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Deletion of the gene for Themis affects T cell selection in the thymus, which would be expected to affect the TCR repertoire. We found an increased proportion of cells expressing Vα3.2 (TRAV9N-3) in the peripheral CD8+ T cell population in mice with germline Themis deficiency. Analysis of the TCRα repertoire indicated it was generally reduced in diversity in the absence of Themis, whereas the diversity of sequences using the TRAV9N-3 V-region element was increased. In wild type mice, Vα3.2+ cells showed higher CD5, CD6 and CD44 expression than non-Vα3-expressing cells, and this was more marked in cells from Themis-deficient mice. This suggested a virtual memory phenotype, as well as a stronger response to self-pMHC. The Vα3.2+ cells responded more strongly to IL-15, as well as showing bystander effector capability in a Listeria infection. Thus, the unusually large population of Vα3.2+ CD8+ T cells found in the periphery of Themis-deficient mice reflects not only altered thymic selection, but also allowed identification of a subset of bystander-competent cells that are also present in wild-type mice.
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Introduction

The inability to predict the foreign antigens that an organism will encounter in its lifetime creates a need for the immune system to generate and maintain a diverse T cell receptor repertoire (1–3). T cells develop in the thymus, where they rearrange T cell receptor (TCR) α and β genes and undergo positive and negative selection to ensure that only cells expressing TCRs which give an optimum response to the self-peptide MHC (pMHC) are allowed to leave the thymus. The TCR is formed by rearrangement of V(D)J elements, such that the binding site for the peptide MHC complex is formed from 3 complementarity determining regions (CDR1, 2, and 3) (4). Different TCR Vα gene segments have preferences for binding to, and therefore being preferentially selected by, either MHC-I or MHC-II. This selection bias is dictated by their CDR1 and CDR2 sequences (5–7) and can affect the CD4+:CD8+ ratio (8). Structural analysis of TCR-pMHC complexes indicates conserved sites in TCR CDR1 and 2 of Vα and Vβ that correspond to sites on the MHC α-helices (9), which can explain these biases of selection.

After thymic selection, T cells migrate to peripheral lymphoid organs. T cell survival in the periphery requires tonic TCR signaling from self-pMHC (10, 11). This tonic signaling is also important in shaping T cell potential to mount immune responses to foreign antigens (12) and for homeostatic proliferation (1). T cells undergo lymphopenia-induced proliferation (LIP) upon transfer into lymphopenic hosts, and this process requires interactions with self-pMHC as well as signals from cytokines such as IL-7 and IL-15 (13). The probability of a particular T cell to undergo LIP correlates with its affinity for self-pMHC (10). CD5 is a negative regulator of TCR signaling, and its expression reports the strength of interaction of TCR with self-pMHC (14, 15). CD5 expression also regulates responsiveness to IL-7 in naïve T cells (16). IL-7 and IL-15 are required for homeostatic maintenance of T cells in the periphery (17, 18) and IL-7 has a role in maintenance of the TCR repertoire diversity (19).

Memory cells, marked by CD44hi expression, are formed once an infection is cleared, and provide critical protection against re-encounter with the same pathogen. Apart from antigen induced memory cells, there are also “virtual” or “innate” memory phenotype (MP) cells (20, 21), which can also be identified by CD44hi expression (22) and which require IL-15 for maintenance (23, 24). These cells were thought to develop mostly due to LIP in a foreign antigen-independent manner (25, 26). However, recent analysis of TCR repertoire of CD8+ MP cells demonstrated that TCRs expressed by MP cells are distinct from these expressed by naïve CD8+ T cells, with MP clones showing higher reactivity to self pMHC (27, 28), suggesting a unique development program of at least part of the CD8+ MP population, controlled by self-pMHC. Not all cells that undergo proliferation in response to an infection or tumor are antigen specific. Non-antigen specific bystander T cells become activated by the cytokines produced during an infection (29), such as IL-15 induced by type I interferons (30). Bystander cells display effector functions (31, 32), and play a role in protection against chronic infections in humans (33–35).

The T cell lineage-restricted protein Themis regulates the threshold between positive and negative selection of T cells in the thymus (36–40). Themis interacts with and regulates the phosphatases Shp1 (Ptpn6) and Shp2 (Ptpn11), although the precise mechanism is controversial (39, 41–43). Themis deficiency affects the metabolic response of T cells to TCR stimulation (44). Post-selection deletion of Themis reduces the homeostatic response of peripheral CD8+ T cells to self-pMHC (45). Themis deficiency is predicted to alter TCR repertoire but altered TCR repertoire in Themis KO mice and its functional consequences have not yet been described. Here were report comparison of TCR repertoires of Themis KO and WT mice, and the discovery of an unusual virtual memory and bystander-competent CD8+ subpopulation bearing Vα3.2 TCR.



Materials and Methods


Mice

Themis–/–Foxp3-GFP, derived from B6.129S-Themistm1Gasc (36) crossed to B6.Cg-Foxp3tm2Tch/J (46), Themis+/+Foxp3-GFP (B6.Cg-Foxp3tm2Tch/J), Themisf/f.CD4-Cre– and Themisf/f.CD4-Cre+, Themisf/f.dLck-Cre– and Themisf/f.dLck-Cre+ (45), Rag1–/– and CD45.1 mice on C57BL/6 background were bred in our restricted flora (RF) facilities at Comparative Medicine, NUS. Mice were treated under Institutional Animal Care and Use Committee-approved guidelines in accordance with approved protocols.



Flow Cytometry

Mice were euthanized and dissected. Peripheral (p)LN (pooled cervical, axillary, brachial, and inguinal LN) were excised and mashed upon a 70 μm cell strainer into 5 ml cRPMI. For cell surface staining, cells were spun at 1200 rpm at 4°C for 5 minutes and the resulting cell pellets were resuspended in 100 μl PBS with 0.5% BSA (FWB: FACS wash buffer), containing the fluorophore-conjugated antibodies’ dilutions (1:300) for the cell surface antigens and incubated on ice for 30 minutes in the dark. Cells were then centrifuged at 1200 rpm at 4°C for 5 minutes and resuspended in 300 μl of FWB for flow cytometry analysis. For biotinylated antibodies, staining with the antibody was followed by staining with 100 μl FWB containing BUV 395 labeled-streptavidin (BD Biosciences, New Jersey, USA) at 1:500 dilution for 30 minutes on ice. Cells were then centrifuged at 1200 rpm at 4°C for 5 minutes and resuspended in 300 μl of FWB for flow cytometry analysis.

For intracellular staining, the cells from the previous step were resuspended in 0.2 ml IC fixation buffer (eBiosciences, California, USA) while being vortexed, followed by an incubation at room temperature for 20 minutes. The cells were then washed twice with 2 ml 1X permeabilization buffer (eBiosciences, California, USA), resuspended in 100 μl FWB containing the fluorophore-conjugated antibodies’ dilutions (1:250) for the intracellular antigens and incubated at room temperature for 30 minutes. The cells were then washed once with 2 ml 1X permeabilization buffer and then with 2 ml FWB. The cells were then resuspended in 300 μl FWB for analysis on a flow cytometer. 25 μl Count Bright beads (Life Technologies, California, USA) were added to each sample for cell count analysis. Cells were analyzed on BD LSR Fortessa X-20 flow cytometer (BD Biosciences, New Jersey, USA). Flow cytometry data were analyzed using FlowJo software (Treestar, California, USA). All antibodies used for flow cytometry purposes are described in Table 1.


Table 1 | Antibodies used for flow cytometry.





Ki67 Staining

Cell pellets were washed twice with FWB for 5 minutes at 350g. The resulting cell pellet was vortexed after discarding the supernatant. 3 ml ice-cold ethanol was added to the cell pellet drop by drop while vortexing. Cells were votexed for another 30 seconds and then incubated at -20°C for an hour. The cells were then washed thrice with FWB. The resulting cells were then stained with Ki67 (BioLegend, California, USA) antibody at 1:1000 dilution and other cell surface antigens for 30 minutes at room temperature. The cells were then washed with 2 ml FWB and analyzed on a flow cytometer.



Cell Sorting

Mice were euthanized and dissected. Lymph nodes were excised and pooled together from several mice of the same genotype to prepare the samples for sorting. These were then mashed upon a 70 μm cell strainer into 5 ml cRPMI. The resulting cell suspensions were then spun down at 1200 rpm for 5 minutes at 4°C. The resulting cell pellet was surface stained by resuspending in 0.5 ml cRPMI per mouse containing fluorescently-conjugated antibodies at 1:500 dilution, followed by incubation at 4°C for 30 minutes on a shaker. They were then washed with cRPMI and then resuspended in 0.5 ml cRPMI per mouse for sorting. The cells were sorted on either Sy2000 (Sony Corporation, Tokyo, Japan) or Facsfusion (BD Biosciences, New Jersey, USA).



TCR Sequencing and Repertoire Analysis

For the synthesis of the NGS libraries covering entire TCR repertoires, the total RNA was isolated from similar number of sorted SP CD8 thymocytes and peripheral CD8 T cells. The Vα3.2 TCR repertoires were retrieved from sorted Vα3.2+ CD8 SP thymocytes and Vα3.2+ CD8 peripheral T cells. The reverse transcriptase reaction was performed according to the previously published protocol (47) with template switching primers TAAGAGACAGCAACTACTACTGCrGrGrG (where r indicates ribonucleotide). Two rounds of amplification of the TCR’s cDNAs were performed using Q5® High-Fidelity DNA Polymerase (NEB, Massachusetts, USA) according to the manufacture instruction, with primers: tcgtcggcagcgtcagatgtgtataagagacagcaactactACTGC, GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGggtacacagcaggttctgg (first round), and CAAGCAGAAGACGGCATACGAGAT[i7]GTCTCGTGGGCTCGG AATGATACGGCGACCACCGAGATCTACAC[i5]TCGTCGGCAGCGTC where i7 and i5 represent Illumina Nextera V2 indexes (Illumina, California, USA). Libraries were purified using AMPure XP (Beckman Coulter, California, USA), and molar concentration of amplicons was quantified using Qubit DNA Assay (Thermo Fisher, Massachusetts, USA) and KAPA Library Quantification Kit (Kapa Biosystems, Massachusetts, USA). Sequencing of the TCR’s amplicons was performed on MiSeq platform using MiSeq Reagent Kits v2 (Illumina, California, USA).

Extraction of the sequences corresponding to the TCRs was performed using MiXCR platform (48). Further processing of data was done using VDJTools software (49) and Weblogo3 (50).



CTV Labeling

Sorted CD8+CD44lo cells were labeled with Cell Trace Violet (Life Technologies, California, USA). Cells were spun down and resuspended in PBS at a concentration of 2x106/ml. Cell Trace Violet was then added to the cell suspension at the concentration of 5 μM. Cells were vortexed immediately and incubated at 37°C for 10 minutes while vortexing every 5 minutes. After the incubation, media was added to quench the reaction at 5 times the original staining volume and further incubated for 5 minutes at 37°C. The cells were then spun down at 500 g for 5 minutes at 4°C. The cells were then used for the subsequent experiments.



Cytokine Stimulation

After CTV labeling, live cells were counted and adjusted to the concentration of 1*106/ml. 100 μl of the cell suspension was seeded into a 96 well plate. For IL-15 stimulation, 100 μL of media with recombinant mouse IL-15 (Peprotech, New Jersey, USA) at the concentration of 2 μg/ml was added to the cells. The cells were incubated at 37°C for 5 days and then analyzed for proliferation by the CTV dilution on a flow cytometer. For IL-7/12/18 (Peprotech, New Jersey, USA) stimulation, 100 μl media with either IL-7 or a combination of either IL-7 and IL-12 or IL-7 and IL-18 (all at 100ng/ml) was added to the cells. The cells were incubated at 37°C for 7 days and then analyzed for proliferation by the CTV dilution on a flow cytometer.



Lymphopenia Induced Proliferation Assay

After CTV labeling, live cells were counted and adjusted to the concentration of 2.5*106/ml. CD45.1 recipient mice were sublethally irradiated at 6 Gy. 0.2 ml cell suspension was injected retro-orbitally (intravenous i.v.) into either Rag1–/– or the sublethally irradiated CD45.1 mice. 5 recipient mice were injected per donor genotype and un-injected mice were used as controls. After one week, lymph nodes and spleens were excised from the CD45.1 mice or Rag1–/– mice after euthanizing them. The single cell suspensions from lymph nodes and spleens were stained for the congenic markers CD45.1, CD45.2 to distinguish donor and recipient cells. The proliferation of the donor cells was analyzed based upon CTV dilution as determined using a flow cytometer.



LM-OVA Infection

Themis–/– and Themis+/+ mice were infected with 104 colony-forming units of LM-OVA (51) via retro-orbital intravenous injection. The mice were euthanized at either day 4 or day 7 to analyze the bystander cells. Tetramer staining was done to gate out the antigen-specific cells. To assess their bystander activation, splenocytes were stimulated with IL-12 + IL-18 (Peprotech, New Jersey, USA) (100 ng/ml) for 6 hours in the presence of Brefeldin A (BD Biosciences, New Jersey, USA) at 1:500 dilution and stained for IFNγ via intracellular staining protocol mentioned above.



Tetramer Preparation

3.18 μl of PE labeled Streptavidin (1 mg/ml) (Life Technologies, California, USA) was added every 10 minutes for a total of 10 times to 10 μl of 2 mg/ml biotinylated H-2 Kb-OVA monomers in the dark. The tetramer was then used at 1:50 dilution for cell surface staining.



Statistical Analysis

Prism (GraphPad Software, California, USA) and Excel (Microsoft Corporation, Washington, USA) were used for all statistical analysis and graphical representations. Normality of data was tested using Shapiro-Wilk test. All data sets were found to pass the normality test. Data are presented as means ± s.d., and we determined significance by two-sided Student’s t test. We considered a p-value of equal to or less than 0.05 as statistically significant.




Results


Biased TCR Expression in Themis–/– Mice

Because Themis regulates thymocyte selection thresholds (39, 42), we predicted that Themis germline deletion would lead to changes in TCR repertoire. T cells from peripheral lymphoid organs (lymph nodes) were analyzed for any TCR bias resulting from Themis deficiency. The total lymphocyte pool was stained with specific TCR anti-Vα and -Vβ antibodies to analyze the TCR repertoire in Themis–/– and Themis+/+ mice. The biggest difference was in the proportion of Vα3.2+ CD8+ T cells (Figure 1A). Within the TCR Vα3 (TRAV9) family, Vα3.2 is found approximately two-fold more frequently in CD8+ cells than in CD4+ cells, whereas the other members are more frequently found in CD4+ cells (5, 7). The antibody RR3-16 was previously shown to recognize Vα3.2 rather than other Vα3 elements, recognizing Vα3 CDR1s with a phenylalanine at position 28 (5). This is only found in TRAV9N-3, not other TRAV9 family members [IMGT nomenclature and numbering (52)]. Thus the anti-Vα3.2 antibody RR3-16 identifies only T cells bearing a TRAV9N-3 TCR α-chain. Themis–/– mice had roughly three times higher proportion of Vα3.2+ CD8+ T cells compared to Themis+/+ mice (Figure 1A). Although there is an increase in their percentage in Themis–/– mice, the total Vα3.2+ CD8+ T cell counts were the same in Themis–/– and Themis+/+ mice (Figure 1B), despite the lymphopenia observed in Themis–/– mice (36–38). We also observed an increase in the proportion of Vβ5+ CD8+ T cells in Themis–/– mice as compared to Themis+/+ mice (Figure 1A). Based on this result, we predicted an increase in the proportion of CD8+ T cells expressing both Vα3.2 and Vβ5.1/5.2. Indeed, the percentage of these double positive cells was approximately three times higher in Themis–/– mice compared to Themis+/+ mice (Figure 1C). We did not observe differences in frequency of other TCR chains investigated, except a decrease in the proportion of Vα2+ CD4+ cells in Themis–/– mice relative to Themis+/+ mice (Supplementary Figure 1).




Figure 1 | Changes in TCR repertoire of Themis–/– mice. (A) Proportion of various TCR α and β chains on CD8+ T cells in the periphery of Themis–/– (red) and Themis+/+ (blue) mice. (B) Absolute numbers of Vα3.2+ CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. (C) Proportion of Vα3.2+ Vβ5.1/5.2+ double-expressor CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. (D) Proportion of Vα3.2+ CD8+ SP T cells in the thymus of Themis–/– and Themis+/+ mice. (E) Proportion of Ki67+ cells amongst Vα3.2+ and non-Vα3.2+ CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. (F) Proportion of Vα3.2+ CD8+ T cells in the periphery of Themisf/f.CD4-Cre- and Themisf/f.CD4-Cre+ mice. (G) Proportion of Vα3.2+ CD8+ T cells in the periphery of Themisf/f.dLck-Cre- and Themisf/f.dLck-Cre+ mice. (H) Proportion of Vα3.2+ TCR on CD4+ T cells in the periphery of Themis–/– and Themis+/+ mice. (I) Proportion of Vα3.2+ TCR on CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. Data representative from three independent experiments with 4-5 biological replicates per genotype per experiment. **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-sided Student’s t-test. All error bars represent SDs.



To find out whether these changes in proportions of Vα3.2+ CD8+ T cells in Themis–/– mice originate in the thymus, we analyzed the cell surface expression of Vα3.2 in CD8 SP thymocytes. The increase in the proportion of Vα3.2+ CD8+ T cells was only observed in the periphery of Themis–/– mice, and not in the thymus (Figure 1D). We hypothesized that the increase of Vα3.2+ CD8+ T cells reflected their increased homeostatic expansion in the periphery. We analyzed expression of the proliferation marker Ki67 to estimate homeostatic proliferation of CD8+ T cells in the periphery. We found that a higher proportion of Vα3.2+ CD8+ T cells from Themis–/– mice express Ki67, compared to Vα3.2– CD8+ T cells from Themis–/– mice or Vα3.2+ or Vα3.2– CD8+ T cells from Themis+/+ mice (Figure 1E). This suggests increased proliferation of Themis–/– Vα3.2+ CD8+ T cells in response to self-pMHC in the periphery.

Although the increase in proportion of Vα3.2+ CD8+ T cells was apparent only in the periphery of Themis–/– mice, we could not rule out that this phenotype is due to altered thymic selection in the absence of Themis. To investigate this, we used pre-selection (CD4-Cre) and post-selection (dLck-Cre) Themis conditional knockout mice (45). We found that only the pre-selection CD4-Cre based Themis deletion model showed increase in the proportion of Vα3.2+ CD8+ T cells in the periphery, relative to CD4-Cre– mice (Figure 1F), whereas the post-selection dLck-Cre deletion model had no changes relative to dLck-Cre– mice (Figure 1G). This shows that the phenomenon of increased proportion of Vα3.2+ CD8+ T cells has thymic origins and requires deletion of Themis before thymic selection.

As expected from previous studies (5–7), this TCR is more likely to be MHC-I restricted, as the prevalence of Vα3.2+ TCR is much higher in CD8+ T cells than CD4+ T cells in both Themis-sufficient and -deficient mice (Figures 1H, I).



Themis Deficiency Alters the Repertoire of Vα3.2+ CD8+ T Cells

To more precisely define the development of the TCR Vα3.2+ compartment in the absence of Themis, we analyzed Vα3.2 (i.e. TRAV9N-3) repertoires from SP CD8αβ+ thymocytes and CD8αβ+ lymph node T cells that developed in the Themis–/– and Themis+/+ mice. After the reconstruction of TCR sequences from raw NextGen sequence datasets, we were able to identify 437 and 599 different clonotypes originating from Themis+/+ and Themis–/– SP thymocytes, respectively (Figure 2A). The peripheral pools of TCRs in our database comprised 1751 unique clonotypes from the Themis+/+ and 2094 from the Themis–/– mice. Comparison of the SP thymocytes revealed 70 public TCRs that account for 7.2% shared repertoire between these two genotypes (Figure 2A, left). In peripheral T cells, the number of public clonotypes rose to 473, giving 12.3% of the common component (Figure 2A, right). As this estimate does not consider the abundance of the individual receptor in a given repertoire, results can be biased by a large number of singletons in the datasets. However, the calculation of the similarities between Themis+/+ and Themis–/– repertoires confirmed these observed trends (Figure 2B). Indeed, thymocyte-derived datasets were placed at a significant mathematical distance from each other (Themis+/+ and Themis–/– thymocytes). In the periphery (Themis+/+ and Themis–/– LN), these differences dwindled. A plausible explanation of this observed phenomenon is that analysis of the thymic repertoire is restricted to the single wave of the SP thymocytes passing through at that time. In contrast, the datasets from the lymphocytes depict a more prolonged process, which includes clonal or homeostatic proliferation together with accumulation of clones over time.




Figure 2 | TCR sequencing analysis of the CD8 compartment from Themis+/+ and Themis–/–mice. (A) The Venn diagram depicts distribution of the individual TCR Vα3.2+ clonotypes within SP CD8+ thymocytes (left) and CD8+ lymphocytes (right) in Themis+/+ and Themis–/– mice. n indicates total number of detected clonotypes. (B) Dendrogram and non-metric multidimensional scaling (mds1 and mds2) ordination plot of Themis+/+ and Themis–/– TCR Vα3.2+ repertoire similarity. (C) Heatmap represents abundance of the individual TCR Vα3.2+ clonotypes in the SP thymocytes and lymphocytes in Themis+/+ and Themis–/– mice. (D) The repertoire diversity within thymocytes and peripheral T cell subsets. Upper graph. Diversity was calculated in the context of the entire TCRα repertoires. Lower panel analysis was restricted to the TCR Vα3.2+ (TRAV9N-3) compartment. Rarefaction curves were plotted based on a multinomial model (53) and extrapolated to the largest sample. (E) In silico spectratyping of the CDR3 region of the TCR Vα3.2+ compartments. CD8+ T cell populations and genotype are indicated on the top of each graph. TCR convergence estimated in the 50 most dominant clones with (F) non Vα3.2 and (G) Vα3.2+ TCRs representing 39 or 42 bp CDR3 lengths, respectively. TCR compartment, population and genotypes are indicated on the graphs. In all figures, data for each genotype were pooled from two individual experiments. Data were considered statistically significant when *p < 0.05, **p < 0.01, ***p < 0.001 as determined by for two-sided Student’s t-test with Welch’s correction.



Analysis of the individual clones’ distribution indeed revealed more similarities between the T cells’ repertoires in the lymph node environment (Figure 2C). Importantly, many of the unique TCRs found in the Themis+/+ and Themis–/– SP thymocytes acquire a public character in the peripheral lymphatic organs (Figure 2C). All these data collectively indicate that Vα3.2+ CD8+ T cell accumulation is a primary mechanism orchestrating peripheral repertoire development, and exclude Themis-dependent clonal deletion during the thymocytes’ progression. Themis deficiency affects the CD8+ compartment in both quantitative and qualitative ways (Figure 2D). Decrease of the total number of SP thymocytes and peripheral T cells in the Themis–/– model is accompanied by a substantial drop in TCR repertoire diversity within the CD8+ subsets when compared to the Themis+/+ counterpart (Figure 2D, upper panel). Paradoxically, these relationships were inverted when we analyzed only the TCR Vα3.2+ compartments. In other words, the Vα3.2 repertoire was more diverse in Themis-deficient LN CD8+ cells than Themis-sufficient LN CD8+ cells. These were both more diverse than the SP thymocytes Vα3.2 repertoire, but even there, the Themis-deficient cells had more diversity than Themis-sufficient cells (Figure 2D, lower panel). Peripheral expansion of individual T cells results in an overall decrease of TCR repertoire diversity in the LN (Figure 2D, upper panel).

As individual clonotypes proliferate, the expansion process reduces the proportion of different DNA sequences for a given amino acid sequence. We term this “TCR convergence”. Thus, to test whether the Vα3.2 clonal enrichment observed in the periphery was due to accumulation of different clones rather than to clonal expansion, we analyzed TCR convergence from thymus and lymph node-derived repertoires. Because all the repertoires were dominated by clones with 39 and 42 base pair-long CDR3s (Figure 2E), we restricted this estimation to the 50 most dominant clones representing a given CDR3 length. In the non-Vα3.2+ TCR repertoire from Themis+/+, convergence of individual TCRs was not significantly altered between thymus and LN (Figure 2F, left panel). In the same fractions of the CD8+ repertoire from Themis–/– mice, LN-derived TCR clonotypes had a reduced number of different DNA sequences in comparison to clonotypes associated with thymocytes (Figure 2F, right panel). This is likely due to LIP in the Themis-deficient mice. When we estimated TCR convergence in the Vα3.2+ T cell fraction, the result was strikingly different. Regardless of mouse genotype, the number of DNA sequences coding individual CDR3s increased in the peripheral repertoire (Figure 2G). These data strongly support the notion that the accumulation of Vα3.2+ T cells accounts for the repertoire enrichment in the periphery. Hence, we hypothesize that this phenomenon might be associated with better survival of the CD8+ Vα3.2+ clones, perhaps because of unique features of this TCR.



Vα3.2+ CD8+ T Cells Have Higher Expression of CD5, CD6, and CD44 Than Non-Vα3.2+ CD8+ T Cells

After finding that Themis deficiency induces an increase in the proportion of Vα3.2+ CD8+ T cells, we phenotyped these cells to try to understand their unique developmental and functional characteristics. Since the data from Ki67 staining indicated stronger proliferative responses to self-pMHC, we analyzed these cells for CD5 expression, a negative regulator of signaling that reports the strength of the interaction of TCR with self-pMHC (12, 14, 15). Another negative regulator of TCR signaling is CD6, a protein related to CD5. Although CD6 has not been shown to be directly involved in maintenance of homeostasis, CD6–/– mice show a very similar phenotype to CD5–/– mice, suggesting a similar function (54, 55). We therefore tested if CD6 can report signal from self-pMHC. Our data show that CD6 expression is correlated with that of CD5 within each of the thymocyte and lymphocyte populations analyzed, indicating that expression of CD6 and CD5 are regulated by a similar mechanism (Supplementary Figure 2A). Moreover, we found that reduction in signal from self pMHC through transfer of MHC class I-restricted OT-I CD8+ T cells into β2m deficient recipients resulted in decreased CD6 expression (Supplementary Figure 2B) in addition to the previously reported decrease in CD5 expression (56). These data strongly indicate that CD6 surface expression directly reports signal strength from self pMHC. CD44 is a memory and activation phenotypic marker (57), but has also been shown to correlate with CD5 expression (58–60). Thus, lymphocytes from Themis+/+ and Themis–/– mice were stained with CD5, CD6 and CD44-specific antibodies and analyzed by flow cytometry. Since Themis–/– mice have a higher proportion of CD44hi cells due to lymphopenia (36–38), we gated on CD44lo cells for our analysis of CD5, CD6 and CD44 expression (Supplementary Figure 2C). We observed that Vα3.2+ cells express more CD5 and CD6 than non Vα3.2-expressing cells in both Themis+/+ and Themis–/– mice, but the ratio of CD5 and CD6 expression between Vα3.2+ cells and non-Vα3.2 cells was even higher in Themis–/– mice (Figures 3A, B). We observed even more contrasting differences in expression of CD5 and CD6 between Vα3.2+ and non Vα3.2-expressing CD8 SP thymocytes (Figures 3C, D). These results suggest that Vα3.2+ cells receive stronger signal from self pMHC during development in the thymus, corroborating the findings from the conditional Themis deletion models, where the increased proportion of Vα3.2-expressing cells occurred if knockout happened before selection (CD4-Cre), but not if it occurred after selection (dLck-Cre) (Figures 1F, H). These cells also express more CD44 in the periphery (Figure 3E), indicating a virtual memory phenotype.




Figure 3 | Phenotypic profile of Vα3.2+ CD8+ T cells in Themis–/– and Themis+/+ mice. (A) CD5 expression on Vα3.2+ and non-Vα3.2+ CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. (B) CD6 expression on Vα3.2+ and non-Vα3.2+ CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. (C) CD5 expression on Vα3.2+ and non-Vα3.2+ CD8+ SP thymocytes from Themis–/– and Themis+/+ mice. (D) CD6 expression on Vα3.2+ and non-Vα3.2+ CD8+ SP thymocytes from Themis–/– and Themis+/+ mice. (E) CD44 expression on Vα3.2+ and non-Vα3.2+ CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. (F) Representative FACS plots for CD44 vs CD49d staining in CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. (G) Bar plots showing summary of proportion of CD44hiCD49dlo cells in CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. (H) Histogram of CD122 and CD218 staining in CD44hiCD49dlo vs CD44lo populations of Vα3.2+ and non-Vα3.2+ CD8+ T cells in the periphery of Themis–/– and Themis+/+ mice. Data are representative of three independent experiments with 4-5 biological replicates per genotype per experiment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-sided Student’s t-test. All error bars represent SDs.



As virtual memory phenotype cells have been classically defined as CD44hiCD49dlo (24), we wanted to check whether this population would be over-represented in the Vα3.2+ cells. We observed that Vα3.2+ CD8+ T cells had a higher proportion of CD44hiCD49dlo cells than non Vα3.2-expressing cells in both Themis+/+ and Themis–/– mice (Figures 3F, G). This difference was much more enhanced in Themis–/– mice, where almost 40% of the Vα3.2+ cells were CD44hiCD49dlo as compared to only 20% of the non Vα3.2-expressing cells (Figures 3F, G). Since virtual memory cells have been shown to be dependent on cytokine signaling for survival (24), we looked at the expression of CD122 (common gamma chain receptor for IL-2 and IL-15) and CD218 (IL-18 receptor). We observed that only the CD44hiCD49dlo population expressed these markers (Figure 3H). Since a higher proportion of Vα3.2+ CD8+ T cells were CD44hiCD49dlo, and the CD44hiCD49dlo cells express CD122 and CD218, this confirms the preferentially virtual memory phenotype of the Vα3.2+ CD8+ T cells.



CDR3 of Vα3.2 TCRs Exhibit Unique Physical Features

The unique behavior of the TCR Vα3.2 (TRAV9N-3) repertoire and the phenotype of the Vα3.2-expressing cells raised the possibility of TCR-driven mechanisms orchestrating the function and peripheral molding of this CD8+ T cell compartment. The physical features of Vα segments, in particular CDR1 and CDR2, determine interactions with the α-helices of the MHC-I (5, 7, 9). At the same time, the increased amount of surface CD5 and CD6 in TCR Vα3.2+ CD8+ cells suggests enhanced interaction of these cells with self-pMHC-I. Hence, CDR3 might be involved in increased self-ligand recognition by the Vα3.2-carrying T cells (61, 62).

To shed more light on this issue, we looked more closely into the peptide sequences representing CDR3 regions. Besides TRAV9N-3 (Vα3.2), we selected TCRs that use TRAV14 (Vα2), TRAV6 (Vα4), and TRAV12 (Vα8) as a representative fraction of the lymph node- and thymus-derived CD8+ TCRα repertoire (Figure 4A, Supplementary Figure 3A). We restricted datasets to those TCRs with 14 amino acid-long CDR3 as these were most abundant across the investigated repertoires (Figure 2E). Interestingly, CDR3 sequences in Vα3.2 (TRAV9N-3) TCRs showed a distinctive physical makeup (Figure 4B). Estimated overall hydropathicity revealed that the CDR3s of the Vα3.2 TCRs were much more hydrophobic than those found in the other investigated repertoires. These trends were observed in both thymus and LN-derived sequences, but the differences were much stronger in the peripheral repertoires (Figure 4B upper panel). Similarly, CDR3s associated with Vα3.2 were more positively charged than their counterparts from non-Vα3.2 TCRs (Figure 4B lower panel).




Figure 4 | Unique physical features of CDR3 of Vα3.2+ CD8+ T cells. (A) Vα and Jα segment usage in the peripheral CD8+ TCRα repertoire. TRAV12, TRAV6, and TRAV14 segments are highlighted: lavender, plum, and green, respectively. (B) Hydrophobicity (upper panel) and charge (lower panel) of the CDR3 regions from Vα3.2 (TRAV9N-3) and a representative fraction of non-Vα3.2 receptors. Each Vα-associated group is represented by the 100 most dominant clonotypes from 14 amino acid-long CDR3 compartment. (C) Distribution of the amino acids within CDR3 regions. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-sided Student’s t-test with Welch’s correction.



To determine the source of these unique characteristics, we analyzed the distribution of amino acids within the CDR3s. In the Vα3.2+ TCRs, the fifth position was more frequently occupied by hydrophobic amino acids (Figure 4C). Methionine in this position was restricted to Vα3.2 TCRs, accounting for around 30% of the entire pool of clonotypes within the TRAV9N-3 repertoire. Isoleucine and leucine in the fifth position were not specific to Vα3.2 CDR3s, but they were much more abundant in the Vα3.2 CDR3 pool, together representing another 30% of the TRAV9N-3 repertoire. In contrast, negatively charged residues glutamic acid and, much more abundantly, aspartic acid, were frequent in the fifth position in the non-Vα3.2 TCRs (Supplementary Figure 3B). Finally, to test whether these observations were restricted to the investigated fraction of the repertoires, we analyzed the overall hydropathicity and charge of CDR3s (datasets were not restricted to the particular CDR3 length) from Vα3.2 and the entire non-Vα3.2+ TCR pool. Again, CDR3 from Vα3.2 showed a more hydrophobic and more positively charged repertoire (Supplementary Figure 3C).



Themis–/– Vα3.2+ Cells Respond Better to Pro-Inflammatory Cytokine Stimulation

Increased CD5, CD6, and CD44 surface expression suggested self-reactivity and better survival of Vα3.2+ CD8+ T cells in the periphery. Previous studies have reported that CD5hi cells are hyperresponsive to in vitro stimulation with IL-7, and that proliferative responses to IL-7 by CD5hi cells were increased upon addition of pro-inflammatory cytokines such as IL-12 and IL-18 (16, 63, 64). Therefore, we hypothesized that Vα3.2+ CD8+ T cells would be more responsive to cytokine signaling than non-Vα3.2+ CD8+ T cells, specially for Themis-deficient CD8+ T cells. To test this hypothesis, we sorted naïve CD8+ T cells from Themis–/– and Themis+/+ mice and stimulated them in vitro in an antigen-independent manner with IL-7+IL-12, or IL-7+IL-18. Vα3.2+ CD8+ T cells proliferated better than non-Vα3.2+ CD8+ T cells, in response to IL-7+IL-18 stimulation. This difference between the two populations was stronger for Themis-deficient CD8+ T cells (Figures 5A–C). In response to IL-7+IL-12 stimulation, Themis–/– CD8+ T cells showed reduced proliferation in comparison to Themis+/+ CD8+ T cells. However, we observed significantly higher proliferation of Themis–/– but not Themis+/+ Vα3.2+ cells compared to non-Vα3.2+ cells (Figures 5D–F). These results indicate that Themis–/– Vα3.2+ CD8+ T cells respond more strongly to cytokines as compared to Themis–/– Vα3.2- CD8+ T cells, resulting in enhanced homeostatic proliferation.




Figure 5 | Responses of Vα3.2+ CD8+ T cells to pro-inflammatory cytokine stimulation in vitro. (A) Proliferation of Vα3.2+ and non-Vα3.2+ naïve CD8 T cells from Themis–/– and Themis+/+ mice in response to IL-7 + IL-18 stimulation. (B) Histogram summary of the proliferative responses to IL-17 + IL-18 stimulation. (C) Ratio of % proliferating Vα3.2+ and non-Vα3.2+ CD8+ T cells upon IL-7 + IL-18 stimulation. (D) Proliferation of Vα3.2+ and non-Vα3.2+ naïve CD8+ T cells from Themis–/– and Themis+/+ mice in response to IL-7 + IL-12 stimulation. (E) Histogram summary of the proliferative responses to IL-7 + IL-12 stimulation. (F) Ratio of % proliferating Vα3.2+ and non-Vα3.2+ CD8+ T cells upon IL-7 + IL-12 stimulation. Data representative from three independent experiments with 4-5 biological replicates per genotype per experiment. nsnot significant, ***p < 0.001, ****p < 0.0001 as determined by two-sided Student’s t-test. All error bars represent SDs.





Themis–/– Vα3.2+ CD8+ T Cells Undergo Enhanced LIP Compared to Themis–/– Non-Vα3.2+ CD8+ T Cells

To investigate the peripheral increase of Vα3.2+ CD8+ T cells and their LIP potential, we injected sorted naïve CD8+ (CD44lo) T cells from Themis–/– and Themis+/+ mice (CD45.2) into sublethally irradiated CD45.1 recipients. After a week, the recipients were euthanized and lymph nodes and spleens were analyzed. Overall, Themis+/+ CD8+ T cells showed enhanced LIP compared to Themis–/– CD8+ T cells (Figure 6), but in Themis–/– mice, the Vα3.2+ cells were slightly more proliferative than the non-Vα3.2+ cells. These results suggest better survival of Vα3.2+ cells in a lymphopenic environment, and explain the increase in the proportion of Vα3.2+ cells observed in the periphery of Themis–/– mice. We did not see any differences in LIP between Vα3.2+ and non-Vα3.2+ CD8+ T cells injected into Rag1–/– hosts (Supplementary Figure 4), possibly because proliferation in Rag1–/– mice is in response to the gut microbiome rather than the lymphopenia itself (65).




Figure 6 | Proliferative responses of Vα3.2+ CD8+ T cells in lymphopenic hosts. Proliferation of Vα3.2+ and non-Vα3.2+ naïve CD8+ T cells from Themis–/– and Themis+/+ mice in (A) lymph nodes and (D) spleen of sublethally irradiated CD45.1hosts. Histogram summary of the proliferation responses in (B) lymph nodes and (E) spleen of sublethally irradiated CD45.1 hosts. Proportion of Vα3.2+ and non-Vα3.2+ CD8+ T cells from Themis–/– and Themis+/+ mice that had more than two divisions in (C) lymph nodes and (F) spleen of sublethally irradiated CD45.1 hosts. Data are representative from three independent experiments with 4-5 biological replicates per genotype per experiment. nsnot significant, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-sided Student’s t-test. All error bars represent SDs.





Functional Relevance of Vα3.2+ CD8+ T Cells

The virtual memory phenotype (CD44hi) Vα3.2+ cells also suggested better responses to IL-15 stimulation, as IL-15 is required for maintenance of the memory pool (66). Thus, we tested the response of naïve CD8+ T cells from Themis–/– and Themis+/+ mice to IL-15. In response to IL-15 stimulation in vitro, Vα3.2+ CD8+ T cells proliferated more than non-Vα3.2+ CD8+ T cells (Figures 7A, B), leading to an increase in the proportion of Vα3.2+ cells. This increase in proportion was enhanced and much more obvious in Themis–/– cells compared to Themis+/+ cells (Figure 7C).




Figure 7 | Bystander potential of Vα3.2+ CD8+ T cells. (A) Proliferation of Vα3.2+ and Vα3.2- naïve CD8+ T cells from Themis–/– and Themis+/+ mice in response to IL-15 stimulation. (B) Histogram summary of the proliferative responses to IL-15 stimulation. (C) Proportion of Vα3.2+ and non-Vα3.2+ CD8 T cells upon IL-15 stimulation. (D) Proportions of Vα3.2+ T cells in the bystander (CD8+ Tetramerneg CD44hi NKG2D+) and control (CD8+ Tetramerneg CD44lo) population on day 4 of LM-OVA infection in uninfected and infected Themis–/– and Themis+/+ mice. Data are representative from three independent experiments with 3-4 biological replicates per genotype per experiment. nsnot significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-sided Student’s t-test. All error bars represent SDs.



Increased response to IL-15 stimulation indicates the potential of Vα3.2+ CD8+ T cells to be bystander cells. These help antigen specific cells during an infection, by becoming activated in a non-antigen specific manner by cytokines produced in the local milieu and performing effector functions to help clear the infection (67). To investigate the bystander potential in an infection model, we infected Themis–/– and Themis+/+ mice with a genetically engineered strain of Listeria monocytogenes which expresses ovalbumin (LM-OVA) (51) and sacrificed them at day 4 to preclude antigen specific responses (68). We confirmed the absence of CD8+ T cells specific for OVA-derived SIINFEKL peptide at day 4 using tetramer staining; whereas SIINFEKL-specific CD8+ T cells were abundant on day 7 post infection (Supplementary Figure 5A). Bystander cells were defined as CD8+ Tetramerneg CD44hi NKG2D+ (Supplementary Figures 5B, C) (68). We analyzed the proportion of Vα3.2+ cells in this population, and compared with the proportion of Vα3.2+ cells in the CD8+ Tetramerneg CD44lo population as a control. We observed a higher proportion of Vα3.2+ cells in the bystander population compared to the control (Figure 7D). This effect was observed in Themis-sufficient and –deficient mice, but the magnitude was bigger in Themis–/– mice, possibly due to their higher proportion of Vα3.2+ cells and a higher proportion of CD44hi cells. We identified some CD8+ Tetramerneg CD44hi NKG2D+ bystander phenotype cells in uninfected mice, but this population was clearly increased upon infection. To test the bystander potential of the CD8+ Tetramerneg CD44hi NKG2D+ cells from the infected and uninfected mice, we measured cytokine production in a non antigen-dependent manner, after IL-12+IL-18 stimulation for 6 hours (68, 69). Only bystander cells from mice infected with LM-OVA were able to produce IFN-γ, showing that the bystander effect was real and induced by infection (Supplementary Figure 5D). However, we did not observe any statistically significant differences between Vα3.2+ cells and non-Vα3.2+ cells in cytokine production.




Discussion

The processes of negative and positive selection that shape the TCR repertoire occur in the thymus. Themis has been shown to be involved in these processes (36–39). Thus, we hypothesized that the TCR repertoire of Themis–/– mice might be different than that of Themis+/+ mice. Our results show that there are indeed changes in TCR repertoire in Themis–/– mice. We observed that the proportion of Vα3.2+ CD8+ T cells and Vα3.2+ Vβ5.1/5.2+ cells was triple or more in the periphery of Themis–/– mice than Themis+/+ mice. We have previously found in rearranging TCR minigene mice that co-expression of Vα3.2 and Vβ5.2 is a favored combination (70). This increase in the number of CD8+ T cells carrying Vα3.2 TCR occurred in the periphery, as the proportion of these cells in the thymus were similar between Themis–/– and Themis+/+ mice. This peripheral increase is corroborated by their expression of Ki67, a marker of S, G2 and M phases of the cell cycle, and therefore a proliferation marker. This indicates that these CD8+ T cells are undergoing proliferation in the lymphopenic niche of Themis–/– mice, possibly in response to the same self-pMHC ligands on which they are positively selected in the thymus. As expected, we also observed that both Vα3.2+ and Vβ5.1/5.2+ TCRs were preferentially expressed in CD8+ T cells rather than CD4+ T cells. This is due to preferential selection on MHC-I rather than MHC-II after binding of CDR1 and CDR2 regions of these TCRs to MHC α-helices (5, 6). The quantitative changes in the proportion of the CD8+ Vα3.2+ and non-Vα3.2+ compartments in Themis–/– and Themis+/+ mice were accompanied by a substantial increase in TCR repertoire diversity of the Vα3.2+ cells in the Themis–/– model. The Vα3.2 clonotype enrichment in the thymus and peripheral lymphatic organs of Themis–/– mice might indicate resistance of these cells to clonal deletion in the thymus and better survival in the periphery. Interestingly, observed trends in the thymic and peripheral CD8+ Vα3.2+ repertoire mirrored phenomena attributed to the central commitment and peripheral reshaping of the CD4+ regulatory (Treg) subset. Like the CD8+ Vα3.2+ compartment, Tregs retain a highly diverse TCR repertoire in the periphery (71, 72). Importantly, Treg selection relies on recognizing self‐antigen in the thymus (73), and self‐antigen recognition constitutes a crucial factor in further remolding of this T cell subset in the periphery (74, 75).

We analyzed the expression of CD5 on Vα3.2+ CD8+ T cells, as CD5 reports the strength of interaction with self-peptide MHC (14) and response from cytokine signals (60). Although T cells from Themis–/– mice had lower CD5 compared to T cells from Themis+/+ mice (76), we found that Vα3.2+ CD8+ T cells showed higher expression of CD5 than non-Vα3.2+ cells in both Themis–/– and Themis+/+ mice, and that the ratio of CD5 MFI between Vα3.2+ and Vα3.2– CD8+ T cells was higher in Themis–/– mice than Themis+/+ mice, both in the thymus and the periphery. Similar results were observed for CD6 surface expression, which we verified as a marker of signal strength from self pMHC. Thus phenotypic differences between Vα3.2+ and Vα3.2– CD8+ T cells begin in the thymus. We also observed higher expression of the memory marker CD44 in peripheral Vα3.2+ CD8+ T cells compared to non-Vα3.2+ CD8+ T cells. CD44 expression has been shown to increase upon cell division in lymphopenic environments (20, 21), again indicating increased LIP by Vα3.2+ T cells. Data from the expression of these molecules suggest that Vα3.2+ T cells interact more productively with self-pMHC compared to non-Vα3.2-expressing T cells, which could explain why they are better at proliferating in the periphery, as indicated by their Ki67 expression. Taken together with our CD5 and CD6 data, it suggests that Vα3.2+ T cells are highly self-reactive. This notion was further supported by the analysis of CDR3 peptide sequences of Vα3.2+ and non-Vα3.2+ TCRs in the context of their physical features. Distribution of the hydrophobic residues within CDR3 constitutes unique physical makeup of Vα3.2+ TCRs indicating enhanced self-reactivity within this CD8+ T cell fraction (62).

T cells with high CD5 and CD44 expression have better responses to cytokine signaling (57, 60). We observed that, in response to IL-7+12/18 stimulation in vitro, we observed higher proliferative responses from Vα3.2+ CD8+ T cells compared to non-Vα3.2-expressing CD8+ T cells from Themis–/– mice. This again indicates better survival and homeostatic potential of these cells. When we injected sorted T cells into sublethally irradiated host mice, we observed that Vα3.2+ CD8+ T cells from Themis–/– mice showed enhanced LIP compared to their non-Vα3.2-expressing counterparts, but we did not see the same effect when we injected these cells into Rag1–/– hosts. This is not surprising as it has been reported that irradiated hosts are able to accumulate more donor cells than Rag1–/– hosts, because proliferation in Rag1–/– hosts is driven primarily by bacteria from the microbiome, since Rag1–/– hosts are severely immunodeficient (65). The enhanced LIP of Vα3.2+ CD8+ T cells from Themis–/– mice cells shows that they are better at survival in the periphery and possibly indicates their proliferation and maintenance by integration of strong interactions with self-peptide MHC and cytokine signaling.

In response to IL-15 stimulation, the proportion of Vα3.2+ CD8+ T cells from Themis–/– mice doubled in number compared to non-Vα3.2-expressing CD8+ T cells from Themis–/– mice. We saw only a slight increase in the frequency of Vα3.2+ T cells upon IL-15 stimulation in Themis+/+ mice. This higher response to IL-15 stimulation in the Themis–/– mice indicates the potential of Vα3.2+ T cells to be bystanders, which help the antigen specific cells during an infection. Bystander cells become activated in a non-antigen specific manner by the cytokines produced locally, and perform effector functions to help clear the infection. Bystander cells display increased lytic capabilities and are found to be recruited to the sites of infection such as the lungs during an influenza infection (67). In recent reports, bystander cells have been shown to be involved in restraining HIV reservoir (34) and implicated in the immune response to Covid-19 (35). We tested this bystander potential in an LM-OVA model, where mice were sacrificed 4 days after infection, such that no OVA-specific cells could be detected, and bystander cells were gated based on CD44 and NKG2D expression as in previous reports (68). We observed higher proportions of Vα3.2+ CD8+ T cells in the bystander population. This phenomenon was amplified in Themis–/– mice, and these cells were able to produce IFN-γ upon IL-12+IL-18 stimulation in an antigen independent manner, demonstrating their bystander potential.

Overall, this work shows that the TCR repertoire is generally reduced in diversity in the absence of Themis. However, there was an unpredicted effect on T cells with a certain TCR Vα region: cells expressing Vα3.2 (TRAV9N-3), were even more frequent than usual in the CD8+ population in Themis-deficient mice. Their TCRα CDR3 repertoire was increased in Themis-deficient CD8+ peripheral T cells. Moreover, they had an unusual phenotype that indicated a stronger stimulation by self pMHC, higher responsiveness to cytokines, and an effector memory and bystander phenotype. The bystander phenotype was borne out functionally in cells responding to Listeria infection. Bystander T cells are commonly found during viral infections (34, 35) and tumor micro-environments (77), so a better understanding of such cytokine-responsive T cell populations with unique TCRs could help to harness them for cellular therapy against infections.
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Supplementary Figure 1 | Proportion of various TCR α and β chains on CD4+ T cells in Themis–/– (red) and Themis+/+ (blue) mice. Data are representative from three independent experiments with 4-5 biological replicates per genotype per experiment. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 as determined by two-sided Student’s t-test. All error bars represent SDs.

Supplementary Figure 2 | (A) Correlation between CD5 and CD6 cell surface expression on peripheral naïve CD4+ (CD25–, CD44low) and CD8+ (CD44low) T cells. CD5 and CD6 MFI on 10% cells with highest (CD5high) and lowest (CD5low) cell surface expression. Data from 8 mice, pooled from 2 independent experiments. (B) Sorted naïve (CD44low) OT-I CD8+ T cells were transferred into β2m WT or KO recipients, followed by CD5 and CD6 surface staining of lymphocytes 24h later. Data from 1 experiments, using 3 (β2m KO) and 6 (WT) recipient mice. (C) Gating strategy for CD44lo cells from Themis–/– and Themis+/+ mice. Data are representative from three independent experiments with 4-5 biological replicates per genotype per experiment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-sided Student’s t-test. All error bars represent SDs.

Supplementary Figure 3 | (A) Vα and Jα segment usage in the thymic SP CD8 TCRα repertoire. (B) Distribution of the amino acids within CDR3 regions. (C) Hydrophobicity (upper panel) and charge (lower panel) of the CDR3 regions from Vα3.2+ (TRAV9N-3) and non-Vα3.2 receptors. 100 most dominant clones from entire repertoires were analyzed.

Supplementary Figure 4 | Proliferation of Vα3.2+ and non-Vα3.2+ naïve CD8+ T cells from Themis–/– and Themis+/+ mice in (A) lymph nodes and (B) spleen of Rag1–/– hosts. Histogram summary of the proliferation responses in (C) lymph nodes and (D) spleen of Rag1–/– hosts. Proportion of Vα3.2+ and non-Vα3.2+ CD8+ T cells from Themis–/– and Themis+/+ mice that had more than two divisions in (E) lymph nodes and (F) spleen of Rag1–/– hosts. Data representative from two independent experiments with 4-5 biological replicates per genotype per experiment. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-sided Student’s t-test. All error bars represent SDs.

Supplementary Figure 5 | (A) Representative histograms of CD8+ Tetramer+ cells in uninfected and infected Themis–/– and Themis+/+ mice on day 4 and day 7 of LM-OVA infection. (B) Gating strategy for bystander cells. (C) Representative FACS plots of bystander cells in uninfected and infected Themis–/– and Themis+/+ mice on day 4 of LM-OVA infection. (D) Proportions of Vα3.2+ and non-Vα3.2+ CD8+ T cells from uninfected and LM-OVA- infected Themis–/– and Themis+/+ mice which were IFN-γ+ upon IL-12+18 stimulation. Data are representative from three independent experiments with 3-4 biological replicates per genotype per experiment.
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