)- or single cell were performed 

using a BD FACS AriaIII cell sorter. Flow cytometry gating strategy is shown in Figure S10. 

 

Cell sort for RNA sequencing 

Bulk-cell sorting involved sorting 3 separate samples for 100 cells as biological and technical repeats. 

Bulk and single MAIT cells were flow sorted into a chilled 384-well PCR plate (Greiner #785290) 

containing 1.2μl of primer/lysis mix [20 nM indexed polydT primer (custom made, IDT), 1:6.000.000 

dilution of ERCC RNA spike-in mix (Ambion #4456740), 1 mM dNTPs (NEB #N0446S), 1.2 units 

SUPERaseIN Rnase Inhibitor (Thermo Fisher #AM2696), 0.2% Triton X-100 solution (Sigma Aldrich 

#93443-100ml), DEPC water (Thermo Fisher#AM9920)] using a BD FACSAria III flow cytometer 

(BD Biosciences, San Jose, CA, USA). Sorted plates were sealed, centrifuged for 1 min at 3000 rpm 
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and immediately frozen upside down at -80oC until further processing using an adapted CelSeq2 

protocol(53). 

 

cDNA generation 

Sorted plates were thawed on ice and briefly centrifuged. To lyse the cells and anneal the mRNA 

capture primer the plate was incubated at 65C for 5 min and immediately chilled on ice for at least 2 

min before adding 0.8μl reverse transcription reaction mix [in 2μl RT reaction: 1 x First-Strand Buffer  

(Invitrogen #18064-014), 20 mM DTT (Invitrogen#18064-014), 4 units RNaseOUT  (Invitrogen 

#10777-019), 10 units SuperScript II (Invitrogen #18064-014)]. The plate was incubated at 42oC for 1 

hr, 70oC for 10 min and chilled to 4oC to generate first strand cDNA.  

 

Pooling  

Samples were pooled by placing the plate upside down on a trough [Nalgene #VP 792D] using a home-

made 3D printed adapter to hold plate in place. The combined plate/trough stack was place in a plate 

centrifuge and spun at 1500 rpm for 1 min. Using a P1000 pipette the sample was transferred into a 

fresh 1.5 ml Eppendorf LoBind tube [Eppendorf #0030108051].  

 

Exonuclease 1 treatment and clean-up 

Exo I [NEB #M0293L; 20 U/μl] was added to the pooled sample at a final concentration 1 

U/ul concentration and gently mixed by pipetting. In a heat block the sample was incubated at 37C for 

30 min, followed by 80oC for 10 min and placed on ice. Once samples reached room temperature a 

1.2X NucleoMag NGS Clean-up and Size select magnetic beads (Macherey-Nagel #7449970.5) clean-

up was performed according to manufactures instruction. To reduce the amount of beads for each 

100μl pooled sample 20μl beads and 100μl bead binding buffer (20% PEG8000, 2.5M NaCl, pH5.5) 

was added. The cDNA was eluted in 17 μl DEPC water and transferred to a fresh 0.2 ml PCR tube. 

 

Second strand DNA synthesis 

3μl of second strand reaction mix was added to the sample [1x NEBNext Second Strand Synthesis 

buffer (NEB #E6111S), NEBNext Second Strand Synthesis Enzyme Mix: 2.4 units DNA Polymerase 

I (E. coli), 2 units RNase H, 10 units E. coli DNA Ligase (NEB #E6111S), DEPC water (Thermo 

Fisher #AM9920)]. The sample was gently mixed by pipetting and incubated at 16oC for 2 hrs in a 

thermal cycle with unheated lid to generate double stranded cDNA followed by a 1.2X NucleoMag 

NGS Clean-up and Size select magnetic beads (Macherey-Nagel #7449970.5) clean-up according to 
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manufactures instruction. The cDNA was eluted in 6.4 μl DEPC water and kept with beads for the 

following IVT reaction. 

 

In Vitro Transcription (IVT) 

9.6μl of IVT reaction mix [1.6μl of each of the following: ATP,GTP,CTP,UTP solution, 10X T7 

buffer, T7 enzyme (MEGAscript T7 Transcription Kit – Ambion #AM1334)] was added and incubated 

at 37C for 13 hrs and then chilled and kept at 4C. To remove leftover primers 6μl ExoSAP-IT For PCR 

Product Clean-Up (Affymetrix #78200) was added and the sample was incubated at 37oC for 15 min 

and then chilled and kept at 4C. 

 

RNA fragmentation and clean-up 

Chemical heat fragmentation was performed by adding 5.5μl of 10X Fragmentation buffer (RNA 

fragmentation reagents #AM8740) to the sample and incubation in pre-heated thermal cycler at 94C 

for 2.5 min followed by immediately chill on ice and addition of 2.75μl of Fragmentation Stop buffer 

(RNA fragmentation reagents #AM8740). The fragmented amplified RNA was purified using 1.8X 

RNAClean XP beads (Beckman coulter #A63987) according to manufacturers instruction and eluted 

in 6ul DEPC water of which 5μl (no beads) were transferred to a fresh tube for library preparation. 

 

5’-tagged-random-hexamer reverse transcription (ranhexRT) 

The fragmented RNA was transcribed into cDNA using 5’-tagged random hexamer primers 9 

(GCCTTGGCACCCGAGAATTCCANNNNNN) introducing a partial Illumina adapter as also 

described in CEL-Seq2(53). To remove RNA secondary structure and anneal the mRNA capture 

primer 1μl of tagged random hexamer (100µM) and 0.5μl of 10mM dNTPs  (dNTP solution set NEB 

#N0446S) were added to the sample and incubated at 65C for 5 min and immediately chilled on ice 

for at least 2 min before adding 4μl reverse transcription reaction mix [in 10μl RT reaction: 1x Fist 

Strand buffer  (Invitrogen #18064-014), 20 mM DTT (Invitrogen #18064-014), 4 units RNaseOUT  

(Invitrogen #10777-019), 10 units SuperScript II (Invitrogen #18064-014)]. 

 

Library amplification and cleanup 

The PCR primers introduce the full-length adaptor sequence required for Illumina sequencing (for 

details see Illumina small RNA PCR primers). PCR was performed in 12.5μl using half of the 

ranhexRT sample as a template [1X KAPA HiFi HotStart ReadyMix (KapaBiosystems #KK2602), 

400 nM each primer]. The final PCR amplified library was submitted to two consecutive 1x 
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NucleoMag NGS Clean-up and Size select magnetic beads (Macherey-Nagel #7449970.5) according 

to manufacturer’s instructions. The final library was eluted in 20μl of 10 mM Trizma hydrochloride 

solution (Sigma-Aldrich #T2319-1L). 

 

RNA sequencing data analysis 

CelSeq2 RNA sequencing reads were mapped to either the GRCm38 mouse genome or GRCh38 

human genome using the Subread aligner (54) and assigned to genes using scPipe(55) with ENSEMBL 

v86 annotation. Gene counts were exported as a matrix by scPipe with UMI-aware counting and 

imported into R(56). For 100 cell bulk samples, cells were removed from further analysis if they failed 

to achieve 5000 total counts. In single cell samples, cells were removed using the detect_outlier 

function from the scPipe. In 100 cell bulk samples, genes were filtered out if they failed to achieve 5 

counts per million in 3 samples and in single cells genes were required to be expressed in at least 5 

samples and an average of 2 or more counts in those samples. Heatmaps were generated on normalised 

expression values using heatmap2 from the gplots package with row normalisation. Dimensionality 

reduction was performed on normalised log2-count-per-million expression values with size factors 

from computeSumFactor in scran(57). Mean-Difference (MD) plots were generated using limma(58) 

and Glimma(59). Differential expression analyses used negative binomial GLMs and likelihood ratio 

tests from edgeR(60, 61). Genes with a false discovery rate (FDR)(62) < 0.0 5 were deemed 

differentially expressed. We used monocle2 (v2.12.0)(63) to estimate single-cell trajectories and create 

subsequent visualisations. Starting from the scran-normalized data, the 1000-most highly variable 

genes were selected and used as input to construct a Discriminative Dimensionality Reduction with 

Trees (DDRTree). The DDRTree was then used to estimate a pseudotime trajectory by the orderCells() 

function in monocle2, rooting the tree using the Stage 1 cells. Gene set testing was performed on the 

differentially expressed genes using goana(64) and kegga from the limma package for Gene 

Ontology(65) and KEGG(66) pathway database respectively.”  

 

Data and material availability 

The RNA sequencing profiling data that support the findings of this study have been deposited in the 

Gene Expression Omnibus (GEO) repository with the accession number GSE137350. 	
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Increased in Stage 3 Decreased in Stage 3
Icos Actn2 Itm2a Foxp1

S100a4 Lysmd2 Lef1 Dnah8
Lgals3 Klrb1c Hivep3 Nr4a3
Cxcr6 Gvin1 Ccr9 Arap2

Blk Ppp3ca Satb1 Gm1604b
Ahnak Pde1c Sox4 Als2
Il18r1 Abi3bp Cd4 Ttc3

Serpinb1a Susd2 Actn1 1700097N02Rik
Maf Scpep1 Myb Pitpnm2

Capg Trpm6 Themis Ptgfrn
Bcl2a1b Rxra Slamf6 Dmwd
Bcl2a1d St3gal6 Izumo1r Rasgrp4
Bcl2a1a Mfsd10 Nrgn Snx29

Cd7 Glrx Cmah Ick
Ccr2 Fam20a Smc4 Cd27

Fam129a Gm2a Ssbp2 Gm14718
S100a6 Bhlhe40 Bach2 Amigo2

Itgae Klrk1 Il6st Stoml1
Ccr6 Tagln2 Slc29a1 Bend5
Jaml Chst11 Tox Tdrp
Id2 Adam19 Cd8b1 Tubgcp6

Ly6e Golim4 Gpr83 Slc5a3
Il23r Plcb4 Med14 Prrg1
Il7r Ehd3 Marcks Dvl2

Ly6a Dtx4 Bcl6 H2-Q1
Rgs1 Kcnk1 Gimap8 Mcoln3

Tmem176b Lax1 Rag1 Slc16a5
Il17re Itgb7 Sell Ctsl
Lgals1 Rnase4 Hdac7 Zfp874a
Cd44 Slc19a1 Nr4a1 Gimap9
Il1r1 Gpx1 Sgk3 Tmtc4
F2r Clnk Tmcc3 Zfp608

S100a11 Cox15 Atp1b1 Gimap7
Rorc Lats2 Carns1 Ralgps2

Sptssa Osbpl5 Cd28 Rab3ip
Klra9 G6pc3 Ift80 Rnf216

Ly6g5b Ctss Hectd2 Sbk1
Tmem176a Cers4 Baz2b 1700025G04Rik

Pxdc1 Cerk Dgkz Srsf4
Il18rap Aprt Cd2 Gm20324
Coro2b Hlf Cdk8 Trim46
Fosb Ffar2 Dntt Tdrd5

Selenop Rnu3b2 Bcl2 St3gal2
Gclc Usb1 Dusp10 Hdgfl3

AW112010 Mar-03 Vamp1 Ppp1r13b
Lmo4 Serinc3 H2-Q2 Atp9a

Smpdl3a Cst7 Gsn Cd8a
Cpd Krt83 Arhgap20 Dusp6

Tent5a Cpeb2 Ldhb Whrn
Rora Slc25a24 Ephb6 Ager
Prr13 Sytl1 Mpp4 Asb2

Adgrg5 Sox13 Cacng4 Tnfrsf4
Fgl2 Tigar H2-Ob Plcl1
Ptprv Miat Gimap6 Ccdc138
Fos Ctsw Cd81 Dstyk

Thy1 Cd72 Tet1 H2-T24
Fam83a Tmem64 St6gal1 Cldn10
Stab2 Gaa Rnf167 Abcg2
Septi8 Dock5 Cd5 Kdm6b
Sdc1 Entpd7 Gpr174 Arc
Chad Zbtb16 Fmnl3 Dab2ip
Myo1f Klra13-ps Ubash3a Il4ra
Klra3 Sema4a Tmie Rbm38

Ctla2a Orai3 Dapk1 Rhoh
Qpct Arsb Nsg2 Maml2
Rarg Ubash3b Cd24a Acss1

St6galnac3 Plin3 Tns1 Txndc16
Socs3 Plekhf1 Jarid2 Plxnb1

Acsbg1 Tspo Exog Tspan13
Ero1l Plekhg1 Gramd4 Creld1

Golm1 Npl Arpp21 Slc27a1
Aqp3 Pkp3 Pde4d
Gpr68 Klf9 Dzip1

Ahr Thoc3 F13a1
Atp2b4 Snx2 Als2cl
Pde5a Syne1 Sh3bp2

1700113H08Rik Osbpl3 Marcksl1
Atp8b4 Adcy7 Egr2
Cited4 Dennd4c Lztfl1
Crmp1 Klf4 Tnfrsf9

Gm4070 Klrd1 Kcnn4
Lgals3bp Rnf208 Ralb

Appl2 Bmp7 Slamf1
Gzmb Coro2a Slc30a4
Kcnc1 Lgmn Plxdc2

Tnfrsf25 Tnfrsf21 Tnfsf8
Hsp90b1 Dlgap5 Pip4k2a
Myo1e Ybx3 Il21r
Gcnt1 Cysltr1 Plk4

B3galt2 Kctd12 Akap12
Esyt1 Rhoq Chl1

Cd163l1 Fam124b Igfbp4
App Zfp516 Ccdc88a
Nkg7 Pmm1 Zcchc12
Lrrc17 Cish Ccr7
Nr1d1 Ifitm10 Bicdl1
Klra10 Abca2 N4bp2
Klrb1f Dnajb4

Supplementary table 1. Full list of differentially
expressed genes (196 vs 118) from bulk (100-cell)
purified thymic stage 3 vs stage 1 mouse MAIT cells.
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Increased in Stage 3 Decreased in Stage 3
CCL5 CASP1 TRADD METTL25 SATB1 IFITM3 TYROBP
GZMK HSH2D SPATS2L HERC6 CD1E RAPH1 OSBP
HLA-B ITGA1 PIK3AP1 MDFIC CD1B SCAI SMAD4
KLRB1 ECHDC2 EIF2AK2 GNPDA1 LEF1 DGKE MED13L
CST7 LINC-PINT CYB561 ARL14EP PCSK5 RGCC CABIN1
GBP5 IFI44L P2RY10 SPATA13 CD4 STAU2 ZSWIM6

ANXA1 GIMAP7 GAB3 PTCH1 KLRC1 HIVEP3 PAPSS1
S100A4 RPS18 ANXA5 CLIC5 TENM1 GOLGA3 HRH2

B2M GPR155 TRIM25 ITGA5 PITPNM2 TSC22D1 BCL2
CXCR6 ZNF84 RNA5-8S5 CD84 CASC15 C2ORF42 LBR
TARP PTGDR CPNE2 DHRS7 EPHB6 BCL9 TTC28
IL7R ADAM19 TNFSF13B PDCD4 GCNT4 ZNF280D ACSL4

AHNAK PLEK PXN EMC1 ITM2A MTA3 SGTB
KLRG1 PCED1B-AS1 IFI16 GPRIN3 SOX4 LRP6 BAP1
STOM GPR183 PRR5 CMAS KLRD1 OGDH PRKCB
HLA-A FAM159A RPS29 ANKRD13D TOX2 SALL2 PKNOX1
HLA-C S1PR1 ZBTB16 EPHA4 ARHGAP32 THEMIS SAP30
NKG7 NFATC2 PPP2R5C LY9 MALAT1 MYEF2 IRS1

LINC00861 GBP4 CHD7 KAT2B CD1A SSFA2 ZNF608
EOMES PRSS35 CHST12 MAN1C1 RAG1 MMS22L PHACTR1
CTSW ABCB1 LLGL2 GPR68 SPRED2 ZNF236 SSH1
GZMA ERN1 HCST ABHD17A CCR9 MAGED1 PBRM1

GPR171 IL18R1 ERO1A RPL32 CCDC171 GNAS CENPV
CEBPD EML4 PCNX2 OAS2 NREP ALS2 SLC6A20

PHACTR2 SMAD5 PIEZO1 SESN1 RIMKLB STRN4 HHIP
SLAMF7 KLRC2 RGS1 ZNF831 TCF7 MTMR4 TM2D3
A2M-AS1 TNRC6C-AS1 TADA2B CARD16 SSBP2 SSBP3 DBP
KLRC1 KLF6 CIDEB BST2 DAPK1 ID3 AEBP1
MT2A ACTN4 PSMB8-AS1 HERPUD1 RASSF6 ZNF407 ATP2C1

GIMAP4 ADRB2 TRIM69 LANCL1 NUCB2 NLGN4X PLPP6
PLAC8 SRGN GIMAP5 MVP MYB USP6NL CD200
AIM1 ANK3 PCED1B FOXO1 MARCKS ZBTB16 KIAA1958
TAP1 SELL FAM65B CD55 PLEKHG1 EP400NL PURB

PRKAR2A FAM43A RPL13A SVIP CHI3L2 POLR3A ZRANB1
IL18RAP SBNO2 MYC TRIM22 ACVR2B TLDC1 UCP2
PYHIN1 ZBP1 CDC14A SRM MZB1 LINC01225

PATJ ME1 SLC2A3 RPL27 DNTT CLHC1
FAM129A IRF7 CRTAP IFNGR1 TTN H3F3A

LITAF RNF213 SPON1 TRANK1 CEP128 GRK5
KLRD1 RNA5-8S5 IKZF3 ATM CD79A PCDH9
STAT4 RPL34 TNFAIP3 LIX1L ARPP21 SMPD3
GBP2 NCR3 RPL8 ZDHHC18 PLCH1 CHFR
MAF SAMD9L RPL27A VIM BACH2 GALNT7

PREX1 C19ORF66 GIMAP8 GBP3 SLC16A10 ACTN1
PRF1 CDC25B CD44 TRPC4AP CD1C ITK

RUNX3 RPL13 CD300A MIR4485 MAST4 TMEM198B
SLC4A10 UTP18 STK38 ANGEL1 FLNB ANKRD44
SLFN12L FASLG CLDND1 RAB27A BCL11B CD59

PRNP BTN3A1 GYG1 RPL21 NR4A1 ITGA4
MAP3K5 EPHA1-AS1 HLA-DPB1 PLCB1 MDM4 PDE7A

APOBEC3C NFKBIA OAS3 RPS11 MAL ANAPC1P1
TNFSF14 CYTH3 LDLRAP1 PNP LZTFL1 EVL

XAF1 MPZL3 FOSB PSMB9 SIT1 HIST1H1D
TGFBR3 CXCR3 KIF21A CARD11 RGS12 NA
MYBL1 ATXN1 NAP1L1 JAK3 PTPRK CLIP3
CAPN2 RPL23A RPS3 STX12 MARCKSL1 ST3GAL6
SYNE2 SEL1L3 TMEM205 LTB IFT88 RUNX1
PDE3B ANXA2R BLK ZNF766 AXIN2 E2F5
CCR5 MPP7 OAS1 BRMS1 HMG20B STRBP
APOL3 IQGAP2 NFKBIZ DNASE2 GRAP2 OSBPL8
IFITM2 EMP3 CYBA S100A11 CD3D ACADM

SNHG16 HCP5 RPL36 NR1D2 RAG2 PLCL1
MBP NEAT1 S100A6 RPS27A CD38 KLHL3

HLA-E HLA-F MGAT4B SESN2 CEP85L TCF12
CCL4L1, CCL4L2 LRIG1 RPL18A GSAP TFDP2 LINC00486

MYO1F RPS2 FLNA SKI ZNF347 APBB1
APOBEC3G PDXK ADAM8 RPL28 CYP2U1 FHIT

ACSL5 ORC3 RPL37A BMI1 ABLIM1 CD3G
CCL4 LOC643733 BTN3A3 PRKCA RFLNB LRMP

LRRC8C ZEB2 ABCF1 SCAMP2 FRY ZBTB37
IFITM1 LOC154761 SLC9A3R1 NABP1 TCF4 RUFY3
RORA DERL1 ADGRE5 ACSL6 ITPR2 CCDC144B
GCLM TXNIP SHISA5 LDHA SF3B6 ZNF879

RASGRF2 WIPF1 RPLP2 SLCO5A1 NA MYL6B
SORL1 EMB P2RX5 CUEDC2 RFX3 PDSS1
PDE4B TSC22D3 PLEKHA1 ZBTB39 RNF24 TMEM159
TC2N KLF2 PSME1 IFIT1 FYB HTATSF1
CD74 HEG1 DDX21 PBXIP1 DGKA LOC101927027
CD27 PDE4DIP NPC1 IL11RA EGR2 IREB2

ZBTB38 KIF3B ABHD15 IFNG-AS1 SPINT2 ULK1
ADAM12 SLC25A53 LAX1 ATP2B4 CD8B ZBTB18
SP140 DTX3L RPLP0 VARS GLUL TSGA10
CASP4 FAM107B RPLP0P2 MX1 SMIM24 CAMK1D

TNFRSF25 HERC5 LSP1 UBA7 ICOS RRAGB
GABARAPL1 RPS24 RNA5-8S5 RARRES3 FDX1 GCSAM

MX2 RPS14 SNX5 ITGB7 PPP6C MDC1
IL23R PLXNC1 ANXA2 RARA TBC1D4 CHD1
MIAT IFITM3 CDK7 ZMYM1 CBFA2T3 TMCO3

RPLP1 SPEF2 ZYX BCKDHB CEP170P1, CEP170 HIPK1
RPL41 RPS21 RAB29 RPL13AP5 N4BP2 INTS8

LTK SYTL2 C5ORF22 HIST1H1C SEC23IP
F2R IRF1 PGAP1 CALN1 CD2AP

MCTP2 S1PR4 EMBP1 CCDC88A ZFX
CCR1 HOPX CBLB PHF20L1 NUP214

GIMAP6 ADHFE1 LAG3 CAMK4 WBP11
ZNF101 RPS6KA3 MTRNR2L2 BEX3 NBEA
LYAR GLIPR1 GPR65 LAIR1 USP22

IL10RA IFI44 TYROBP TIMP2 SLAMF1
SAMHD1 UROS CISH CBX5 CD109

IL2RB PARP8 RPS25 CR2 HDAC7

Supplementary
table 2.
Full list of top
differentially
expressed
genes between
stage 3 and
stage 1 human
MAIT cells
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Supplementary table 3. List of antibodies used.

Supplementary Table 3

Marker Fluorochrome Species Reactivity Clone Company
CD1a BV421 Anti-human HI149 Biolegend
CD1b FITC Anti-human SN13 Biolegend
CD1d PE-Cy7 Anti-human 51.1 Biolegend
CD3 AF700 Anti-human UCHT-1 BD Biosciences
CD4 BUV395

BUV496
Anti-mouse
Anti-human

GK1.5
SK3

BD Biosciences

CD8a BUV805 Anti-mouse
Anti-human

53-6.7
SK1

BD Biosciences

CD14 APC-Cy7 Anti-human MφP9 BD Biosciences
CD16/32 Purified 2.4G2 Produced in-house
CD19 APC-Cy7 Anti-human SJ25C1
CD24 BUV737

PE-Cy7
BV605

Anti-mouse M1/69 BD Biosciences

Biolegend
CD27 BUV737

BV785
Anti-mouse
Anti-human

LG.3A10
O323

BD Biosciences
Biolegend

CD28 FITC Anti-mouse
CD43 HG AF488 Anti-mouse 1B11 Biolegend
CD44 AF700 Anti-mouse IM7 BD Biosciences
CD103 PE-Cy7 Anti-mouse 2E7 Biolegend
CD122 PE

BV786
Anti-mouse TM-b1 BD Biosciences

CD127 PE-Cy7 Anti-mouse A7R34 Biolegend
CD138 BB515

BV605
Anti-mouse 281-2 BD Biosciences

CD150 PE-Cy7 Anti-mouse TC15-12F12.2 Biolegend
CD161 PE-Cy7

BV605
Anti-human HP-3G10 Biolegend

CD319 APC Anti-mouse 4G2 Biolegend
CCR2 AF647 Anti-mouse MC21 Mack et al, 2001 J 

Immunol.
CCR5 FITC Anti-human 2D7 BD Biosciences
CCR6 PE

APC

Anti-mouse

Anti-human

140706 

11A9

R&D Systems

BD Biosciences
CCR7 PE-Cy7 Anti-mouse

Anti-human
4B12
3D12

Biolegend
BD Biosciences

CXCR6 BV421 Anti-mouse
B220 BUV496

BV786
Anti-mouse RA3-6B2 BD Biosciences

ICOS BV711 Anti-human/mouse C398.4A Biolegend
NK1.1 PE-Cy7 Anti-mouse PK136 BD Biosciences
Ly108 BV786 Anti-mouse 13G3 BD Biosciences
HLA-A,B,C AF647 Anti-human W6/32 Biolegend
TCRb APC-Cy7 Anti-mouse H57-597 BD Biosciences
TRAV1-2 PE Anti-human 3C10 Biolegend

Transcription factors
LEF1 AF488 Anti-human/mouse C12A5 Cell Signalling Technology
TCF1 AF647 Anti-human/mouse C63D9 Cell Signalling Technology
SATB1 AF647 Anti-human/mouse 14/SATB1 BD Biosciences
RORgt APC Anti-human/mouse B2D eBioscience

BV421 Anti-mouse Q31-378 BD Biosciences
T-bet PE-Cy7 Anti-human/mouse 2B10 eBioscience



Lef1Ccr9Itm2aHivep3Cd28Gimap8ToxCd27Satb1ENSMUSG00000103216.1ENSMUSG00000102212.1ENSMUSG00000104291.1Sox4Tcf7DgkzIfi27l2aMs4a6bStmn1Dzip1LOC100862446ENSMUSG00000058542.3St3gal1SyplSrsf1Tet1ENSMUSG00000109495.1Id3Slamf6MybTacc2ENSMUSG00000104145.1ENSMUSG00000103427.1Tuba1aENSMUSG00000078965.5ENSMUSG00000076490.6Kcnn4Cd247Scd2Pip4k2aCd5Gpr174Gimap9RhohFoxp1Cd8b1Lztfl1Zfp281Il21rBaz2bTescDdit4ENSMUSG00000084817.3ENSMUSG00000116972.1Treml2ENSMUSG00000082196.3H2−T23Pecam1Mfhas1AdkStat5bCd6ENSMUSG00000084796.1Als2clENSMUSG00000102973.1St6gal1Vamp1Snapc3Ndrg3Ifngr2PtmsTankENSMUSG00000068463.4Tspan13Ano6Ttyh3Tmc8Edem1Pcmtd2Sbk1Cd2Smc4Limd2Igfbp4Tspan32CmahIft80Il6stENSMUSG00000082193.1ENSMUSG00000108609.1SellCcr7Nsg2DgkaThemisBach2Actn1ENSMUSG00000094392.1ENSMUSG00000091955.2Izumo1rNrgn

Cd4
group group

S1
S2
DN
138
319

Cd4
4

0

−2

0

2

4

Supplementary Figure 1. Full heatmap data for Figure 3c. Gene expression heatmap of single cells purified from 75 
stage 1, 34 stage 2, 81 CD138- CD319- DN stage 3, 95 CD138+ stage 3, 78 CD319+ stage 3 mouse MAIT cells. This 
heatmap is ordered by increasing Cd4 expression for contrast, grouped across developmental subsets. 
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Supplementary Figure 2. Gene ontology (GO) and KEGG pathway enrichment analysis in MAIT cell
development.
a. GO enrichment analysis and b. KEGG enrichment analysis results of pathways associated to
upregulated and downregulated DEGs in mouse MAIT cell development between stage 2 vs stage 1; and
stage 3 CD138+ or CD319+ vs stage 3 CD138-CD319- MAIT cell subsets. BP = biological process, CC =
cellular component, MF = molecular function. Values next to bars indicate number of genes implicated in
respective pathways.
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Supplementary Figure 3

Supplementary Figure 3. Trajectory analysis on sorted single cells. a. (Right) DDRtree showing the
clustering of respective MAIT cell subsets. (Left) Monocle analysis with pseudotime colour applied onto
cells as overlaid in the DDRtree: dark blue being start of trajectory through to light blue at end of
trajectory. b. Expressions of Bcl2, Cd28, Cd4, Gimap 3, 4, 6 and 8, and Lef1 as a function of pseudotime.
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Supplementary Figure 4

Supplementary Figure 4. Mean-difference (MD) profiles of differentially expressed genes (DEG) of Lef1+

stage 3 MAIT cells compared to other subsets.
a) (L) Graph depicts percentage CD4+ stage 3 MAIT cells in 2 week, 4 week and 8 week old wild-type thymus, 

generated with data obtained from Koay et. al., 2016 (6). (R) Graph depicts percentage CD4+ stage 3 MAIT 
cells in wild-type and SAP-KO thymus. 

b) MD comparison profile between stage 3 CD138-319- cells that are Lef1- versus Lef1+.
c) MD profile between stage 3 CD138-319- cells that are Lef1- versus CD138+ (top); and versus CD319+ (bottom)
stage 3 MAIT cells.
d) MD profile between stage 3 CD138-319- cells that are Lef1+ versus CD138+ (left); and versus CD319+ (right)
stage 3 MAIT cells.
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Supplementary Figure 5. Conventional TCRb+, NKT and gdT cell compartments in SAP, Satb1m1Anu/m1Anu, SKG, Cxcr6 KO
and Ccr7 KO mice.
(a) Scatter graphs depict percentages of conventional TCRb+ cells in the thymus of mice analysed in Figure 4. (b) Absolute
numbers and percentage of NKT and gdT cells of T cells in thymus and spleen of the respective mouse strains. Data are
representative of 2 independent experiments with a total of 6-9 mice per group (mean ± SEM) *P<0.1 **P<0.01 ***P<0.001,
****P<0.0001 (Mann-Whitney rank sum U test).
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Supplementary Figure 6. Abnormal Foxp3+ T-reg phenotype of mice homozygous for
the Satb1m1Anu allele.
(a) Representative Foxp3/CD25 phenotypes of CD4+ B220– splenocytes from Satb1+/+ and
Satb1m1Anu/miAnu mice, with summaries (right) showing the frequencies of CD25– Foxp3+ and CD25+

Foxp3 + cells as gated in the plots. Expression of (b) Neuropilin-1 and (c) Helios on CD4+ Foxp3+

splenocytes from Satb1+/+ (blue) and Satb1m1Anu/miAnu (red) mice, with summaries showing the
frequency of cells negative for these markers as gated in the histograms. P value symbols: ** < 0.01,
**** < 0.0001 (unpaired 2-tailed student's t test).
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Supplementary Figure 7. MAIT cell development appear to be normal in Bach2 deficient mice.
Flow cytometry analysis show detection of MAIT cells from whole and MR1-5-OP-RU tetramer enriched thymus of Bach2CD4-cre mice.
MR1-tetramer enriched MAIT cells were stained for CD24 and CD44 expression. Scatter graphs depict percentages of conventional
TCRb+ cells in the thymus, absolute numbers and percentage of MAIT, NKT and gdT cells of T cells in thymus and spleen of the
respective mouse strains. Data are representative of 2 independent experiments with a total of 6-8 mice per group (mean ± SEM)
*P<0.1 **P<0.01 ***P<0.001 (Mann-Whitney rank sum U test).
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Supplementary Figure 8: Full heatmap data for Figure 5. Gene expression heatmap of bulk (100 cells) 
purified from human thymus stage 1, stage 2, stage 3, and young blood stage 3 MAIT cells. 
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Supplementary Figure 9. DEGs between bulk splenic and thymic mature MAIT cells. 
(a) Gene expression comparison of 100-cell purified stage 3 MAIT cells from mouse spleen versus 
thymus. Colored dots indicate genes significantly up-regulated in spleen MAIT cells (red) and thymus 
MAIT cells (blue). Colored numbers represent the total number of differentially expressed genes (DEG). 
(b) Table lists the DEGs within these two subsets. 
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Supplementary Figure 10. Flow cytometry gating strategies and representative sorting purities.
a. Stepwise flow cytometry gating strategy for MR1-5-OP-RU-tetramer enriched mouse thymus from
live lymphocytes (step 1). b. Representative purity analysis from sorting mouse thymic MAIT cell
subsets. c. Stepwise flow cytometry gating strategy for TRAV1-2 enriched human thymus from live
lymphocytes (step 1). d. Representative purity analysis from sorting human thymic MAIT cell subsets.
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