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Regulatory T lymphocytes expressing the transcription factor Foxp3 (Tregs) play an important role in the prevention of autoimmune diseases and other immunopathologies. Aberrations in Treg-mediated immunosuppression are therefore thought to be involved in the development of autoimmune pathologies, but few have been documented. Recent reports indicated a central role for Tregs developing during the neonatal period in the prevention of autoimmune pathology. We therefore investigated the development of Tregs in neonatal NOD mice, an important animal model for autoimmune type 1 diabetes. Surprisingly, we found that, as compared with seven other commonly studied inbred mouse strains, in neonatal NOD mice, exceptionally large proportions of developing Tregs express high levels of GITR and PD-1. The latter phenotype was previously associated with high Treg autoreactivity in C57BL/6 mice, which we here confirm for NOD animals. The proportions of newly developing GITRhighPD-1+ Tregs rapidly drop during the first week of age. A genome-wide genetic screen indicated the involvement of several diabetes susceptibility loci in this trait. Analysis of a congenic mouse strain confirmed that Idd5 contributes to the genetic control of GITRhighPD-1+ Treg development in neonates. Our data thus demonstrate an intriguing and paradoxical correlation between an idiosyncrasy in Treg development in NOD mice and their susceptibility to type 1 diabetes.
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Introduction

Regulatory T lymphocytes (“Tregs”) play a central role in the control of immune responses. The importance of these cells in the prevention of autoimmune and inflammatory pathologies is best illustrated by the observation that individuals and mice with mutations in the gene encoding FOXP3/Foxp3, the “master” regulator for Treg function, develop lethal autoimmune and inflammatory pathology, of which type I diabetes (“T1D”) is, in humans, a prominent component (1). In the etiology of T1D in individuals carrying polymorphisms in genes other than FOXP3, more subtle defects in the action of Tregs may be involved.

Most Tregs develop as an independent lineage in the thymus. In this organ, agonist recognition—by developing T cells—of MHC/self-peptide complexes drives the development of an autospecific Treg repertoire particularly adapted to the control of autoimmune responses (2). In mice, the Treg population emerging from the thymus is phenotypically and functionally diverse (3–5). Also, Tregs developing at distinct time points during life have distinct roles. Thus, Tregs developing in neonates protected substantially better from lethal autoimmune pathology than Tregs developing in adult animals (6). These observations urge for a more detailed analysis of Tregs when assessing their potential implication in the etiology of immunopathology.

Inherited defects in Treg-mediated immunoregulation may be involved in susceptibility to autoimmune diseases such as T1D. It was reported that the TCR repertoire expressed by Tregs developing in NOD mice was of limited diversity (7), but our recent high-throughput TCR-mRNA sequencing data challenged this conclusion (8). Polymorphisms in genes encoding IL-2 and its receptor components, which may affect in-vivo Treg function, are linked to diabetes in humans and mice (9–13). In-vitro Treg-mediated suppression of activation of T cells from NOD mice or T1D patients is of limited efficacy (14–16). Finally, polymorphisms in the Idd9.1 and Idd6 loci appear to affect in-vivo Treg function in NOD mice (17, 18). These data suggest that Treg-mediated suppression is defective in T1D in humans and mice. Further elucidation of the involved mechanisms and genetic polymorphisms should help the design of novel diagnostic and therapeutic tools.

Differentiation and selection of the T-cell repertoire in the thymus plays a central role in the in-vivo function of these cells. Therefore, we and others compared Treg development in the thymus of NOD mice to that in the T1D-resistant reference strain C57BL/6 (B6). Paradoxically, in NOD mice, substantially more Tregs develop than in B6 animals (19, 20). Our more recent work demonstrated that this phenomenon only occurs in neonatal mice. Later on, Tregs that had recirculated from the periphery back to the thymus inhibit the particularly robust Treg development in NOD mice, which thus reaches a level similar to that found in B6 animals. We showed that Treg recirculation was very prominent in NOD mice and that this was due to exceptionally strong Treg activation in peripheral lymphoid organs (21). Treg development in NOD vs. B6 mice therefore appears different which may be involved in the distinct susceptibility of these mice for T1D.

Based on the particularly robust activation of peripheral Tregs we previously reported in NOD mice, we here investigated the potential qualitative differences in Treg development, focusing on the very important neonatal Treg population.





Results




Particularly robust thymic production of GITRhighPD-1+ Tregs in neonatal NOD mice

It was previously shown that Tregs developing during the neonatal period protect better from lethal autoimmunity upon adoptive transfer into AIRE-deficient NOD mice than cells differentiating in adult animals (6). We investigated the development of this population in NOD mice and compared it with that in other commonly used inbred mouse strains. Wyss and colleagues previously showed that newly developed Tregs expressing a GITRhighPD-1+ phenotype are more autoreactive than their GITR+PD-1− counterparts (3). We therefore investigated the GITR vs. PD-1 phenotypes of Tregs newly developing in neonates (3 to 4 days old) of B6, BALB/c, C3H, CBA, DBA/1, FVB, NOD, and SJL mice. The proportions of GITRhighPD-1+ cells among CD4+CD8−TCRhighFoxp3+ Tregs (gated as shown in Supplementary Figure S1A) varied dramatically, from 20.6% ± 2.1% in C3H mice to 49.4% ± 5.8% in NOD animals (Figure 1A). NOD mice also had particularly great proportions of GITRhighPD-1+ Tregs among CD4+CD8−TCRhigh thymocytes (CD4SP, Supplementary Figure S1B). These data suggested a genetic control of the development of strongly autoreactive GITRhighPD-1+ Tregs, paradoxically very robust in the NOD mouse.




Figure 1 | Particularly robust production of GITRhighPD-1+ Tregs by the neonatal NOD thymus. (A) Thymocytes from 3-day-old mice of indicated strains were analyzed by flow cytometry using indicated markers (cf. Supplementary Figure S1A). The left panels show typical PD-1 vs. GITR expression patterns on CD4+CD8−TCR+ (CD4SP) Foxp3+ cells, and the right panels show the quantification using gates indicated in the left panel. (B) As in (A) but analyzing 4-day-old Foxp3-Thy1a Rag2-Gfp mutant B6 vs. NOD mice and thymus exit-competent S1PR1+GFP+Thy1.1+ CD4SP thymocytes (cf. Supplementary Figure S1C). (C) As in (B) but analyzing CD4+TCR+Foxp3+ splenocytes (Tregs). (D) Kinetics of GITRhighPD-1+ Treg development in Foxp3-Thy1a Rag2-Gfp mutant B6 vs. NOD mice. (E) NMRI fetal thymi were depleted of hematopoietic cells before being reconstituted with adult Foxp3-Thy1a Rag2-Gfp B6 or NOD DN3 precursors (cf. Supplementary Figure S1D). After 12 days of culture, the proportions of GITRhighPD-1+ cells among developing CD4+CD8−TCR−Thy1.1+ Tregs were determined by flow cytometry. In (A–C), dots represent individual mice and in (E) individual thymic lobes, and bars are mean values ± SD. In (D), dots indicate mean values and bars SD. ns, not significant; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, Mann–Whitney test.



Treg precursors are not entirely resistant to thymic deletion (22). It was therefore important to evaluate if the potentially highly autoreactive newly developed GITRhighPD-1+ Tregs can leave the thymus and populate the periphery. To assess this question, we first analyzed the expression of S1PR1, sufficient for the thymic export of T cells (23). Among thymus export-competent (S1PR1+) Tregs, we observed substantially more GITRhighPD-1+ cells in NOD mice than in B6 neonates (Figure 1B, Supplementary Figure S1C). We also observed much higher proportions of GITRhighPD-1+ cells among peripheral (splenic) Tregs in 4-day-old NOD than in age-matched B6 mice (Figure 1C).

Phenotypic differences between NOD and B6 Tregs have, to our knowledge, not been described. Moreover, it was reported that very autoreactive Tregs develop during the neonatal period, but not later on (24, 25). We therefore assessed the kinetics of GITRhighPD-1+ Treg development in NOD and B6 mice. Intriguingly, we observed higher levels of these cells in NOD than in B6 thymi only during the first week of age. Already at 1 week of age, the proportion of developing GITRhighPD-1+ Tregs had strongly dropped in NOD mice, and later on, they were similar in the two mouse strains (Figure 1D). Combined, these data indicate that, paradoxically, particularly high proportions of potentially strongly autoreactive GITRhighPD-1+ Tregs develop during the neonatal period in the NOD thymus and populate peripheral lymphoid organs.





The robust GITRhighPD-1+ NOD Treg development is genetically controlled in a T-cell lineage-intrinsic manner

The difference in neonatal GITRhighPD-1+ Treg development between NOD and B6 mice may be controlled by genetic factors acting within developing T cells and/or provided by the thymic microenvironment. To investigate this issue, we generated reconstituted fetal thymus organ cultures (rFTOC, Supplementary Figure S1D). We depleted fetal NMRI thymi of hematopoietic cells and we seeded these emptied thymic lobes with T-cell precursors from 8-week-old B6 or NOD mice. To avoid the potential contribution of dendritic cells and B lymphocytes developing from thymic T-cell precursors, we used FACS-sorted thymocytes at the DN3 stage of development (CD4−CD8−TCR−CD44−CD25+), known to only have T-cell precursor potential (26). Whereas 36.6% ± 7.2% of Tregs developing from B6 DN3 in such rFTOC expressed PD-1 and high levels of GITR, 49.4% ± 7.8% of NOD Tregs had this phenotype (Figure 1E). These results indicated that part of the difference in GITRhighPD-1+ Treg development between B6 and NOD mice was due to factors acting within the T-cell compartment. Since the precursor cells seeded into the cultures were of adult origin, our observations also showed that the difference is not caused by factors intrinsic to newborn precursors.





GITRhighPD-1+ NOD Tregs have a phenotype suggesting high autoreactivity

It was paradoxical to find particularly robust development of GITRhighPD-1+ and, therefore, presumably highly autoreactive, neonatal Tregs in the T1D-prone NOD mouse. However, the highly autoreactive nature of GITRhighPD-1+ Tregs was described for B6 mice (3) and may or not be valid for NOD Tregs. Also, for technical reasons, we did not include in our study the CD25 marker used by Wyss and colleagues, which might bias the interpretation of our results. We therefore compared the autoreactivity of GITRhighPD-1+ vs. GITR+PD-1– Tregs in NOD and B6 mice. Neonatal GITRhighPD-1+ Tregs from B6 and NOD mice expressed significantly lower levels of TCR and higher levels of Nur77 and CD5 than GITR+PD-1– cells (Figures 2A–C, Supplementary Figures S2A, B). These data suggested a similarly higher autoreactivity of GITRhighPD-1+ than of GITR+PD-1– Tregs in NOD and B6 mice (27–29), thus confirming and extending previously published data on B6 animals (3). Moreover, in NOD but not in B6 mice, thymic stromal cells express a superantigen encoded by the endogenous mammary tumor virus-3 (Mtv-3). When presented by the MHC class II molecule I-Ag7, the Mtv-3 superantigen strongly activates all T cells expressing the TCR Vβ3 variable segment. Strongly autoreactive Vβ3-expressing T-cell precursors are therefore deleted in the NOD thymus (30). Given that superantigens can also induce the selection of reactive Tregs (31), we investigated the development of Vβ3-expressing Tregs, highly autoreactive in Mtv-3-expressing NOD but not in B6 mice which lack Mtv-3. We found many more Vβ3-expressing cells among GITRhighPD-1+ than among GITR+PD-1– Tregs in NOD but not in B6 neonates (Figure 2D, Supplementary Figure S2C). Combined, these data suggested that, as in B6 mice, in NOD animals GITRhighPD-1+ Tregs were substantially more autoreactive than GITR+PD-1– cells.




Figure 2 | Neonatal GITRhighPD-1+ Tregs are more autoreactive than their GITR+PD-1− counterparts. (A, B) Thymocytes from indicated 3-day-old Foxp3-Thy1a B6 and NOD neonates were analyzed by flow cytometry. Depicted are typical patterns (left panels) and quantifications (gMFI, right panels) of the expression of indicated markers by CD4+CD8−Thy1.1+ cells (Tregs) (gated as shown in Supplementary Figure S2A). (C) As in (A, B) but indicating the mean CD5 expression levels. (D) The proportions of Mtv-3 superantigen-specific cells among GFP+CD4+CD8−Thy1.1+ Tregs in 4-day-old Foxp3-Thy1a Mtv-3− B6 and Mtv-3+ NOD mice. (E–G) As in (A–D) but for CD4+Thy1.1+ splenocytes (Tregs, gated as shown in Supplementary Figure S2D) from 4-day-old neonates. Typical flow cytometry patterns for data shown in (C, D, F) are shown in Supplementary Figures S2B, C, E. (H) GITRhighPD-1+ preferentially recirculate back to the thymus. The proportions of GITRhighPD-1+ cells among peripheral Tregs (splenic Tregs) and among recirculating GFP− Tregs (Recirc. Tregs) in the thymus of 4-day-old B6 and NOD mice. Dots represent individual mice and lines represent paired data (same mouse). *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, Wilcoxon test.







GITRhighPD-1+ NOD Tregs are highly reactive in vivo

To formally assess the particularly (most probably auto-) reactive nature of NOD GITRhighPD-1+ Tregs, we next analyzed their activation in the periphery. Upon leaving the thymus, a large proportion of Tregs is activated in the periphery (32). The expression levels of the T-cell activation marker CD44 were noticeably higher on GITRhighPD-1+ than on GITR+PD-1– Tregs (Figure 2E, Supplementary Figure S2D). We also found many more cells expressing the proliferation marker Ki67 among GITRhighPD-1+ than among GITR+PD-1– Tregs (Figure 2F, Supplementary Figure S2E). In Rag2-Gfp mice, GFP accumulates in developing T cells up to the extinction of Rag2 expression upon positive selection and then degrades with an in-vivo half-life of 56 h (33). The proliferation of recent thymic emigrants, which still express detectable levels of GFP, will lead to the dilution of GFP. At the age of 4 days, Tregs just start to leave the mouse thymus (34). In the spleen of 4-day-old mice, GITRhighPD-1+ recent thymic emigrant Tregs displayed markedly lower GFP fluorescence levels than GITR+PD-1– cells (Figure 2G), indicating a higher proliferation rate of GITR+PD-1+ cells compared with their GITR+PD-1– counterparts. Upon their activation in the periphery, Tregs recirculate back to the thymus (21, 35). If GITRhighPD-1+ are more activated than GITR+PD-1– cells, the former cells should preferentially recirculate to the thymus. Consistent with this premise, we found that the proportions of GITRhighPD-1+ cells among recirculating GFP− Tregs in the thymus were much higher than those among Tregs in the spleen of B6 newborns and, to an even greater extent, of NOD mice (Figure 2H). These data indicate that GITRhighPD-1+ Tregs preferentially recirculate back to the thymus. Combined, our data confirm and extend the particularly (probably auto-) reactive nature of GITRhighPD-1+ Tregs (3). Importantly, we obtained very similar differences between GITRhighPD-1+ vs. GITR+PD-1– Tregs in B6 and NOD mice. Taken together, these data further indicate that a particularly high proportion of strongly autoreactive Tregs develops in the neonatal NOD thymus.





At least two genomic loci control development of GITRhighPD-1+ Tregs

The very diverse levels of GITRhighPD-1+ Tregs we found in distinct inbred mouse strains (Figure 1A) suggested that their development is modulated by genetic factors. To more formally address this possibility, we next performed a genetic analysis. We crossed NOD mice to B6 animals and analyzed neonatal Treg development. In the thymus of F1 mice, we found proportions of GITRhighPD-1+ cells among Tregs similar to those observed in NOD mice (Figure 3A). The B6 phenotype therefore appears recessive. We then backcrossed F1 mice to B6 animals. These “backcross 1” (BC1) animals displayed a large diversity in the proportions of GITRhighPD-1+ cells among Tregs (Figure 3A). These results formally confirmed genetic control of the development of GITRhighPD-1+ Tregs and indicated its polygenic nature.




Figure 3 | Genetic control of neonatal development of GITRhighPD-1+ Tregs. (A) Thymocytes from indicated 3-day-old Rag2-Gfp Foxp3-Thy1a-mutant neonatal mice were analyzed by flow cytometry and the proportions of GITRhighPD-1+ cells among GFP+CD4+CD8−TCR+Thy1.1+ cells (Tregs) determined. F1, (NODxB6)F1; BC1, (F1xB6)BC1. (B) Proportions of GITRhighPD-1+ cells among thymic Tregs in BC1 mice carrying B6 and/or NOD alleles of indicated Idd (as determined by PCR). For the complete list of analyzed Idd, see Supplementary Figure S4. (C–H) Genome-wide SNP profiling was performed on genomic DNA from B6, NOD, and 94 BC1 mice (f/m). LOD scores of GITRhighPD-1+ Treg development for (C) the whole genome (except for the Y-chromosome), (D) chromosome 1, and (E) chromosome 8. Locations of Idd5 and Idd22 are indicated with horizontal bars. The proportions of GITRhighPD-1+ cells among Tregs in BC1 mice carrying the indicated B6 and/or NOD alleles on (F) Chr. 1, 60.5 Mb; (G) Chr. 1, 96.4 Mb; (H) Chr. 8, 38.8 Mb; and (I) in 4-day-old NOD vs. NOD.B10 Idd5 congenic mice. Dots represent individual mice, and bars mean values ± SD. ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001, Mann–Whitney test. In (C–E), the horizontal dashed lines indicate the LOD score of 3.0 above which the genetic linkage was considered statistically significant.



The I-Ag7 allele expressed by NOD mice is a major T1D susceptibility locus (“Idd1”) and regulates non-cognate negative selection in the thymus (36). Given the highly autoreactive nature of GITRhighPD-1+ Tregs, we postulated that I-Ag7 may play an important role in their differentiation. To assess this possibility, we identified homozygous I-Ab/b and heterozygous I-Ab/g7 mice among the BC1 neonates and compared the proportions of GITRhighPD-1+ cells among newly developing (i.e., GFP+) Tregs. We did not observe any difference between I-Ab/b and heterozygous I-Ab/g7 mice (Supplementary Figure S3), excluding a role for the I-Ag7 allotype in GITRhighPD-1+ Treg development.

More than 40 other T1D susceptibility loci have been identified (37). To investigate the potential implication of these loci in the development of GITRhighPD-1+ Tregs, we first determined the Idd genotypes of the BC1 neonates by PCR and then compared the proportions of GITRhighPD-1+ Tregs among GFP+ Thy1.1+ CD4SP Tregs (Supplementary Figure S4). Several Idd appeared involved in the development of these cells. Thus, the heterozygous presence of the NOD alleles of Idd5 and Idd26 (both localized on chromosome 1, “Chr. 1”) conferred increased proportions of GITRhighPD-1+ Tregs (Figure 3B). By contrast, the heterozygous presence of the NOD allele of Idd8 (Chr. 14), Idd12 (Chr. 14), and Idd22 (Chr. 8) unexpectedly conferred reduced proportions of GITRhighPD-1+ Tregs (Figure 3B). These data indicate that T1D susceptibility loci genetically control the development of GITRhighPD-1+ Tregs.

To comprehensively identify genomic loci controlling the development of GITRhighPD-1+ Tregs, we submitted genomic DNA from the BC1 animals to genome-wide, high-density single nucleotide polymorphism (SNP) profiling (Figure 3C). We thus identified loci on chromosomes (Chr.) 1 and 8 that control the difference in GITRhighPD-1+ Treg development between B6 and NOD mice (Figures 3D, E). On Chr. 1, two loci may be involved (Figure 3D). In BC1 mice heterozygous (B6/NOD) for these two loci, significantly more GITRhighPD-1+ Tregs developed than in homozygous (B6/B6) pups (Figures 3F, G). These observations confirm the dominance of the NOD allele(s) which favour(s) the development of GITRhighPD-1+ Tregs. However, the difference between mice homozygous and heterozygous for these loci was substantially smaller than the difference between B6 and (B6xNOD)F1 mice (cf. Figures 3A, F, G), again indicating the polygenic control of the GITRhighPD-1+ Treg phenotype. In BC1 neonates heterozygous (B6/NOD) for the locus identified on Chr. 8, significantly less GITRhighPD-1+ Tregs developed than in homozygous (B6/B6) pups (Figure 3H). This observation indicates the dominance of the NOD allele(s) which, in contrast to the locus on Chr. 1, inhibits the development of GITRhighPD-1+ Tregs. The NOD alleles of the loci on Chr. 1 and 8 therefore control GITRhighPD-1+ Treg development in an opposite fashion.





The type 1 diabetes susceptibility locus Idd5 controls the development of GITRhighPD-1+ Tregs

The identified loci on chromosome 1 largely overlap with the diabetes susceptibility locus Idd5 (38) (Figure 3D). To assess the potential implication of Idd5 in neonatal GITRhighPD-1+ Treg development, we analyzed congenic NOD neonates carrying the Idd5 locus of B10 origin (NOD.B10 Idd5 mice, strain R974 (39)). Among Foxp3+ CD4SP Tregs in the thymi of NOD.B10 Idd5 mice, we found lower proportions of GITRhighPD-1+ cells than among NOD Tregs (Figure 3I). These data thus show that the particularly robust development of GITRhighPD-1+ Tregs in NOD mice is, in part, controlled by the T1D susceptibility locus Idd5.






Discussion

The data presented here indicate that, paradoxically, a particularly high proportion of Tregs developing in the thymus of neonatal NOD mice has the GITRhighPD-1+ phenotype previously associated with high autoreactivity in B6 mice (3). We confirm that these Tregs are highly autoreactive in NOD animals. We found that robust GITRhighPD-1+ Treg development was restricted to the neonatal period and rapidly dropped by 1 week of age when we did not observe a drop in GITRhighPD-1+ Treg development in B6 mice. Genetic analyses indicated the involvement of diabetes susceptibility loci, in particular Idd5, suggesting a causative link with the disease. Our data thus suggest an indirect link between an idiosyncrasy in the development of Tregs in neonatal NOD mice and their susceptibility to T1D.

The Treg population developing in neonatal NOD mice appears substantially more autoreactive than that differentiating in the thymus of several other inbred mouse strains. This conclusion is based in part on the particularly high proportion of NOD Tregs expressing a GITRhighPD-1+ phenotype, previously shown to be highly autoreactive in B6 mice (3). In the NOD as well as in the B6 thymus, GITRhighPD-1+ Tregs expressed higher levels of Nur77 and CD5 and lower levels of TCR than GITR+PD-1– cells, indicating recent stronger signaling through the TCR. Dong and colleagues recently found that intrathymic NOD vs. B6 Tregs expressed similar levels of CD5, but they analyzed adult animals and did not distinguish between GITR+PD-1– and GITRhighPD-1+ cells (40). In NOD mice, Mtv-3 superantigen-specific TCR Vβ3-expressing Tregs were enriched in the GITRhighPD-1+ as compared with the GITR+PD-1– Treg subset. In the periphery, the expression of the activation marker CD44 and of the proliferation marker Ki67 was substantially greater on GITRhighPD-1+ than on GITR+PD-1– Tregs, both in B6 and NOD mice, confirming higher reactivity, most probably to self-antigens. GITRhighPD-1+ Tregs were also more represented among intrathymic Tregs that had recirculated back from the periphery than among peripheral Tregs, consistent with their higher in-vivo activation (21). Combined, these observations confirm the very autoreactive nature of GITRhighPD-1+ Tregs in both mouse strains.

In the spleen, substantially more GITRhighPD-1+ than GITR+PD-1– Tregs proliferated in both NOD and B6 mice. However, for both populations, much fewer cells proliferated in NOD than in B6 mice. It was recently shown that whereas the diversity of the TCR repertoire expressed by newly developed Tregs is similar in B6 and NOD mice (8), in peripheral lymphoid organs, this diversity is higher in NOD than in B6 mice. This phenomenon was apparently due to reduced clonal Treg expansion in NOD mice (41), which in turn is probably caused by limited production of IL-2 in NOD as compared with B6 mice (9). It is therefore important to distinguish between the autoreactivity of Treg (controlled by their specificity and/or by other Treg-intrinsic factors) and their proliferation (controlled by, e.g., IL-2 availability or responsiveness).

Further work will be required to identify molecular mechanisms involved in the development of the particularly autoreactive nature of neonatal NOD Tregs. Several genes within the thus far identified genomic region encode products that are involved in Treg development and/or function: CTLA-4 modulates the selection of the TCR repertoire expressed by developing Tregs and plays a major role in the suppressive function of this T-cell population (42, 43), and Tregs appear to be functionally impaired in ICOS-deficient NOD mice (17). However, hundreds of other genes are encoded within the Idd5 locus and may be involved (39). It will now be important to assess which gene(s) within the Idd5 locus is (are) responsible for the development of the particularly autoreactive Treg population in the neonatal NOD thymus and which mechanisms are involved.

We observed that the particularly robust development of GITRhighPD-1+ Tregs in the NOD mouse only occurs very early after birth and drops rapidly after. In rFTOC, we found that adult NOD precursors more efficiently develop into GITRhighPD-1+ Tregs than adult B6 precursors, indicating that the decline we observed was not due to potential differences between neonatal and adult precursor cells. Our observation is coherent with the report that Tregs developing early in life are more autoreactive than Tregs developing later on (24). A potential explanation for the latter phenomenon lies in defective intrathymic deletion of autoreactive T-cell precursors early in life, allowing Tregs specific for certain autoantigens to differentiate (25). After the neonatal period, peripheral DC homing to the thymus induced the deletion of the very autoreactive T-cell precursors, pre-empting their differentiation into Tregs. However, the drop in the development of GITRhighPD-1+ Tregs we observed in NOD mice occurred earlier than the drop in the development of Tregs specific for the autoantigens in B6 mice reported by Stadinski et al. (25). An alternative mechanism appears therefore involved. Rapid homing back to the thymus of Tregs activated in the periphery may somehow play a role (21).

Our genetic analyses indicate a link between a particularity in Tregs neonatally developing in NOD mice and their susceptibility to T1D. Since neonatal Tregs apparently play a crucial role in the protection from autoimmune pathology (6), we hypothesize that anomalies in these neonatal Tregs may somehow be involved in the etiology of T1D in the NOD mouse. For example, the expression of PD-1, a modulator of Treg activity (44–46), may hamper the capacity of Tregs to protect from T1D. The correlation between robust neonatal Treg autoreactivity and T1D susceptibility may also be related to the increased recirculation of activated peripheral Tregs back to the thymus which we observed. In the thymus, these cells may modulate the selection of Tconv, thus affecting their diabetogenic potential (35, 47, 48). It also remains possible that molecular mechanisms involved in robust GITRhighPD-1+ Treg development operate in other cells and alter susceptibility to T1D in a Treg-independent manner. Finally, we cannot exclude the possibility that the idiosyncrasy in Treg development we here described is unrelated to T1D susceptibility. It will now be important to identify the precise gene(s) and mechanism involved in neonatal GITRhighPD-1+ Treg development and to assess if and how it affects T1D susceptibility.

The observations described here may ultimately lead to the identification of genes and mechanisms involved in disease susceptibility of the NOD mouse, a very widely used animal model for T1D (49). This is an important issue since, despite the identification of more than 40 T1D susceptibility loci in mice and humans, only very few involved genes and mechanisms have thus far been identified (49). Understanding the potential defects in Treg-mediated immune suppression involved in susceptibility to T1D will also help in the development of innovative therapies against this debilitating disease affecting increasing numbers of children at a progressively younger age (50).





Methods




Mice

B6, BALB/c, C3H, CBA, DBA/1, and FVB mice were purchased from Janvier labs (Le Genest-Saint-Isle, FRA), and NOD and SJL were from Charles River (Wilmington, USA) Laboratories. Foxp3-Thy1a Rag2-Gfp-mutant B6 and NOD mice were previously described (21). NOD.B10 Idd5 congenic R974 mice (39) were from JAX (Bar Harbor, USA) Laboratories. All experiments involving animals were performed in compliance with governmental and institutional guidelines (ethical approval APAFIS#4151-201602171 0481496.v6).





Antibodies

We used the following monoclonal antibodies (mAbs) and secondary reagents: APC-Cy7- and Pacific Blue-labeled anti-CD4 (GK1.5), biotin-labeled anti-CD4 (RM4.4), PE-CF594-labeled anti-CD8α (53.6.7), BV510-labeled anti-CD8β (H35-17.2), PE-Cy7- and PE-labeled anti-CD25 (PC61), PECF-BV421- and biotin-labeled anti-TCRβ (H57-597), BV421- and APC-labeled anti-Thy1.1 (OX-7), AF647-labeled anti-Ki67 (B56), PE-labeled anti-Nur77 (12.14), PE-labeled anti-CD5 (53-7.3), PE-labeled anti-I-Ab (AF6-120.1), biotin-labeled anti-RT1B (OX6) for the detection of I-Ag7, biotin-labeled anti-TCR Vβ3 antibody (KJ25) (all from BD (Franklin Lakes, USA) Biosciences); PECy7-labeled anti-GITR (DTA-1), PerCP-ef710-labeled anti-PD-1 (J43), biotin-labeled anti-Thy1.1 (HIS51), PE-labeled anti-TCRβ (H57-597), PerCP-Cy5.5-labeled or APC-ef780-labeled anti-CD44 (IM7), APC-labeled anti-CD62L (MEL-14), ef450-BV605-PE-Cy7- or PE-labeled streptavidin, PE-labeled anti-H-2Kd (SF1-1.1), biotin-labeled anti-H-2Kb (AF6-88.5), PE-labeled anti-CCR7 (4B12), ef450- and ef660-labeled anti-Foxp3 (FJK16S) (all from eBioscience (thermofisher) (Waltham, USA)); and BV605-labeled anti-CD73 (TY/11.8) (from Biolegend (San Diego, USA)); anti-S1P1/EDG-1 antibody (713412, R&D (Minneapolis, USA) Systems); and biotin-SP (long spacer) AffiniPure F(ab’)2 Fragment Donkey Anti-Rat IgG (H+L) (polyclonal, Jackson immuinoresearch (West Grove, USA)).





Flow cytometry

Sample preparation and staining were essentially performed as previously described (51). FACS data were acquired using an LSRII or a Fortessa flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software (Tree Star, Ashland, OR, USA). Doublets and dead cells were excluded from the analysis by using appropriate FSC/SSC gates.





Reconstituted fetal thymus organ cultures

Thymic lobes from NMRI mice were collected and individually cultured on transwell inserts (0.4μm pores, polycarbonate membrane, Corning (Corning, USA)) at the air–liquid interface using a complete medium (10% FBS) containing 1.35 mM of 2-deoxyguanosine (2dGUO, Sigma (Burlington, USA)). Six days later, lobes were intensely washed and cultured for 24 h in hanging drops containing 50,000 DN3 (CD4−CD8−TCR−CD25+CD44-) cells FACS-sorted from thymocytes (CD8-depleted using mAb 31M and rabbit complement) from 8-week-old NOD or B6 mice. Lobes were then cultured on transwells for 12 days (cf. Supplementary Figure S1D). Lobes were collected and digested in RPMI containing 4 μg/ml of Liberase and 0.1 μg/ml of DNAse I (Roche (Basel, Switzerland)) for 5 min at 37°C with vigorous pipetting every 2 min. Cells were then washed, counted, and stained for flow cytometry analysis.





Idd genotyping

DNA was prepared from tail clips of 3-day-old NOD, B6, F1, and BC1 mice using standard procedures. Idd genotyping was performed by PCR using published primers (52).





Genome-wide SNP profiling

DNA was prepared from the tail clips of 3-day-old NOD, B6, and BC1 (n = 94) mice using standard procedures, quality-controlled using a fragment analyzer Agilent (Santa Clara, USA)), quantified using PicoGreen, amplified, and hybridized to Illumina GGP Mouse GIGA-MUGA Arrays according to the supplier’s instructions (Infinium HTS Assay Protocol Guide, 15045738 Rev.A October 2013, Manual Protocol). Arrays were scanned using an iScan System (Illumina (San Diego, USA)).

Thus, the obtained raw data were quality-controlled and analyzed using GenomeStudio Software 2010 with the Genotyping module (Illumina). After optimization of the cluster file and exclusion of uninterpretable SNPs, we retained 34,003 SNPs polymorphic between NOD and B6 (out of the 143,446 SNPs on the arrays). LOD scores were calculated and genome regions graphed with a customized script under R programming language using the “qtl2” package (53). The analysis was performed using the “backcross” parameter taking as inputs the genomic map, the physical map (mm10), and the phenotype table (% of GITRhighPD1+ cells among thymic CD4+CD8−TCRhighGFP+Thy1.1+ Tregs). The “error probabilities” parameter was arbitrarily fixed to 0.002. The script and tables are available at https://github.com/arielgalindoalbarran/Idd5NOD.






Data availability statement

The original codes presented in the study are publicly available. This data can be found here: https://github.com/arielgalindoalbarran/Idd5NOD. The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: GSE253484 (GEO).





Ethics statement

The animal study was approved by comité d’éthique en expérimentation animale n°122. All experiments involving animals were performed in compliance with governmental and institutional guidelines (ethical approval APAFIS#4151-201602171 0481496.v6). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

JS: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. SV: Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. AG-A: Formal analysis, Investigation, Methodology, Writing – review & editing. SC: Conceptualization, Formal analysis, Methodology, Writing – review & editing. CD: Formal analysis, Investigation, Methodology, Writing – review & editing. OJ: Conceptualization, Writing – review & editing. PR: Conceptualization, Formal analysis, Funding acquisition, Methodology, Supervision, Validation, Writing – review & editing. JvM: Conceptualization, Funding acquisition, Methodology, Project administration, Supervision, Validation, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was financially supported by the Fondation pour la Recherche Médicale (to JvM, DEQ20160334920; to JS, FDT201904008280); the IdEx Toulouse (to PR); the Agence Nationale pour la Recherche (to PR, ANR-16-CE15-0015-01, to JvM ANR-23-CE15-0010-01), and by a “scientific exchanges grant” from the Swiss National Fund (to JvM).




Acknowledgments

The authors are very grateful to the following persons for excellent technical assistance: Fatima L’Faqihi, Valérie Duplan-eche, Anne-Laure Iscache, Lidia De la Fuente, Paul Menu, and Hugo Garnier of the INFINITy Cytometry platform; Carine Valle (CRCT, Toulouse, France) for SNP analysis; and the personnel of the Inserm US006 ANEXPLO/Crefre animal facility. The authors thank the members of the ‘Integrative T cell Immunobiology team’ for discussions and input in the project. JvM is grateful to the staff of the Biochemistry Institute of the Lausanne University, Epalinges, Switzerland, for its hospitality. JS, SV, AGA, SC, OJ, and JvM dedicate this work to the memory of their late, much respected and regretted colleague PR.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1358459/full#supplementary-material





Abbreviations

B6, C57BL/6; BC1, first generation backcross; CD4SP, CD4+CD8−TCRhigh thymocytes; DN3, CD4−CD8−CD44−CD25+ thymocytes; Idd, insulin-dependent diabetes-susceptibility locus; NOD, non-obese diabetic; T1D type I diabetes; Tconv, conventional T lymphocytes; Treg, Foxp3+CD4+ regulatory T lymphocytes.




References

1. Gambineri, E, Perroni, L, Passerini, L, Bianchi, L, Doglioni, C, Meschi, F, et al. Clinical and molecular profile of a new series of patients with immune dysregulation, polyendocrinopathy, enteropathy, X-linked syndrome: inconsistent correlation between forkhead box protein 3 expression and disease severity. J Allergy Clin Immunol (2008) 122(6):1105–12.e1. doi: 10.1016/j.jaci.2008.09.027

2. Klein, L, Robey, EA, and Hsieh, CS. Central CD4(+) T cell tolerance: deletion versus regulatory T cell differentiation. Nat Rev Immunol (2019) 19(1):7–18. doi: 10.1038/s41577-018-0083-6

3. Wyss, L, Stadinski, BD, King, CG, Schallenberg, S, McCarthy, NI, Lee, JY, et al. Affinity for self antigen selects treg cells with distinct functional properties. Nat Immunol (2016) 17(9):1093–101. doi: 10.1038/ni.3522

4. Owen, DL, Mahmud, SA, Sjaastad, LE, Williams, JB, Spanier, JA, Simeonov, DR, et al. Thymic regulatory T cells arise via two distinct developmental programs. Nat Immunol (2019) 20(2):195–205. doi: 10.1038/s41590-018-0289-6

5. Apert, C, Galindo-Albarran, AO, Castan, S, Detraves, C, Michaud, H, McJannett, N, et al. IL-2 and IL-15 drive intrathymic development of distinct periphery-seeding CD4(+)Foxp3(+) regulatory T lymphocytes. Front Immunol (2022) 13:965303. doi: 10.3389/fimmu.2022.965303

6. Yang, S, Fujikado, N, Kolodin, D, Benoist, C, and Mathis, D. Regulatory T cells generated early in life play a distinct role in maintaining self-tolerance. Science (2015) 348(6234):589–94. doi: 10.1126/science.aaa7017

7. Ferreira, C, Singh, Y, Furmanski, AL, Wong, FS, Garden, OA, and Dyson, J. Non-obese diabetic mice select a low-diversity repertoire of natural regulatory T cells. Proc Natl Acad Sci USA (2009) 106(20):8320–5. doi: 10.1073/pnas.0808493106

8. Galindo-Albarran, A, Castan, S, Santamaria, JC, Joffre, OP, Haegeman, B, Romagnoli, P, et al. The repertoire of newly developing regulatory T cells in the type 1 diabetes-prone NOD mouse is very diverse. Diabetes (2021) 70(8):1729–37. doi: 10.2337/db20-1072

9. Yamanouchi, J, Rainbow, D, Serra, P, Howlett, S, Hunter, K, Garner, VE, et al. Interleukin-2 gene variation impairs regulatory T cell function and causes autoimmunity. Nat Genet (2007) 39(3):329–37. doi: 10.1038/ng1958

10. Consortium WTCC. Genome-wide association study of 14,000 cases of seven common diseases and 3,000 shared controls. Nature (2007) 447(7145):661–78. doi: 10.1038/nature05911

11. Rainbow, DB, Esposito, L, Howlett, SK, Hunter, KM, Todd, JA, Peterson, LB, et al. Commonality in the genetic control of type 1 diabetes in humans and NOD mice: variants of genes in the IL-2 pathway are associated with autoimmune diabetes in both species. Biochem Soc Trans (2008) 36(Pt 3):312–5. doi: 10.1042/bst0360312

12. Lowe, CE, Cooper, JD, Brusko, T, Walker, NM, Smyth, DJ, Bailey, R, et al. Large-scale genetic fine mapping and genotype-phenotype associations implicate polymorphism in the il2ra region in type 1 diabetes. Nat Genet (2007) 39(9):1074–82. doi: 10.1038/ng2102

13. Tang, Q, Adams, JY, Penaranda, C, Melli, K, Piaggio, E, Sgouroudis, E, et al. Central role of defective interleukin-2 production in the triggering of islet autoimmune destruction. Immunity (2008) 28(5):687–97. doi: 10.1016/j.immuni.2008.03.016

14. D’Alise, AM, Auyeung, V, Feuerer, M, Nishio, J, Fontenot, J, Benoist, C, et al. The defect in T-cell regulation in NOD mice is an effect on the T-cell effectors. Proc Natl Acad Sci USA (2008) 105(50):19857–62. doi: 10.1073/pnas.0810713105

15. Lawson, JM, Tremble, J, Dayan, C, Beyan, H, Leslie, RDG, Peakman, M, et al. Increased resistance to CD4+Cd25hi regulatory T cell-mediated suppression in patients with type 1 diabetes. Clin Exp Immunol (2008) 154(3):353–9. doi: 10.1111/j.1365-2249.2008.03810.x

16. Schneider, A, Rieck, M, Sanda, S, Pihoker, C, Greenbaum, C, and Buckner, JH. The effector T cells of diabetic subjects are resistant to regulation via CD4+ Foxp3+ Regulatory T cells. J Immunol (2008) 181(10):7350–5. doi: 10.4049/jimmunol.181.10.7350

17. Rogner, UC, Lepault, F, Gagnerault, MC, Vallois, D, Morin, J, Avner, P, et al. The diabetes type 1 locus idd6 modulates activity of CD4+CD25+ Regulatory T-cells. Diabetes (2006) 55(1):186–92. doi: 10.2337/diabetes.55.01.06.db05-0598

18. Yamanouchi, J, Puertas, MC, Verdaguer, J, Lyons, PA, Rainbow, DB, Chamberlain, G, et al. Idd9.1 locus controls the suppressive activity of foxp3+CD4+CD25+ Regulatory T-cells. Diabetes (2010) 59(1):272–81. doi: 10.2337/db09-0648

19. Feuerer, M, Jiang, W, Holler, PD, Satpathy, A, Campbell, C, Bogue, M, et al. Enhanced thymic selection of foxp3+ Regulatory T cells in the NOD mouse model of autoimmune diabetes. Proc Natl Acad Sci USA (2007) 104(46):18181–6. doi: 10.1073/pnas.0708899104

20. Tellier, J, Andrianjaka, A, Vicente, R, Thiault, N, Enault, G, Garchon, HJ, et al. Increased thymic development of regulatory T cells in NOD mice is functionally dissociated from type I diabetes susceptibility. Eur J Immunol (2013) 43(5):1356–62. doi: 10.1002/eji.201243142

21. Darrigues, J, Santamaria, JC, Galindo-Albarran, A, Robey, EA, Joffre, OP, van Meerwijk, JPM, et al. Robust intrathymic development of regulatory T cells in young NOD mice is rapidly restrained by recirculating cells. Eur J Immunol (2021) 51(3):580–93. doi: 10.1002/eji.202048743

22. Romagnoli, P, Hudrisier, D, and van Meerwijk, JPM. Preferential recognition of self-antigens despite normal thymic deletion of CD4+CD25+ Regulatory T cells. J Immunol (2002) 168:1644–8. doi: 10.4049/jimmunol.168.4.1644

23. Zachariah, MA, and Cyster, JG. Neural crest-derived pericytes promote egress of mature thymocytes at the corticomedullary junction. Science (2010) 328(5982):1129–35. doi: 10.1126/science.1188222

24. Dong, M, Artusa, P, Kelly, SA, Fournier, M, Baldwin, TA, Mandl, JN, et al. Alterations in the thymic selection threshold skew the self-reactivity of the TCR repertoire in neonates. J Immunol (2017) 199(3):965–73. doi: 10.4049/jimmunol.1602137

25. Stadinski, BD, Blevins, SJ, Spidale, NA, Duke, BR, Huseby, PG, Stern, LJ, et al. A temporal thymic selection switch and ligand binding kinetics constrain neonatal foxp3(+) T(Reg) cell development. Nat Immunol (2019) 20(8):1046–58. doi: 10.1038/s41590-019-0414-1

26. Lucas, K, Vremec, D, Wu, L, and Shortman, K. A linkage between dendritic cell and T-cell development in the mouse thymus: the capacity of sequential T-cell precursors to form dendritic cells in culture. Dev Comp Immunol (1998) 22(3):339–49. doi: 10.1016/s0145-305x(98)00012-3

27. Azzam, HS, Grinberg, A, Lui, K, Shen, H, Shores, EW, and Love, PE. Cd5 expression is developmentally regulated by T cell receptor (TCR) signals and TCR avidity. J Exp Med (1998) 188(12):2301–11. doi: 10.1084/jem.188.12.2301

28. Moran, AE, Holzapfel, KL, Xing, Y, Cunningham, NR, Maltzman, JS, Punt, J, et al. T cell receptor signal strength in treg and iNKT cell development demonstrated by a novel fluorescent reporter mouse. J Exp Med (2011) 208(6):1279–89. doi: 10.1084/jem.20110308

29. Luton, F, Buferne, M, Davoust, J, Schmitt-Verhulst, AM, and Boyer, C. Evidence for protein tyrosine kinase involvement in ligand-induced TCR/cd3 internalization and surface redistribution. J Immunol (1994) 153(1):63–72. doi: 10.4049/jimmunol.153.1.63

30. Fairchild, S, Knight, AM, Dyson, PJ, and Tomonari, K. Co-segregation of a gene encoding a deletion ligand for tcrb-V3+ T cells with mtv-3. Immunogen (1991) 34(4):227–30. doi: 10.1007/bf00215257

31. Ribot, J, Romagnoli, P, and van Meerwijk, JPM. Agonist ligands expressed by thymic epithelium enhance positive selection of regulatory T lymphocytes from precursors with a normally diverse TCR repertoire. J Immunol (2006) 177(2):1101–7. doi: 10.4049/jimmunol.177.2.1101

32. Fisson, S, Darrasse-Jeze, G, Litvinova, E, Septier, F, Klatzmann, D, Liblau, R, et al. Continuous activation of autoreactive CD4+ CD25+ Regulatory T cells in the steady state. J Exp Med (2003) 198(5):737–46. doi: 10.1084/jem.20030686

33. McCaughtry, TM, Wilken, MS, and Hogquist, KA. Thymic emigration revisited. J Exp Med (2007) 204(11):2513–20. doi: 10.1084/jem.20070601

34. Asano, M, Toda, M, Sakaguchi, N, and Sakaguchi, S. Autoimmune disease as a consequence of developmental abnormality of a T cell subpopulation. J Exp Med (1996) 184(2):387–96. doi: 10.1084/jem.184.2.387

35. Thiault, N, Darrigues, J, Adoue, V, Gros, M, Binet, B, Perals, C, et al. Peripheral regulatory T lymphocytes recirculating to the thymus suppress the development of their precursors. Nat Immunol (2015) 16:628–34. doi: 10.1038/ni.3150

36. Stadinski, BD, Cleveland, SB, Brehm, MA, Greiner, DL, Huseby, PG, and Huseby, ES. I-a(G7) beta56/57 polymorphisms regulate non-cognate negative selection to CD4(+) T cell orchestrators of type 1 diabetes. Nat Immunol (2023) 24(4):652–63. doi: 10.1038/s41590-023-01441-0

37. Pearson, JA, Wong, FS, and Wen, L. The importance of the non obese diabetic (NOD) mouse model in autoimmune diabetes. J Autoimmun (2016) 66:76–88. doi: 10.1016/j.jaut.2015.08.019

38. Hunter, K, Rainbow, D, Plagnol, V, Todd, JA, Peterson, LB, and Wicker, LS. Interactions between idd5.1/ctla4 and other type 1 diabetes genes. J Immunol (2007) 179(12):8341–9. doi: 10.4049/jimmunol.179.12.8341

39. Wicker, LS, Chamberlain, G, Hunter, K, Rainbow, D, Howlett, S, Tiffen, P, et al. Fine mapping, gene content, comparative sequencing, and expression analyses support ctla4 and nramp1 as candidates for idd5.1 and idd5.2 in the nonobese diabetic mouse. J Immunol (2004) 173(1):164–73. doi: 10.4049/jimmunol.173.1.164

40. Dong, M, Audiger, C, Adegoke, A, Lebel, M-È, Valbon, SF, Anderson, CC, et al. Cd5 levels reveal distinct basal T-cell receptor signals in T cells from non-obese diabetic mice. Immunol Cell Biol (2021) 99(6):656–67. doi: 10.1111/imcb.12443

41. Mhanna, V, Fourcade, G, Barennes, P, Quiniou, V, Pham, HP, Ritvo, PG, et al. Impaired activated/memory regulatory T cell clonal expansion instigates diabetes in NOD mice. Diabetes (2021) 70(4):976–85. doi: 10.2337/db20-0896

42. Verhagen, J, Genolet, R, Britton, GJ, Stevenson, BJ, Sabatos-Peyton, CA, Dyson, J, et al. Ctla-4 controls the thymic development of both conventional and regulatory T cells through modulation of the TCR repertoire. Proc Natl Acad Sci USA (2013) 110(3):E221–30. doi: 10.1073/pnas.1208573110

43. Wing, K, Onishi, Y, Prieto-Martin, P, Yamaguchi, T, Miyara, M, Fehervari, Z, et al. Ctla-4 control over foxp3+ Regulatory T cell function. Science (2008) 322(5899):271–5. doi: 10.1126/science.1160062

44. Tan, CL, Kuchroo, JR, Sage, PT, Liang, D, Francisco, LM, Buck, J, et al. Pd-1 restraint of regulatory T cell suppressive activity is critical for immune tolerance. J Exp Med (2021) 218(1):e20182232. doi: 10.1084/jem.20182232

45. Perry, JA, Shallberg, L, Clark, JT, Gullicksrud, JA, DeLong, JH, Douglas, BB, et al. Pd-L1-pd-1 interactions limit effector regulatory T cell populations at homeostasis and during infection. Nat Immunol (2022) 23(5):743–56. doi: 10.1038/s41590-022-01170-w

46. Kim, MJ, Kim, K, Park, HJ, Kim, GR, Hong, KH, Oh, JH, et al. Deletion of pd-1 destabilizes the lineage identity and metabolic fitness of tumor-infiltrating regulatory T cells. Nat Immunol (2023) 24(1):148–61. doi: 10.1038/s41590-022-01373-1

47. Edelmann, SL, Marconi, P, and Brocker, T. Peripheral T cells re-enter the thymus and interfere with central tolerance induction. J Immunol (2011) 186(10):5612–9. doi: 10.4049/jimmunol.1004010

48. Kirberg, J, Bosco, N, Deloulme, JC, Ceredig, R, and Agenes, F. Peripheral T lymphocytes recirculating back into the thymus can mediate thymocyte positive selection. J Immunol (2008) 181(2):1207–14. doi: 10.4049/jimmunol.181.2.1207

49. Chen, YG, Mathews, CE, and Driver, JP. The role of NOD mice in type 1 diabetes research: lessons from the past and recommendations for the future. Front Endocrinol (2018) 9:51. doi: 10.3389/fendo.2018.00051

50. Gomez-Lopera, N, Pineda-Trujillo, N, and Diaz-Valencia, PA. Correlating the global increase in type 1 diabetes incidence across age groups with national economic prosperity: A systematic review. World J Diabetes (2019) 10(12):560–80. doi: 10.4239/wjd.v10.i12.560

51. Cossarizza, A, Chang, HD, Radbruch, A, Acs, A, Adam, D, Adam-Klages, S, et al. Guidelines for the use of flow cytometry and cell sorting in immunological studies (Second edition). Eur J Immunol (2019) 49(10):1457–973. doi: 10.1002/eji.201970107

52. Viret, C, Lamare, C, Guiraud, M, Fazilleau, N, Bour, A, Malissen, B, et al. Thymus-specific serine protease contributes to the diversification of the functional endogenous CD4 T cell receptor repertoire. J Exp Med (2011) 208(1):3–11. doi: 10.1084/jem.20100027

53. Broman, KW, Gatti, DM, Simecek, P, Furlotte, NA, Prins, P, Sen, Ś, et al. R/qtl2: software for mapping quantitative trait loci with high-dimensional data and multiparent populations. Genetics (2019) 211(2):495–502. doi: 10.1534/genetics.118.301595




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Santamaria, Vuillier, Galindo-Albarrán, Castan, Detraves, Joffre, Romagnoli and van Meerwijk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1358459-g001.jpg
>

Foxp3* CD4SP thymocytes

BALB/C

504 P . §
Hokk

30{ = o oo
20—5%‘1’-;%‘7&:}0

GITR"PD-1*cells
(% of Foxp3* CD4SP thymocytes)
S
2
&
]
.
¥
¥
i
Ot
[e]e]
o
(e}
Ooi o
o
o

GITR-PECY7 ———————>

B  S1PR1*GFP* Thy1.1* CD4SP c CD4*TCR*Foxp3* splenocytes
B6 NOD o 60 ek NOD o i 00
gL %0 T 3L a0
tEX 40 «
N T8 > <2 3
3 go; %0 o i .
e 12,6 41 £5& 50 w 8 a2
o’ X o v [Fa
o o EZ3 1o g oot =5 10
(o o o E o [ORS
G S Rt i — e T T T O
PD-1-PerCP-ef710 — B6 NOD PD-1-PerCP-ef710 —————»
D E
g 70- o NOD rFTOC Thy1.1* CD4SP
2 ® B6 -
O 609  xxx +B6 DN3 +NOD DN3 o
ot wh__wk . o ?
3 — 504 1 [N a)
S 335 W T S0
+ £ N~ ot
— = 404 5 10 ik
A+ g ns o 335 59.7 [a IR
a T 30 w s as
= b Py ns o £ £
x O II x ° [1=
Eo 209 @ ) [ Eg
O E O] ) 3 i R oM T S o°
> 104 20° 0 10 0 108 0o 100 10t o N
£ PD-1-PerCP-ef710 —————» =
B 0+ T
® 0123456714 28 42 5

67
age (days)





OEBPS/Images/fimmu-15-1358459-g002.jpg
B6 NOD B6 NOD B6 NOD . B6 NOD
— I P! *k
- i 20 * 20 H w S 20 209+
© 1 X 15 15 ° Z 16 % 16 ./Z
= Sl X o N N 2 % 2 %7
o %) % o ® :z 8 8
g = x 5 8= k% 4
E o o e e S SO 0 B O ot w20 o
TCR-PE ——> Nur77-PE ———*
D E
I§§ NOD . B6 NOD B6 NOD B6 NOD
< 100 — 857 g2 0] s S 3 . -
< 80 w X
x 901 o 75 % % Z 15 ns 40 § 5 3
T 80 o E 30 U w
g 70 < € 10 = 2
) 2f . % 2 g " o 4
7o) > ] 10 'g 2 :rr 1
§ o — ol — g 0 0 B M, i B0 0
CD44-APC-eF780 ——>
F G H
= B6 NOD B6 NOD . B6 NOD B6 NOD
2 100 40 ] S 3 . 3 N 2 100 100 =
o 2 5
o 80 30 x © 5 80 80
82 o0 s 2 \ < £ g 60
+ @ 20 s at
5a & > 4 . -\ %5 40 40
gL 10 / g B & TR 2 20
e 0 0 E o 0 0 5 o 3 3
2 W w W E e W z
GFP—> <& «&g &7, @
€ o € o
& & &
® GITR'PD-1"Treg O GITR"PD-1* Treg | R & R &






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1358459-g003.jpg
>

GITRMPD-1* cells
(% of thymic GFP* Treg)

LOD score

GITR"PD-1*Treg
(% of thymic GFP* Tre

g)

Fkkk

GITR"PD-1*cells

80 ns

. °
60 o
o ET

" L)

4

20 i i
L]
0

B6 NOD F1 BC1

whole genome

chromosome
Chr.1 60.5 Mb
80
*kkk
60
40
20 L)
L e

B6/B6 NOD/B6

(% of thymic GFP* Treg)

@ B6/B6 © NOD/B6

chromosome 1

O O © O O N & O @
o © o o o
position (Mb)
H
Chr.1 96.4 Mb Chr.8 38.8 Mb
*kk 80— *k%k

B6/B6 NOD/B6

B6/B6 NOD/B6

1dd26

*k

chromosome 8

GITRMPD-1* cells

(=2} © - :
o o o N
o o
position (Mb)
70
E *kkk
v 60
< o
[a) o
i-) 50 % ®
2! (s}
< 40 ‘%
o
w °
- °
5 30
£ 20
ol
Q 593
SN
N
o‘.b
O





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The type 1 diabetes susceptibility locus Idd5 favours robust neonatal development of highly autoreactive regulatory T cells in the NOD mouse

      

        		

          Introduction

        



        		

          Results

        

          		

            Particularly robust thymic production of GITRhighPD-1+ Tregs in neonatal NOD mice

          



          		

            The robust GITRhighPD-1+ NOD Treg development is genetically controlled in a T-cell lineage-intrinsic manner

          



          		

            GITRhighPD-1+ NOD Tregs have a phenotype suggesting high autoreactivity

          



          		

            GITRhighPD-1+ NOD Tregs are highly reactive in vivo

          



          		

            At least two genomic loci control development of GITRhighPD-1+ Tregs

          



          		

            The type 1 diabetes susceptibility locus Idd5 controls the development of GITRhighPD-1+ Tregs

          



        



        



        		

          Discussion

        



        		

          Methods

        

          		

            Mice

          



          		

            Antibodies

          



          		

            Flow cytometry

          



          		

            Reconstituted fetal thymus organ cultures

          



          		

            Idd genotyping

          



          		

            Genome-wide SNP profiling

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2024.1358459_cover.jpg
& frontiers | Frontiers in Immunology

The type 1 diabetes susceptibility locus /dd5
favours robust neonatal development of
highly autoreactive regulatory T cells in the
NOD mouse





