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Mature T cells are selected for recognizing self-antigens with low to intermediate affinity in the thymus. Recently, the relative differences in self-reactivity among individual T-cell clones were appreciated as important factors regulating their fate and immune response, but the role of self-reactivity in T-cell biology is incompletely understood. We addressed the role of self-reactivity in T-cell diversity by generating an atlas of mouse peripheral CD8+ T cells, which revealed two unconventional populations of antigen-inexperienced T cells. In the next step, we examined the steady-state phenotype of monoclonal T cells with various levels of self-reactivity. Highly self-reactive clones preferentially differentiate into antigen-inexperienced memory-like cells, but do not form a population expressing type I interferon-induced genes, showing that these two subsets have unrelated origins. The functional comparison of naïve monoclonal CD8+ T cells specific to the identical model antigen did not show any correlation between the level of self-reactivity and the magnitude of the immune response.
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Introduction

T cells recognize fragments of antigens presented by MHC molecules to trigger adaptive immune responses. Early studies have focused on how the T-cell antigen receptor (TCR) affinity for the cognate pMHC regulates the type and magnitude of the T-cell response (1, 2). However, individual T-cell clones differ not only in their antigenic specificity and affinity, but also in the strength of the interaction between their TCRs and self-pMHCs. The negative and positive selection of developing thymocytes sets lower and upper limits for the self-reactivity of mature T cells (3), which is different for CD4+ and CD8+ T-cell subsets (4).

It has been established that strongly self-reactive clones differentiate into regulatory T cells or unconventional T-cell subsets in the thymus [reviewed in (5)]. Recently, it has been documented that the relative level of self-reactivity contributes to steady-state T-cell heterogeneity as well as to inter-clonal differences within the T-cell immune response in the periphery [reviewed in (6)]. In helper CD4+ T cells, the relative level of self-reactivity determines the primary and memory T-cell responses (7) and their differentiation into Th1 vs. Tfh effector subsets (8).

Two major roles of the relative level of self-reactivity have been described in cytotoxic CD8+ T cells. First, it has been proposed that naïve CD8+ T cells with a relatively high self-reactivity undergo stronger foreign antigen-triggered expansion than their less self-reactive counterparts (9, 10). The first study compared the response of polyclonal CD8+ T cells expressing very high or very low levels of CD5, a proxy marker for self-reactivity in steady-state T cells, in Listeria infection (9). The potential limitation of this approach is the inability to control for prior quantitative (frequency) and qualitative (affinity) differences in pathogen-specific cells between the analyzed subsets. The second study compared three Toxoplasma-specific CD8+ T-cell clones to conclude that the clone with the lowest peripheral expression of two markers of self-reactivity, CD5 and Nur77-GFP reporter, showed the weakest antigenic response (10). The caveats of this study were the low number of analyzed clones and the fact that the weakly responsive clone had also the lowest affinity to the cognate Toxoplasma antigen.

The other described role of self-reactivity in the CD8+ T cell compartment is the spontaneous differentiation of highly self-reactive clones into antigen-inexperienced memory-like T cells (AIMT; alias virtual or innate memory T cells) (11–13). The AIMT cells show unique gene expression signatures and functions compared to canonical naïve T cells. AIMT cells rapidly produce IFNγ upon antigenic or IL-12/18 signaling (13, 14), show a higher level of tolerance in a type I diabetes model than naïve T cells (11), and have the ability to efficiently infiltrate prostate tumors (15). Additionally, highly self-reactive T cells were shown to give rise to a population of Ly6C+ naïve CD8+ T cells with upregulated type I interferon (IFN) response signature (16). As it has been previously shown that the type I IFN signaling pathway is important for AIMT cell differentiation (17), these cells are likely precursors of AIMT cells (16). Recently, a cluster of human T cells with upregulated type I IFN responsive genes has been described and named IFN signaling–associated gene high (ISAGhi) T cells (18). However, the relationship between the mouse Ly6C+ CD8+ T cells and human ISAGhi T cells is unclear.

In this study, we used a collection of related mouse CD8+ T-cell clones with different levels of self-reactivity to assess the role of self-reactivity in T-cell fate commitment and immune response.



Results


Identification of two antigen-inexperienced T-cell subsets by single cell transcriptomics

To analyze the diversity of steady-state CD8+ T cells, we performed single-cell RNA sequencing (scRNAseq) on sorted blood CD8+ T cells from three young adult and three aged C57BL/6J mice housed in the specific pathogen-free (SPF) conditions. We identified six different cell clusters (Figure S1A, Table S1), which could be combined into four main subsets representing naïve cells, AIMT cells, antigen experienced (AE) cells, and a relatively small cluster of T cells expressing type I interferon-responsive genes (Figure 1A). The identity of the naïve, AIMT, and AE cells is documented by the abundance of transcripts encoding their established markers (naïve: CD44low, ITGA4int, IL2RBlow; AIMT: CD44hi, ITGA4-, IL2RBhi; AE: CD44hi, ITGA4hi, IL2RBint) (Figures 1B, C) as well as by the overall expression of memory and effector signature genes (Figures 1D, E).




Figure 1 | Transcriptomic analysis of murine CD8+ T cells. (A) UMAP projection of FACS-sorted CD8+ T cells from peripheral blood of three young and three aged C57BL/6J mice processed by scRNAseq. The cells from mice with the corresponding age were first pooled and labeled with barcoded antibodies. Subsequently, cells from young and aged mice were pooled prior to the scRNAseq. Cells are colored by manual annotations. (B) UMAP projections showing the expression of selected genes. (C) Expression of the signature genes of naïve, ISAGhi, AIMT and effector cells. Color of the dot indicates the average expression, size indicates the percentage of cells with non-zero expression. (D–H) Signature scores showing the expression of different gene modules in naïve, AIMT, AE, and ISAGhi cells. (D) Expression of the module of immune memory genes expressed uniquely in CD8+ memory T lymphocytes (compared with effector or naïve cells), MSigDB # M10845 (19). (E) Expression of the module of genes down-regulated in naïve CD8+ T cells versus effector CD8+ T cells, MSigDB # M3036 (20). (F) Expression of genes from the GO pathway GO:0060338 “regulation of type I interferon-mediated signaling pathway”. (G) Expression of markers of human ISAG+ CD8+ T cells from the pan-cancer single cell T-cell atlas (21). (H) Expression of genes upregulated in murine CD5hi Ly6C+ cells compared to CD5low cells (16). (I) Comparison of the percentage of cells in each scRNAseq cluster in young versus aged mice. (J) Percentage of clonally expanded cells in each scRNAseq cluster. The count indicates the number of cells with the same TCRα CDR3 and TCRβ CDR3 nucleotide sequence. Cells with TCR receptors occurring only once in the dataset are not depicted. (K, L) Flow cytometry analysis of ISAGhi and AIMT cells. (K) Quantification (left) and a representative histogram (right) of a flow cytometry analysis of Ly6C on naïve, ISAGhi, AIMT, and AE cells. n = 4 in two independent experiments. (L) Percentage of AIMT cells (top) and ISAGhi cells (bottom) in WT mice and in transgenic mice with monoclonal OT-I and F5 TCRs. See the FMO control in Figure S1M. OT-I: n = 5, F5: n = 5, WT: n = 4. Three independent experiments. Medians are shown. P-value was calculated using the Kruskal-Wallis test.



The cluster of interferon-responsive T cells was enriched for expression of genes involved in the regulation of type I interferon-mediated signaling pathway (Figure 1F, Figure S1B), such as Isg15, Ifit1, Ifit2, and Bst2 (tetherin), but exhibited an overall naïve phenotype (Figures 1B–E). The gene expression of this cluster corresponded to the previously described human IFN signaling-associated gene high (ISAGhi) T cells (18, 21), but not to the mouse naïve Ly6C+ CD8+ T cells, which were also proposed to be interferon type I-induced (16) (Figures 1G, H). Because these cells are mouse counterparts of human ISAGhi T cells, we refer to them as CD8+ ISAGhi T cells henceforth.

To validate and extend the findings from scRNAseq, we used one of the markers of ISAGhi cells, BST2 (Figure S1C), to identify ISAGhi cells as CD44low BST2+ by flow cytometry (Figures S1D, E). ISAGhi cells were more frequent in the mesenteric lymph nodes (mLN) than in the spleen (Figure S1F) and their percentage was comparable to our scRNAseq data (Figure 1I). RT-qPCR analysis of sorted BST2+ cells confirmed increased expression of markers of ISAGhi cells indicating that the sorted cells correspond to the scRNAseq profile of ISAGhi cells (Figures S1G–I).

A combination of scRNAseq and flow cytometry allows us to characterize ISAGhi cells in different contexts. First, unlike AIMT cells, which accumulate in aged mice and are enriched for expanded, probably self-reactive, clones (11, 14, 15, 22, 23), the frequency of naïve and ISAGhi CD8+ T cells declines with age and their TCR repertoire is relatively diverse (Figures 1I, J, Figures S1J–L). Second, flow cytometry analysis confirmed the lack of cell surface expression of Ly6C in ISAGhi and naïve CD8+ cells (Figure 1K), which distinguishes them from both AIMT cells and from recently reported naïve Ly6C+ CD8+ T cells, which were proposed to experience tonic type I IFN signaling (16). As we did not observe these naïve Ly6C+ CD8+ T cells as a separate cluster and because it was previously suggested that these cells are precursors of AIMT cells (16), it is very plausible that these cells are included in the AIMT cluster in our scRNAseq data (Figure 1A).

To further characterize AIMT and ISAGhi T cells, we searched for them in two TCR transgenic mouse lines. AIMT cells are present in relatively highly self-reactive OT-I Rag2-/- mice, but not in little self-reactive F5 Rag2-/- mice (11) (Figure 1L). In contrast, ISAGhi T cells were found at higher frequency in F5 Rag2-/- mice than in OT-I Rag2-/- mice (Figure 1L, Figure S1M). This indicated that ISAGhi CD8+ T cells are not preferentially formed from highly self-reactive T-cell clones and might be even enriched in clones with relatively low level of self-reactivity.

Finally, ISAGhi T cells are present in germ-free mice, excluding commensal bacteria as their major inducers (Figure S1N). Overall, it seems that these two non-canonical types of antigen-inexperienced cells, i.e., AIMT cells and CD8+ ISAGhi T cells, are unrelated.



A panel of related T-cell clones for studying the role of self-reactivity in T-cell biology

We have previously generated a collection of H2-Kb-SIINFEKL (OVA)-reactive TCRs by sorting OVA tetramer-positive naïve and AIMT CD8+ T cells from Vβ5 transgenic mice with fixed TCRβ chain (11). These TCRs are very similar in that they bind Kb-OVA, share the TCRβ chain, and use the TCR Vα2+ (TRAV14) chain. An important feature of these TCRs is that they were cloned from unchallenged pre-immune mice, which excludes any potential bias through enrichment of those clones which are good responders to the antigenic stimulation.

We selected six different TCR clones with confirmed H2-Kb-OVA specificity when expressed in CD8+ Jurkat T cells (Figure 2A). We generated monoclonal T-cell populations expressing these TCRs using retrogenic mouse technology (Figure S2A) (11) to assess the role of self-reactivity in CD8+ T-cell biology. Based on the expression of CD5, we established the following hierarchy of self-reactivity among these clones: C1 ~ C2 ~ C12 > C8 > C7 ~ C17 (Figure 2B). Using the Kb-OVA tetramer titration, we established the following hierarchy of affinity to Kb-OVA among these clones: C7 > C2 > C12 > C1 ~ C8 ~ C17 (Figure 2C). Self-reactivity and affinity to the cognate antigen are independent features in our T-cell clone panel (Figure S2B). Although we observed variable surface TCR levels among the clones (Figure S2C), these inter-clonal differences did not strongly correlate with the affinity to Kb-OVA (Figure S2D). In line with our previous data (11), only the three highly self-reactive clones formed a substantial number of AIMT cells (Figure 2D). In contrast, ISAGhi T cells were formed more efficiently from clones with a low level of self-reactivity than from the highly self-reactive clones (Figures 2E, F), as observed with OT-I and F5 transgenic mice (Figure 1L).




Figure 2 | Characterization of the specificity, self-reactivity, and phenotype of a collection of monoclonal T cells. (A) Jurkat CD8+ OT-I TCRβ cells expressing indicated TCRα clones were activated by T2-Kb cells loaded with indicated concentrations of OVA peptide overnight. The level of CD69 was measured by flow cytometry. Curves were fit using nonlinear regression. (B–E) Peripheral lymphocytes were isolated from sub-lethally irradiated Ly5.1 mice transplanted with immortalized hematopoietic stem cells transduced with indicated clones and the recipient Ly5.2 CD8+ T cells were analyzed by flow cytometry. (B) Expression of the surface marker CD5 on LN T cells. A representative experiment out of three in total. (C) Left – staining of LN CD8+ T cells with fluorescently labeled Kb-OVA tetramer. A representative experiment out of three in total. Right – staining with a dilution series of fluorescently labeled Kb-OVA tetramer. Tetramer binding was measured by flow cytometry. Curves were fit using nonlinear regression. Averages from three independent experiments. (D) Representative FACS plots showing the percentage of AIMT (CD44high CD49dlow) T cells among CD8+ splenocytes from each clone. (E) Representative FACS plots of ISAGhi T cells (CD44low BST2+) and AIMT cells (CD44high CD49dlow) from each clone from mLNs. (F) Quantification of data from three independent experiments. Clone 1: n = 4, Clone 2: n = 4, Clone 12: n = 3, Clone 7: n = 4, Clone 8: n = 3, Clone 17: n = 3. Median is shown. The statistical analysis was performed using two-tailed Mann Whiney U test.





Self-reactivity does not predict the immune response of monoclonal T cells

We took advantage of our collection of Kb-OVA-reactive clones to address the previously observed correlation between the clonal peripheral response and the level of self-reactivity in naïve T cells (9, 10). First, we assessed the ability of sorted naïve CD44low T cells from the monoclonal populations to induce autoimmune diabetes in RIP.OVA mice upon priming with transgenic Listeria monocytogenes expressing OVA (Lm-OVA) (24) (Figure 3A, Figure S3). Although we observed differences between individual clones in this assay, there was no overall difference between the clones with high and low level of self-reactivity (Figures 3B, C, Figure S3B). Clone 7, which has the highest affinity to Kb-OVA, was the most potent in inducing diabetes.




Figure 3 | The self-reactivity does not dictate the magnitude of immune response of naïve CD8+ T cells. (A-C) 104 CD8+ T cells from the indicated clone were transferred into RIP.OVA mice. The next day, mice were infected with Lm-OVA. Urine glucose levels were monitored on a daily basis on days 5-14 post infection. (A) Scheme of the experiment. (B) Percentage of the diabetic mice is shown. Number of the diabetic mice and total number of mice per group is indicated on top of each column. Three (C1, C2, C8, C17) or four (C7, C12) independent experiments. For the incidence of diabetes over time, see Figure S3B. (C) Glucose concentration in blood on day 7 post-infection. Mean. Clone 1: n=11, Clone 2: n= 11, Clone 7: n=15, Clone 8: n=13, Clone 12: n=22, Clone 17: n=12. (D–F) Phenotypic analysis of two additional monoclonal TCRs reactive to OVA, TCR8 and TCR28. Splenocytes and LN cells were isolated from sub-lethally irradiated Ly5.1 mice transplanted with the indicated clones and CD8+ T cells were analyzed by flow cytometry. (D) Expression of CD5 in CD8+ LN cells. A representative experiment out of three in total. (E) Percentage of AIMT (CD44+ CD49-) T cells among CD8+ splenocytes. Mean. n = 5 mice per group from two independent experiments. (F) Staining of monoclonal LN cells with fluorescently labeled Kb-OVA tetramer. A representative experiment out of three in total. (G) Monoclonal naïve (CD44-) CD8+ T cells were sorted from LN cells and adoptively transferred to polyclonal Ly5.1 host mice (10 000 cells/mouse), which were infected one day later with transgenic Lm-OVA. Five days after the infection, the percentage of adoptively transferred GFP+ T cells among all CD8+ T cells was determined by flow cytometry. Mean. n = 6-12 per group from three independent experiments. The statistical significance was calculated using the Kruskall-Wallis test. (H, I) A linear fit between average expansion and (H) CD5 gMFI or (I) EC20 of the tetramer staining. The Pearson correlation coefficient and p value is shown.



As the major readout in the previous studies investigating this question was the T-cell expansion, we assessed the expansion of our individual clones during Lm-OVA infection. We extended our T-cell clone collection with two more Kb-OVA-specific clones, TCR8 and TCR28, which share the same TCRα chain and differ only in a single amino acid in the TCRβ CDR3 (Figure S3C) (25). TCR8 is more self-reactive than TCR28 as it expresses higher CD5 levels and forms more AIMT cells (Figures 3D, E). Moreover, TCR8 has also higher affinity to Kb-OVA than TCR28 (Figure 3F) (25). To assess the proliferative response of these clones during cognate infection, we adoptively transferred naïve CD44low monoclonal T cells into congenic Ly5.1 mice and infected them with Lm-OVA (Figure S3A). We quantified the expansion of monoclonal T cells on day 5 post-infection as the percentage of these cells out of all CD8+ T cells. We observed that individual T-cell clones show different level of expansion (Figure 3G). However, we observed no correlation between the expansion and the levels of self-reactivity (Figure 3H). Instead, we observed a correlation between the expansion and affinity to OVA in the original series of our six clones (Figure 3I). The clones TCR8 and TCR28 were not included in these comparisons (Figures 3H, I), because we measured their self-reactivity and Kb-OVA binding only later, separately from the original six clones. The formation of KLRG1+ effector T cells was also variable among the clones, but it did not show any dependence on the level of self-reactivity (Figure S3D).

Overall, the analysis of the eight different Kb-OVA-specific clones did not support the hypothesis that the level of self-reactivity predisposes T cells for expansion during cognate infection.



The dependency of individual T-cell clones on the thymoproteasome

A possible explanation of the discrepancy between our data and previously published data concerning the role of self-reactivity in the immune response (9, 10) was that the previous reports studied T cells with extremely low or even zero level of self-reactivity in the periphery. One example of such cells can be T cells recognizing only such self-antigens that are processed by thymoproteasome in cortical thymic epithelial cells. To test this possibility, we generated a thymoproteasome-deficient Psmb11-/- mouse (Figure S4A). These mice exhibited a substantially reduced CD8+ T-cell compartment and enrichment for lymphopenia-induced AIMT cells (Figures S4B, C) as described previously (26, 27). We also observed increased numbers of NKT cells, effector NKT cells and γδ T-cells in Psmb11-/- (Figures S4D, E), probably as a consequence of high IL-7 and/or IL-15 availability caused by the reduction of CD8+ T cells.

We compared WT (Psmb11+/+or Psmb11+/-) and Psmb11-/- as donors for the transplantation of hematopoietic stem cells transduced with retroviral vectors encoding the TCR clones. There was a variable dependence of the positive selection on the thymoproteasome among the clones in these bone marrow chimeras (Figures 4A, B). Unlike the previous studies using a few unrelated clones (27, 28), we did not see a strong correlation between the self-reactivity and thymoproteasome dependence (Figure 4C). The situation changed in the periphery. The absolute numbers of highly self-reactive clones in the LNs were comparable in WT and Psmb11 hosts, whereas the numbers of weakly self-reactive clones were higher in WT than Psmb11-/- recipients (Figures 4D–F). This can be explained by the lymphopenic environment in Psmb11-/- hosts (Figure S4G), which preferentially stimulates the homeostatic proliferation of highly self-reactive clones (6). Indeed, the analysis of the percentage of the donor cells among all LN CD8+ T cells suggested the peripheral homeostatic expansion of the highly, but not the lowly, self-reactive clones (Figure S4H). Overall, although most of the tested clones showed some dependence on the thymoproteasome, none of them was completely thymoproteasome-dependent as shown for some other clones such as HY TCR transgenic T cells (27, 28). For this reason, we cannot exclude the possibility that clones which are absolutely dependent on thymoproteasome-processed peptides, and thus have zero self-reactivity in the periphery, have substantially impaired proliferative responses during infection.




Figure 4 | Generation of bone marrow chimeras of the clones in thymoproteasome deficient mice. WT or Psmb11-/- mice were sub-lethally irradiated and transplanted with hematopoietic stem cells transgenic for the indicated clones. Eight weeks later, thymi and LNs were analyzed by flow cytometry. n = 4-8 mice per group from three independent experiments. (A) Representative FACS plots showing thymic mature SP8 for all of the clones in WT or Psmb11-/- mice. (B) Numbers of donor mature SP8 in thymi of WT or Psmb11-/- mice. Mean. n = 4-5 mice per group from two independent experiments. (C) Numbers of donor CD8+ T cells isolated from thymi of WT or Psmb11-/- mice depicted as a ratio between WT and Psmb11-/- (KO). Median. The statistical analysis was performed using the two-tailed Mann Whitney U test. (D) A linear fit between the WT : KO ratio of mature SP8 cells and CD5 gMFI levels. (E) Numbers of donor CD8+ T cells isolated from LNs of WT or Psmb11-/- mice. n=4-8 mice per group from three independent experiments. The statistical analysis was performed using Kruskal–Wallis test with Dunn’s post-tests. (F) Numbers of donor CD8+ T cells isolated from LNs of WT or Psmb11-/- mice depicted as a ratio between WT and Psmb11-/- (KO). Median. The statistical analysis was performed using the two-tailed Mann Whitney U test.  ** p<0.01, ns (not significant) p>0.05.



Overall, our data indicate that there is no general relationship between the self-reactivity of naïve CD8+ T cell clones and their proliferative response during infection.




Discussion

Recently, the relative level of self-reactivity has been identified as an important factor regulating peripheral T cells (6). It regulates the proliferation and differentiation of naive T cells during the immune response (9, 10, 29) as well as spontaneous differentiation of naive CD8+ T cells into AIMT cells (11, 12) and Ly6C+ cells with reported tonic type I interferon signaling (16).

In this study, we generated an atlas of mouse blood CD8+ T cells to resolve the unclear relationship between unconventional antigen-inexperienced subsets: CD8+ AIMT cells (13, 30) and two CD8+ T-cell subsets with upregulated type I interferon responsive genes (16, 18). By comparing our and previously published data (16), we found out that naive CD8+ Ly6C+ T cells have a gene expression profile largely corresponding to AIMT cells, which is consistent with the idea that they represent AIMT cell precursors (16). On the contrary, previously described ISAGhi T cells represent a subset of naive CD8+ T cells, which is unrelated to AIMT and Ly6C+ T cells. The individual T-cell clones with high or low self-reactivity preferentially differentiate into AIMT or ISAGhi T cells, respectively. The origin of ISAGhi T cells is unclear. Given their expression of type I IFN-induced genes and their relative abundance in mLNs, it is plausible that they are induced by the type I IFN produced in the gut. However, this idea is challenged by normal frequencies of ISAGhi CD8+ T cells in germ-free mice, which were previously shown to produce less type I IFN than SPF mice (31). It is thus plausible that ISAGhi T cells are induced locally by a constitutive tissue- or cell-type specific production of type I IFNs, which is independent of microbial colonization, and/or these cells arise in a type I IFN-independent manner.

To address the role of self-reactivity in T-cell biology, we used a collection of six related OVA-specific T-cell clones with variable levels of self-reactivity. The major advantage of this collection was that these clones were isolated from pre-immune repertoire and that they were comparable to each other in many aspects, such as TCRβ chain, TRAV gene usage, and antigen specificity. We confirmed our previous findings that relatively highly self-reactive CD8+ T-cell clones generated AIMT cells (11). In contrast, these highly self-reactive clones were slightly less efficient than weakly self-reactive clones in the formation of ISAGhi T cells. The probable explanation is that their commitment to AIMT cells is mutually exclusive with the differentiation into ISAGhi T cells.

In the next step, we used our TCR panels extended by two OVA-specific clones (25) to test whether highly self-reactive clones are predisposed to a stronger immune response as proposed previously (9, 10). In contrast to these reports, we did not observe a significant correlation between the level of self-reactivity and the expansion during Listeria infection or in an OVA-dependent diabetic model as the variability of the clones was primarily driven by the differences in their apparent affinity to their cognate antigen. In the infection model, we analyzed the progeny of the adoptively transferred monoclonal T cells only on day five post-infection. We have chosen this time-point because there is already a detectable expansion, but it is still before it peaks. Thus, these time points should not be much influenced by extrinsic factors potentially limiting the maximal expansion. Although we cannot formally exclude that some self-reactivity-driven intra-clonal differences could be observed only at later time-points, we find this relatively unlikely as the hypothetical differences among T-cell clones caused by a differential level of tonic signaling in the steady-state would manifest rather earlier than later during the course of the cognate infection.

There are multiple possible explanations why our results did not support the previous studies. The study by Swee et al. investigated only three different clones, and their conclusions are largely based on one poorly responding clone, which also had the lowest affinity to the cognate antigen (10). The study by Fulton et al. focused on responses of polyclonal T cells (9). However, it is not possible to control for the prior frequency of antigen-specific T cells in the weakly and strongly self-reactive groups. It has been proposed that highly self-reactive clones are more likely to recognize a foreign cognate antigen than weakly self-reactive clones (32). For this reason, or just based on a stochastic basis, the group of highly self-reactive clones might be enriched for clones specific to the model pathogen.

However, there is an additional possible explanation of these discrepancies. It has been shown that the positive selection of some very weakly self-reactive CD8+ T-cell clones is dependent on self-peptides generated by thymoproteasome (27, 28). These T-cell clones have effectively null self-reactivity in the periphery and might show impaired immune responses. Indeed, the level of self-reactivity of the poorly responding clone in the study by Swee et al. dropped when the cells matured and migrated from the thymus to the periphery (10). For this reason, we generated thymoproteasome-deficient Psmb11-/- mice to test the role of thymoproteasome in the thymic maturation of our set of clones. We observed that our T-cell clones have different levels of thymoproteasome dependence, but none of the clones showed a complete developmental block in the absence of the thymoproteasome. Interestingly, clone C7, which was the most potent in the in vivo immune assays, was affected by the thymoproteasome deficiency the most. Overall, we did not find evidence supporting the possible explanation of the previous observations by impaired immune response of strictly thymoproteasome-dependent T-cell clones. However, we cannot formally exclude it, since all our clones showed only partially blocked thymic development in the Psmb11-/- mice.

Altogether, our data show that the level of self-reactivity of CD8+ T cells regulates their differentiation into AIMT cells (exclusively from highly self-reactive clones) and ISAGhi T cells (preferentially from intermediate and weakly self-reactive clones). It has been previously shown that these two unconventional subsets of antigen-inexperienced T cells have different functional properties compared to classical naïve T cells (11–13, 15, 18). In contrast, the analysis of our set of OVA-reactive clones does not suggest that the level of self-reactivity strongly determines how naïve T cells respond during the immune response.



Materials and methods


Mice

All mice had C57BL/6J background. If not indicated, 6-12 weeks old mice were used. Males and females were used. Age- and sex-matched pairs of animals were used in the experimental groups. If possible, littermates were equally divided into the experimental groups. Mice were bred in the SPF facility (Institute of Molecular Genetics of the Czech Academy of Sciences) or in germ-free and conventional facilities (Laboratory of Gnotobiology, Institute of Microbiology of the Czech Academy of Sciences) in accordance with the laws of the Czech Republic. Germ-free animals were kept in Trexler-type plastic isolators, food (V1126-000, Ssniff, Soest, Germany) and poplar wood granulate bedding (Safe select fine, Safe, Germany) were irradiated (50 kGy, Bioster) and water was autoclaved. Axenicity of animals was verified regularly as previously described (33). Animal protocols were approved by the Resort Professional Commission for Approval of Projects of Experiments on Animals of the Czech Academy of Sciences, Czech Republic. Ly5.2, Ly5.1 (34), RIP.OVA (35), OT-I Rag2-/- (36, 37), and Vβ5 (38) strains were described previously. Mice were kept in the animal facility with 12 hours of light and dark cycle with food and water ad libitum.

Psmb11-/- mice were generated on C57BL/6N background in the Czech Centre for Phenogenomics, Institute of Molecular Genetics of the Czech Academy of Sciences. The mice were generated by pronuclear microinjection of Cas9 mRNA and sgRNA into one-cell-stage murine embryos as described previously (39). sgRNA sequences with the PAM motif in bold (3′ end) were as follows:


	sgRNA target 1: GATGTCCTGCTACCGCGGTCTGG

	sgRNA target 2: TCGTCACGGTGTCATCGCTGCGG



The founders were back-crossed on C57BL/6J background for at least five generations. Genotyping primers used for detection of the mutations were as follows: FW primer 5’-AGGTGGCGTCTTCAGAGTGT paired with RV primer 5’-AGGGTGTAGGCTTCCTGGAT.



Antibodies and reagents

Antibodies to following antigens were used for flow cytometry: anti-CD4 (clone RM4-5, Biolegend #100536), anti-CD5 (clone 53-7-3, Biolegend #100627, #100625), anti-CD8α (clone 53-6.7, Biolegend #100738), anti-CD24 (clone M1/69, Biolegend #101806), anti-CD25 (clone PC61, Biolegend #102016 and #102036), anti-CD44 (clone IM7, Biolegend #103049), anti-CD45.1 (clone A20, Biolegend #110723), anti-CD45.2 (clone 104, Biolegend #109808), anti-CD49d (clone R1-2, Biolegend #103618), anti-CD127 (clone A7R34, Biolegend #135012), anti-TCRβ (clone H57-597, Biolegend #109218), anti-KLRG1 (clone 2F1, Biolegend #138421), anti-Ly6C (clone HK1.4, Biolegend #128006), biotin-conjugated anti-BST2 (clone 927, Biolegend #127006), anti-biotin (clone 1D4-C5, Biolegend #409004). Viability was stained with LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Invitrogen #L34975), Zombie Green™ Fixable Viability Kit (Biolegend, #423111) or Hoechst 33258 (Invitrogen, #H3569). For the analysis of Jurkat cell lines, anti-CD8 (clone MEM-31, Exbio #1P-207-T025), anti-CD69 (clone FN50, Exbio #T7-552-T100) were used. Antibodies were conjugated with various fluorophores and used according to the manufacturer’s instructions.



Cell counting and cell culture

Cells were counted using Z2 Coulter Counter Analyzer (Beckman Coulter) or Cytek Aurora flow cytometer (Cytek).

Jurkat cells (parental line RRID : CVCL_0367) were cultured at 37°C/5% CO2 in RPMI (Sigma Aldrich), supplemented with 10% FBS (GIBCO), 100 U/mL penicillin (BB Pharma), 100 mg/mL streptomycin (Sigma Aldrich), 40 mg/mL gentamicin (Sandoz).



Generation and analysis of mouse TCR expressing Jurkat T cells

1×106 of Jurkat T cells with TCR OTI-β and human CD8αβ (40) were transduced with TCRα genes in MSCV-ires-GFP vectors as described previously (40). Briefly, Jurkat cells were resuspended in MSCV pseudovirus-containing supernatant supplemented with 8 μg/mL of polybrene and centrifuged (45 min, 1200 g, 30°C). Cells were incubated at 37°C overnight. On day 2, cells were transferred into a 15 ml falcon tube, centrifuged (10 min, 400 g), and resuspended in fresh medium. On day 4, cells were transferred from six-well plate to the tissue culture flasks to expand further. Transduced cells were sorted as GFP+ positive on the BD Influx Cell Sorter (BD Biosciences) in the IMG core facility. T2-Kb cells were resuspended in RPMI medium (Sigma Aldrich), stained with DDAO dye (ThermoFisher Scientific) and incubated at 37°C for 10 min. Cells were washed in RPMI medium and centrifuged (5 min, 500 g). 2 × 105 of T2Kb cells were re-suspended in 100 μL RPMI media with indicated concentrations of OVA peptide (SIINFEKL, storage concentration 2mM, Eurogentec) and incubated at 37°C for 2 hours.

After 2 hours, T2-Kb cells were mixed with 1 × 105 transgenic Jurkat cells and incubated overnight (total volume 200 μL). The next day, the cells were stained with α-huCD69-PE-Cy7 (Biolegend) on ice for 45 minutes and analyzed by flow cytometry.



Flow cytometry and cell sorting

For the surface staining, cells were incubated with diluted antibodies in FACS buffer (PBS, 2% FBS, with or without 1 mM EDTA, 0.1% NaN3) on ice. LIVE/DEAD near-IR dye (Life Technologies) was used for discrimination of live and dead cells. For some experiments, enrichment of CD8+ T cells was performed using magnetic bead separation kits EasySep (STEMCELL Technologies) or Dynabeads (Thermo Fisher Scientific) via negative selection according to manufacturer’s instructions prior to the analysis or sorting by flow cytometry. Flow cytometry was carried out with Cytek Aurora flow cytometer (Cytek) or LSRII (BD Biosciences). Cell sorting was performed using FACSAria III or Influx (BD Bioscience). Data were analyzed using FlowJo software (TreeStar).



Monoclonal retrogenic T cells

Generation of immortalized bone marrow hematopoietic stem cells was described previously (41). We have used Vβ5 Rag2-/- NupHox cell line described previously (11). Two days after the transduction, GFP+ cells were FACS-sorted and transplanted into irradiated (6 Gy) congenic Ly5.1 recipient mice using X-RAD 225XL Biological irradiator (Precision X-Ray). At least 8 weeks after the transplantation, the recipient mice were sacrificed and donor thymic, LN, and splenic T cells were used for downstream analyses.



Tetramer binding

Kb-OVA tetramers were generated by incubating biotinylated pMHCI monomers (42) with PE-streptavidin (Invitrogen) at a 4:1 ratio on ice. Streptavidin was added in three doses with 20 min incubation on ice in between. For the tetramer titration experiments, peripheral T cells were isolated, incubated with serially diluted tetramers (1×10-6 to 2×10-9 M) for 20 min on ice. The supernatant was replaced with PBS + 2% FBS and cells were immediately analyzed using a sample cooling system. EC20 (concentration of tetramer resulting in 20% of the maximal achieved signal intensity) was calculated using non-linear regression in GraphPad Prism 5.0.



Listeria infection

LN T cells were isolated from monoclonal retrogenic mice. FACS-sorted 1×104 naïve (CD44low) CD8+ T cells were adoptively transferred to Ly5.1 congenic host mice. The following day, mice were injected with 5,000 CFU of transgenic Lm expressing OVA antigen. The expansion of the responsive cells was analyzed by flow cytometry on day 5 after the infection.



Model of autoimmune diabetes

The model of experimental autoimmune diabetes has been described previously (11). Briefly, FACS-sorted 1×104 naïve (CD44low) monoclonal retrogenic CD8+ T cells were adoptively transferred into a recipient RIP.OVA mouse i.v. On the following day, the recipient mice were immunized with Lm-OVA. Urine glucose was monitored on a daily basis using test strips (GLUKOPHAN, Erba Lachema). Blood glucose was measured using Contour blood glucose meter (Bayer) on a day 7 post-immunization. The animal was considered diabetic when the concentration of glucose in the urine reached ≥ 1,000 mg/dl for two consecutive days.



RT-qPCR

Total RNA of 2-8×105 FACS-sorted BST2+ or BST2- cells was isolated using the RNEasy plus Micro kit (Quiagen, #74034) and transcribed into cDNA using RevertAid reverse transcriptase (Thermofisher, # EP0442) with oligo(dT)18 primers according to the manufacturer’s instructions. cDNA was used for quantitative PCR using the following primers: Isg15_FTCTGACTGTGAGAGCAAGCAG, Isg15_RCCTTTAGGTCCCAGGCCATTG, Ifit1_FAGGCAGGTTTCTGAGGAGTTC, Ifit1_RATCAGCATTCTCTCCCATGGTT, Bst2_FGTTGGCAGGTCACAGTTGTTT, Bst2_RGTTTCCACATCCTCAGGGCT, GAPDH_Ftgcaccaccaactgcttagc, GAPDH_Rggcatggactgtggtcatgag, Eef1a1_Facacgtagattccggcaagt, Eef1a1_Raggagccctttcccatctc, Tubb2A_Faaccagatcggcgctaagt, Tubb2A_Rtgccagcagcttcattgta. Samples for qPCR were measured by LightCycler 480 (Roche) in technical triplicates and the median value was used for further calculations. The expression of the indicated genes was normalized to the geometric mean of three reference genes (Gapdh, Eef1a1, Tubb2a) in the same sample.



Single-cell RNA sequencing

Young (8 weeks old, n = 3) and aged (88 weeks old, n = 3) WT mice were anesthetized using an i.p. injection of Ketamine (100 mg/1 kg, Bioveta) Xylazine (10 mg/1kg, Rometar). Carotid artery blood was collected to individual EDTA-coated tubes (41.1504.015, Sarstedt.1504.015, Sarstedt) supplemented with 100 μL of 3.5 mM EDTA (#607-429-00-8, Penta). Blood from the three corresponding mice was pooled, centrifuged (4 °C, 400 g, 5 min) and the supernatant was removed. Cells were lysed in 5 mL of ACK buffer for 3 minutes in room temperature. The reaction was stopped by adding 10 mL PBS and the lysis step was repeated once more. Cells were stained on ice in darkness in 200 µL of PBS supplemented with 2% FBS and 1:400 diluted feature barcoding antibodies CD45-FB1 and CD45-FB2 (Biolegend #103102 conjugated to DNA oligos [AmC12]CGGAGATGTGT ATAAGAGACAGNNNNNNNNNNTGGTGACAAGTATCTNNNNNNNNNCCCATATAAGAAA, respectively [AmC12]CGGAGATGTGTATAAGAGACAGNNNN NNNNNNGGACGCAACTTAAGANNNNNNNNNCCCATATAAGAAA using Thunder-Link PLUS Oligo Conjugation System, #425-0300, Expedeon, according to the manufacturer’s instructions). After 10 min of staining, 1:200 diluted mouse anti-CD5 (#100625, BioLegend) and anti-CD8α (#100723, BioLegend) were added for additional 20 min. CD8α+ CD5+ cells were sorted using an Influx (BD Bioscience). The viability and concentration of cells after sort were measured using the TC20 Automated Cell Counter (#1450102, Bio-Rad). The viability of the cells pre-loading was higher than 90%.

For scRNAseq analysis, the samples were pooled together with cells coming from BALB/c mice that were analyzed for an unrelated experiment. These unrelated cells were labeled with different feature barcoding antibodies and removed during the analysis. Cells were loaded onto a 10x Chromium machine (10x Genomics) aiming at the yield of 1,000 cells per sample. The subsequent steps were done following the Feature Barcode technology for Cell Surface Protein protocol (#CG000186 Rev D) with the Chromium Single Cell 5’ Library & Gel Bead and Chromium Single Cell 5’ Feature Barcode Library kits (10x Genomics, #PN-1000014, #PN-1000020, #PN-1000080, #PN-1000009, #PN-1000084, #PN-1000071). Resulting cDNA libraries were sequenced on a NextSeq 500/550 (Illumina) with the High Output Kit v2 (150 cycles, Illumina, # FC-404-1002, Illumina).



Analysis of scRNAseq data

The raw scRNAseq data were mapped to Mouse Reference GRCm38 obtained from Ensembl database v102 (43) by 10x Genomics Cell Ranger 5.0.0 with the default parameters (44). The V(D)J sequences were mapped by 10x Genomics Cell Ranger 5.0.0 to IMGT reference (45) pre-built in accordance with 10X Genomics instructions. The MiXCR software (46) was used to extract additional V(D)J sequences from gene expression data (“analyze shotgun” pipeline with default parameters). Initially, cells with less than 200 transcripts and/or more than 15% of transcripts mapping to mitochondrial genes and cells identified as doublets by V(D)J sequences (having more than 2 TCRα or 1 productive TCRβ/2 non-productive TCRβ sequences) were removed. Mitochondrial genes, TCRα and TCRβ V(D)J-genes, ribosomal genes and genes whose transcripts were detected in less than three cells were excluded. Log normalization (scale factor = 1 × 104), scaling, identification of variable features (500 variable features), integration of the two datasets using canonical correlation analysis, dimensional reduction (PCA and UMAP using the top 24 principal components), identification of nearest neighbors and Louvain clustering (resolution = 0.5) were performed using the Seurat R package v4.0.3 (47) on R v4.0.4. Quality control (QC) included removal of low-quality clusters recognized by overall low counts of reads and detected genes with high percentage of mitochondrial genes and clusters containing contaminating cells. In total, 5,461 cells passed the QC steps.

The signature scores were calculated for each cluster using the AddModuleScore function from the Seurat package. Signature genes were selected from the Molecular Signatures Database v7.5.1 (Systematic names: #M10845 (19) for the memory signature, #M3036 (20) for the effector signature), from the Gene ontology pathways database (48) (GO:0060338 for the type I IFN signature), or from the literature (CD5hiLy6C+ signature (16), and CD8+ ISAG+ signature (21).

The code for the cell filtration to hashtags, barcode extraction and whole downstream analysis including V(D)J is accessible on GitHub (https://github.com/Lab-of-Adaptive-Immunity/mouse-cd8-scRNAseq).
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