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Conventional CD4+ T lymphocytes consist of naïve, foreign antigen-specific memory, and self-antigen-driven memory-phenotype (MP) cell compartments at homeostasis. We recently showed that MP cells tonically proliferate in response to self-antigens and differentiate into the T-bet+ subset in steady state. How excess proliferation and differentiation of MP cells are inhibited remains unclear. Given immunosuppressive function of regulatory T cells (Tregs), it is possible that they are also involved in inhibition of spontaneous MP cell activation. Here we show using Foxp3-diphtheria toxin receptor-transgenic mice that both MP and naïve CD4+ T cells spontaneously proliferate and differentiate into Th1 cells upon acute Treg depletion. At an early time point post Treg depletion, MP as compared to naïve CD4+ T cells are preferentially activated while at a later stage, the response is dominated by activated cells originated from the naïve pool. Moreover, we argue that MP cell proliferation is driven by TCR and CD28 signaling whereas Th1 differentiation mediated by IL-2. Furthermore, our data indicate that such activation of MP and naïve CD4+ T lymphocytes contribute to development of multi-organ inflammation at early and later time points, respectively, after Treg ablation. Together our findings reveal that Tregs tonically inhibit early, spontaneous proliferation and Th1 differentiation of MP CD4+ T lymphocytes as well as late activation of naïve cells, thereby contributing to maintenance of T cell homeostasis.
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Introduction

Conventional CD4+ T lymphocytes are essential for adaptive immune responses and composed of naïve (CD44lo CD62Lhi), foreign antigen (Ag)-specific memory, and self Ag-driven “memory-phenotype (MP)” cells (both CD44hi CD62Llo) in steady state (1, 2). In pathogen infection, naive cells that have T cell receptors (TCRs) specific for cognate foreign Ags are activated to differentiate into effector cells to contribute to host protection. After the pathogen concerned is eliminated most effector cells die, leaving a population of foreign Ag-specific memory cells that provides the host with immunological memory.

In addition to the above conventional T cell activation pathway, naïve cells can weakly respond to self Ags to spontaneously acquire a memory phenotype in steady state. Thus, in unimmunized mice housed in a specific pathogen-free (SPF) environment, approximately 10% of Foxp3− CD4+ T lymphocytes adopt a CD44hi CD62Llo phenotype (3). Because these cells are equally present in SPF, germ-free (GF), and antigen-free (AF) animals that virtually lack all foreign Ags derived from commensal microbiota and food (3, 4), the majority of the CD44hi CD62Llo CD4+ T cell population represents self Ag-driven MP rather than foreign Ag-specific memory cells (5).

Because of their self-reactivity, MP cells tonically proliferate through “homeostatic proliferation” in the periphery; indeed, ~30% of MP cells are in cell cycle and thus Ki67+ at homeostasis (6, 7). In addition, we previously reported that MP cells homeostatically differentiate into the “Th1-like” T-bet+ subset in steady state and that this subpopulation can exert innate effector function in pathogen infection by producing IFN-γ in response to IL-12 in the absence of foreign Ag recognition (3, 8). These observations suggest that MP cells may have a potential to induce inflammatory responses in certain circumstances. Because the same cells do not induce immunopathology in healthy conditions, such inflammatogenic nature of MP cells is thought to be inhibited by some mechanisms. However, it remains to be determined how excessive proliferation and Th1 differentiation of MP cells are regulated in steady state.

Foxp3+ regulatory T cells (Tregs) play an important role in inhibition of several immune responses (9). Indeed, it has been reported that acute Treg removal results in unregulated CD4+ T cell activation and following inflammation and that this T cell overactivation can be triggered in the absence of foreign Ags (10–12), demonstrating that Tregs tonically suppress T cell responses to available Ags including self in steady state. Mechanistically, in conventional, foreign Ag-directed T cell immune responses, Tregs can inhibit Ag-specific CD4+ T cell activation by depleting peptide-major histocompatibility complex class II (MHC II) complexes from antigen-presenting cells (APCs) including dendritic cells (DCs) (13). In addition, Tregs can exert their suppressive function by capturing CD80 and CD86 on APCs (14). Furthermore, Tregs can constraint T cell activation by consuming IL-2 produced by activated CD4+ T cells (15, 16). However, it is unknown whether Tregs can differentially suppress MP vs. naïve CD4+ T lymphocytes in steady state, and if so, what mechanisms govern such Treg responses to these two types of T cells.

In the present study, we have investigated whether homeostatic proliferation and differentiation of MP vs. naïve CD4+ T cells are inhibited by Tregs in steady state and whether molecular mechanisms dictating Treg-mediated inhibition of T cell proliferation vs. differentiation are similar or different. Our results show that Tregs tonically suppress overactivation of MP cells by restricting their proliferation and differentiation. While Tregs also suppress the activation of naïve cells, the kinetics are different. Furthermore, we argue that Treg-mediated inhibition of MP cell proliferation depends on TCR and CD28 signals whereas that of Th1 differentiation is mediated through IL-2 signaling. Together our results reveal essential roles for Tregs in inhibition of inflammatogenic potential of MP CD4+ T lymphocytes and thus in maintenance of their homeostasis.





Results




MP vs. naive CD4+ T lymphocytes more efficiently generate new MP cells at an early time point when Tregs are acutely depleted

To address whether Tregs can inhibit MP cell proliferation in steady state, we used Foxp3-diphtheria toxin receptor-transgenic (Foxp3-DTR) mice where Foxp3+ Tregs can be transiently depleted by diphtheria toxin (DT) treatment (17). We first treated Foxp3-DTR mice with DT every day and analyzed Foxp3+ cells at different time points. As reported previously (17), DT treatment transiently and significantly reduced Tregs, followed by their recovery at later time points (Supplementary Figure 1). We next examined MP and naïve cells on day 7. As shown in Figure 1A, splenic MP but not naïve Foxp3- CD4+ T cells increased in number by Treg depletion. The majority of MP cells acquired a Ki67+ phenotype whereas naïve cells remained Ki67− (Figure 1B), confirming that the CD44hi CD62Llo Foxp3- CD4+ T cell fraction expands in the environment where Tregs are acutely depleted.




Figure 1 | Both preexisting MP and naïve CD4+ T lymphocytes rapidly proliferate to give rise to new MP cells in the environment where Tregs are acutely depleted. (A, B) The MP cell population expands in size after Treg depletion. Foxp3-DTR and WT mice were injected with DT for 7 consecutive days and splenocytes analyzed on day 7. (A) The representative dot plots indicate expression of CD44 and CD62L in Foxp3− CD4+ T cells while the bar graphs show the number (mean ± SD) of MP and naïve CD4+ T cells from each group (n=6). (B) The representative histograms display Ki67 expression in MP CD4+ T lymphocytes whereas the bar graphs indicate the frequency (mean ± SD) of Ki67+ cells among MP and naïve cells (n=6). Data shown are pooled from two independent experiments performed. (C–E) Both MP and naïve CD4+ T cells can contribute to new MP cell generation when Tregs are ablated. (C) Experimental design. MP and naïve CD4+ T cells were sorted out from CD45.2 and CD45.1 mice, respectively, mixed at a 1:1 ratio, and transferred into CD45.1/2 Foxp3-DTR or WT mice that were subsequently subjected to DT treatment. Splenic donor cells were analyzed at different time points. (D) The overlaid dot plot shows CD44 and CD62L expression in CD45.1 and CD45.2 donor cells (black: CD45.1 donor, gray: CD45.2 donor) whereas the bar graph indicates the ratio of CD45.2 vs. CD45.1 donor cells on day 2 (n=3). Data are representative of two independent experiments. (E) The representative dot plots display expression of CD44 and CD62L among donor cells while the bar graph shows the absolute number (mean ± SD) of MP cells generated from CD45.1 and CD45.2 donor populations (n=6). Data are pooled from two independent experiments. (F–I) Fast proliferation of MP and naïve CD4+ T lymphocytes generates new MP cells in the absence of Tregs. In the above experiments donor cells were measured for CFSE dilution as well as Ki67 expression. (F) The histograms show CFSE dilution of CD45.1 and CD45.2 donor cells at different time points while the graph indicates the frequency (mean ± SD) of CFSE− cells among total donor cell population from each group (n=3-5). (G) Representative dot plots displaying CD45.1 and CD45.2 expression in CFSE- total donor cells at the indicated time points together with a line graph showing the frequency (mean ± SD) of CD45.1 and CD45.2 donor cells among CFSE- total donor population (n=3-5). Data are pooled from two independent experiments. (H) Representative dot plots displaying Ki67 expression and CFSE dilution in CD45.1 and CD45.2 donor cells on day 7 together with a bar graph showing the frequency (mean ± SD) of Ki67+ fraction among CFSE+ and CFSE− donor populations (n=3). (I) A bar graph indicating the frequency (mean ± SD) of MP cells among Ki67+ and Ki67− donor populations from each group (n=3). Data are representative of two independent experiments. * p<0.05, ** p<0.01, *** p<0.001, ns: not significant.



Because naïve Foxp3- CD4+ T lymphocytes can convert to MP cells and because MP cells themselves can further proliferate to maintain their homeostasis in the periphery (3), both preexisting naïve and MP cells could contribute to the above expansion of the CD44hi CD62Llo Foxp3- CD4+ T cell population. To ask which population(s), preexisting naïve or MP cells, contribute to the expansion of CD44hi CD62Llo Foxp3− CD4+ T cells, we sorted for naïve and MP cells from congenic CD45.1 and CD45.2 mice, respectively, mixed at a 1:1 ratio, and adoptively transferred these cells into CD45.1/2 hosts that were either WT or Foxp3-DTR (Figure 1C). These mice were subsequently subjected to DT treatment to deplete host-derived Tregs. While the same amounts of CD45.1 and CD45.2 donor cells were mixed at the time of transfer, the ratio of CD45.2 vs. CD45.1 donor cells that dwelled in the spleen of WT hosts 24 hours later was 1:5 (Figure 1D). Given that a majority of donor cells accumulated in the spleen but not in extra-lymphoid organs (Supplementary Figure 2), this dwelling ratio presumably reflects the lower capacity of MP as compared to naïve cells to survive and/or accumulate in peripheral lymphoid tissues as previously reported (3). Because this ratio is similar to that of MP vs. naïve CD4+ T lymphocytes present in steady state (Figure 1A, WT), this co-transfer system enables to compare the capacities of these two types of CD4+ T cells to give rise to new MP cells on a per population basis in the absence of Tregs.

When donor cells were analyzed on day 7, a small fraction of CD45.1 naïve cells acquired a memory phenotype while CD45.2 MP cells remained MP in WT hosts as we previously reported (3) (Figure 1E, WT recipient), and importantly, both MP populations derived from CD45.1 and CD45.2 donor cells expanded by Treg depletion (Figure 1E, Foxp3-DTR recipient). These data indicate that 7 days after Treg depletion, both naïve and MP CD4+ T lymphocytes can equally contribute to new MP cell generation on a per population basis.

We hypothesized that naïve and MP lymphocytes differentially generate new MP cells at different time points upon Treg depletion. To test this, we labeled CD45.1 naïve and CD45.2 MP donor cells with CFSE and performed the same experiments as described in Figure 1C. When analyzed in DT-treated Foxp3-DTR hosts at different time points, CD45.2 donor cells more efficiently provided CFSE- population at early time points (on days 3 and 5) whereas at a later time point (on day 10), CD45.1 donor cells gave rise to more CFSE− cells (Figure 1F). In consistent, when composition of CFSE- population among total donor cells was analyzed, CD45.2 and CD45.1 cells were dominant at early and later time points, respectively (Figure 1G). By contrast, in DT-treated WT hosts, proliferation of CD45.1 and CD45.2 donor cells was if any minimal (Supplementary Figure 3). These findings demonstrate that on a per cell basis, MP and naïve CD4+ T lymphocytes preferentially generate rapidly proliferating cells at early and later time points, respectively, post Treg depletion.

In the above experiments, CFSE+ and CFSE− populations were almost exclusively Ki67− and Ki67+, respectively, in both CD45.1 and CD45.2 donor cells (Figure 1H), indicating that Ki67 is a useful marker for distinguishing proliferating from undivided donor cells in this experimental setting. Based on this finding, we further examined expression levels of CD44 and CD62L in dividing vs. non-dividing donor cells. As shown in Figure 1I, Ki67+ CD45.1 donor cells acquired a memory phenotype whereas their Ki67− counterparts remained naïve. In the case of CD45.2 donor cells, both Ki67+ and Ki67− fractions maintained their original memory phenotype. Taken together, these data suggest that Tregs inhibit MP cell generation from preexisting naïve and MP precursors with different kinetics in steady state.





MP as compared to naïve cells more efficiently generate type 1 responses at an early time point post Treg depletion

Next, we sought to determine whether Tregs influence Th1/2/17 differentiation of MP and naïve CD4+ T lymphocytes. To do so, we examined expression of T-bet and IFN-γ in MP cells from DT-treated WT and Foxp3-DTR mice. Seven days after DT treatment, MP cells in the latter animals expressed higher levels of T-bet and IFN-γ than did those from the former (Figure 2A). Regarding Th2/17 differentiation, neither IL-13 nor IL-17A levels were upregulated by Treg depletion (Figure 2B). Thus, Treg depletion mainly promotes type 1 responses of MP cells.




Figure 2 | MP cells express higher levels of T-bet and IFN-γ after Treg depletion. (A, B) Type 1 differentiation of MP cells is promoted by Treg depletion. Foxp3-DTR and WT mice were injected with DT and splenocytes analyzed on day 7. (A) The representative dot plots display T-bet and IFN-γ expression in splenic MP cells while the bar graphs show the frequency (mean ± SD) of T-bet+, IFN-γ+, and T-bet+ IFN-γ+ cells among total MP cells from each group (n=3). Data are representative of two independent experiments. (B) Representative dot plots showing IL-13 and IL-17A expression in MP cells together with bar graphs indicating the frequency (mean ± SD) of IL-13+ and IL-17A+ fractions among MP cells (n=6). Data are pooled from two independent experiments. (C) Both MP and naïve cells upregulate T-bet and IFN-γ levels through proliferation in the absence of Tregs. CD45.1 naïve and CD45.2 MP cells were co-transferred into CD45.1/2 WT or Foxp3-DTR animals that were subsequently subjected to DT treatment as described in Figure 1C, and T-bet and IFN-γ expression in Ki67+ and Ki67- donor cells analyzed on day 7. The dot plots display T-bet and IFN-γ expression in the indicated donor cell subpopulations whereas the bar graphs show the frequency (mean ± SD) of T-bet+, IFN-γ+, and T-bet+ IFN-γ+ cells among the same subpopulations (n=3). Data are representative of two independent experiments performed. (D) Proliferating MP cells more efficiently generate Th1 responses than do naïve cells at early time points post Treg depletion. In the above transfer experiments, T-bet and IFN-γ expression in Ki67+ donor cells was analyzed on days 5, 7, and 10. The graphs show the frequency (mean ± SD) of T-bet+, IFN-γ+, and T-bet+ IFN-γ+ fractions among donor populations at different time points (n=5). Data are pooled from two independent experiments. (E, F) Some T-bet− MP cells acquire a Th1-like phenotype upon Treg depletion whereas the majority of their T-bet+ counterparts remain Th1. T-bet+ and T-bet− MP cells sorted from CD45.2 T-bet-ZsGreen reporter mice were separately transferred into DT-treated CD45.1/2 Foxp3-DTR recipients, and expression of Ki67, T-bet-ZsGreen, and IFN-γ in donor cells analyzed on day 7. (E) The graph shows the frequency (mean ± SD) of Ki67+ cells among each donor population (n=3-4). (F) Representative dot plots depicting T-bet-ZsGreen and IFN-γ expression in Ki67+ donor cells from each group together with bar graphs showing the frequency (mean ± SD) of T-bet-ZsGreen+ and IFN-γ+ cells among the same donor cells (n=3-4). Data are representative of two independent experiments. * p<0.05, ** p<0.01, *** p<0.001, ns: not significant.



To determine which populations, proliferating vs. non-dividing cells derived from preexisting MP vs. naïve CD4+ T lymphocytes, contribute to the above upregulation of Th1 responses, we transferred a mixture of CD45.1 naïve and CD45.2 MP cells into CD45.1/2 Foxp3-DTR mice as described in Figure 1C and examined T-bet and IFN-γ expression in Ki67+ and Ki67- donor cells 7 days later. As shown in Figure 2C, Ki67+ cells of both CD45.1 and CD45.2 origins expressed higher levels of T-bet and IFN-γ in Foxp3-DTR vs. WT recipient mice whereas no difference was detected in their Ki67- counterparts. To further determine relative contribution of proliferating CD45.2 vs. CD45.1 donor cells to Th1 differentiation at early and later time points post Treg depletion, we examined T-bet and IFN-γ expression in donor cells at different time points. Ki67+ CD45.2 donor cells generated more T-bet+ IFN-γ+ cells than did their CD45.1 counterparts on day 5, the difference of which became undetectable by day 10 (Figure 2D). Together these results demonstrate that proliferating MP CD4+ T lymphocytes newly generated from preexisting MP as compared to naïve cells exhibit greater degree of Th1 differentiation at an early time point after Treg depletion.

In steady state, MP cells comprise T-bet− and T-bet+ subsets (8). To determine which T cell subpopulation contributes to the above Th1 responses, we sorted for T-bet− and T-bet+ MP cells from CD45.2 T-bet-ZsGreen reporter mice and separately transferred into CD45.1/2 Foxp3-DTR mice that subsequently received DT for 7 days. As shown in Figure 2E, T-bet− and T-bet+ MP donor cells proliferated to the same extent, and some T-bet− donor cells differentiated into Th1 whereas the T-bet+ donor population largely maintained its T-bet/IFN-γ expression levels (Figure 2F). Thus, both preexisting T-bet− and T-bet+ MP cells can proliferate and contribute to new Th1 MP cell development in the absence of Tregs.





MP cell expansion induced by Treg depletion requires TCR – MHC II interactions

We next addressed the molecular mechanisms responsible for MP cell proliferation and differentiation in the absence of Tregs. To ask if MP cell activation is dependent on Ag recognition, we co-transferred CD45.1 naïve and CD45.2 MP cells into DT-treated CD45.1/2 WT and Foxp3-DTR mice that were subsequently injected with anti-MHC II monoclonal antibody (mAb) or control IgG for 7 days (Figure 3A). Treg depletion induced a marked increase in the number of MP but not naïve cells of both donor and recipient origins, and this MP cell increment was abolished by treatment with anti-MHC II mAb (Figure 3B). In consistent, administration of anti-MHC II mAb significantly inhibited proliferation of both CD45.1 and CD45.2 donor cells (Figure 3C). Thus, TCR signaling plays an essential role in MP cell generation from both naïve and MP precursors.




Figure 3 | TCR signaling is required for MP cell expansion triggered by Treg depletion. (A–C) Treg depletion-driven expansion of MP cells is dependent on TCR signaling. (A) Experimental design. DT-treated CD45.1/2 WT and Foxp3-DTR mice received CD45.2 MP and CD45.1 naïve CD4+ T cells and were subsequently injected anti-MHC II mAb or control IgG every other day. Donor as well as recipient cells were analyzed on day 7. (B) The representative dot plots display CD44 vs. CD62L expression on CD45.1 and CD45.2 donor as well as CD45.1/2 recipient cells while the bar graphs show the absolute number (mean ± SD) of MP and naïve cells in the indicated cell populations (n=3). (C) The bar graphs indicate the Ki67+ fraction (mean ± SD) among donor cell populations (n=3). Data are representative of two independent experiments. (D) Blockade of MHC II - TCR interactions does not significantly reduce T-bet+ or IFN-γ+ fractions in MP cells of DT-treated Foxp3-DTR mice. The representative dot plots display T-bet and IFN-γ expression in Ki67+ donor as well as total recipient MP cells from each group whereas the bar graphs show the frequency (mean ± SD) of T-bet+, IFN-γ+, and T-bet+ IFN-γ+ fractions among the indicated cell populations (n=3). Data are representative of two independent experiments. * p<0.05, ** p<0.01, *** p<0.001, ns: not significant.



To examine the role for TCR signaling in Treg depletion-triggered Th1 responses, T-bet and IFN-γ expression was examined in the above experiments. As shown in Figure 3D, blockade of MHC II did not significantly reduce T-bet or IFN-γ levels in Ki67+ donor as well as recipient MP cells, arguing that TCR signaling does not seem to significantly promote type 1 responses of naïve or MP cells in the absence of Tregs.





MP cell proliferation driven by Treg depletion is dependent on CD28 signaling

Tregs can inhibit T cell immune responses by capturing CD80 and CD86 from DCs (14). Indeed, in the present study Treg depletion significantly upregulated CD80 and CD86 levels on DCs without altering CD28 expression in MP cells (Figures 4A, B), suggesting potential involvement of CD28 signaling in hyperactivation of MP cells driven by Treg depletion.




Figure 4 | Treg depletion-driven MP cell proliferation is induced by CD28 signaling. (A, B) Treg depletion induces upregulation of CD80/86 on DCs without altering CD28 levels on MP cells. Foxp3-DTR and WT mice received DT for 7 consecutive days, and splenic DCs and MP cells analyzed for their CD80, CD86, and CD28 expression. Representative histograms display (A) CD80/86 on DCs and (B) CD28 on MP cells whereas the bar graphs show the mean fluorescence intensity (MFI) (mean ± SD) of the indicated molecules from each group (n=3). Filled histograms show negative control staining. Data are representative of two independent experiments performed. (C–E) CTLA4-Ig treatment inhibits Treg depletion-induced proliferation of MP and naïve donor cells. (C) Experimental design. MP and naïve CD4+ T cells were sorted from CD45.2 and CD45.1 mice, respectively, and transferred into DT-treated CD45.1/2 Foxp3-DTR mice that were subsequently administered CTLA4-Ig or PBS every other day. Donor as well as recipient cells were analyzed on day 7. (D) The representative plots display CD44 vs. CD62L expression on CD45.1 and CD45.2 donor as well as CD45.1/2 recipient cells whereas the bar graphs show the absolute number (mean ± SD) of MP and naïve cells in each donor/recipient cell population (n=3). (E) The bar graphs indicate the frequency (mean ± SD) of Ki67+ cells among donor cell populations (n=5). Data shown are (D) representative of and (E) pooled from two independent experiments performed. (F) CTLA4-Ig treatment significantly lowers T-bet+ and IFN-γ+ fractions among MP cells derived from naïve but not MP donor populations in DT-treated Foxp3-DTR mice. The representative dot plots display T-bet and IFN-γ expression in Ki67+ donor and total recipient MP populations whereas the bar graphs show the frequency (mean ± SD) of T-bet+, IFN-γ+, and T-bet+ IFN-γ+ cells among the indicated cell populations from each group (n=5). Data are pooled from two independent experiments. * p<0.05, ** p<0.01, *** p<0.001, ns: not significant.



To determine if CD28 signals are required for the MP cell responses, we made use of CTLA4-Ig that blocks CD80 and to a lesser extent CD86 (18, 19). Specifically, we co-transferred CD45.1 naïve and CD45.2 MP cells into DT-treated CD45.1/2 WT or Foxp3-DTR recipients that were subsequently subjected to CTLA4-Ig treatment (Figure 4C). The MP cell expansion induced by Treg depletion was almost completely blocked by CTLA4-Ig treatment (Figure 4D). In consistent, the same treatment significantly reduced Ki67 expression in CD45.1 and CD45.2 donor cells (Figure 4E). These results argue that Treg depletion triggers both new MP generation from naïve precursors and further proliferation of preexisting MP cells in a CD28 signaling-dependent manner.

We also examined whether CD28 signals are involved in Treg depletion-driven type 1 responses of MP cells. As shown in Figure 4F, CTLA4-Ig treatment did not affect T-bet or IFN-γ levels in Ki67+ CD45.2 donor cells whereas in Ki67+ CD45.1 donor as well as recipient MP cell populations, the same treatment significantly inhibited expression of these molecules. Thus, type 1 responses of preexisting MP cells driven by Treg depletion are less dependent on CD28 signaling as compared to those of naïve CD4+ T lymphocytes.





Treg depletion-driven Th1 responses of MP cells are mediated by IL-2 signaling

Tregs can suppress T cell immune responses by IL-2 consumption (15, 16). This notion led us to hypothesize that IL-2 is involved in the MP cell activation in our present study as well. Indeed, serum IL-2 concentration was heightened upon Treg depletion (Supplementary Figure 4A), supporting this hypothesis. Regarding the source of the same cytokine, MP but not naïve CD4+ T lymphocytes tonically expressed IL-2 in IL-2-eGFP reporter mice (Supplementary Figure 4B) as previously suggested (15, 16). Consistently, low levels of IL-2 protein were detected in MP and to a lesser extent naïve CD4+ T cells in steady-state WT animals (Supplementary Figure 4C). Although their IL-2 production was unaltered by Treg depletion on a per cell basis (Supplementary Figure 4D), the increment in total MP cell number (Figure 1A) and/or augmented IL-2 production by other types of cells including CD8+ T lymphocytes as well as NK cells (20) may account for the increased serum IL-2 levels in the absence of Tregs.

We also compared expression of CD25 (IL-2Rα), CD122 (IL-2Rβ), and CD132 (IL-2Rγ) on MP cells between DT-treated WT and Foxp3-DTR mice and detected upregulated expression of these receptors in the latter hosts (Figure 5A). To ask which population(s), preexisting naïve or MP cells, contribute to generation of CD25hi CD44hi CD62Llo CD4+ T cells in the absence of Tregs, we performed the same transfer experiments as described in Figure 1C and analyzed CD25 levels in CD45.1 and CD45.2 donor cells. As shown in Figure 5B, Ki67+ donor cells of both CD45.1 and CD45.2 origins upregulated their CD25 levels after Treg depletion. Thus, MP cells newly generated from both preexisting naïve and MP cells upregulate their CD25 levels when Tregs are depleted.




Figure 5 | IL-2 signaling enhances Th1 responses of T-bet- MP cells post Treg depletion. (A) CD25, CD122, and CD132 expression levels in MP cells are upregulated by acute Treg depletion. The representative histograms display CD25, CD122, and CD132 in MP cells while the bar graphs show the MFI (mean ± SD) of the indicated molecules from each group (n=6). Filled histograms show negative control staining. Data are pooled from two independent experiments performed. (B) Both preexisting MP and naïve cells upregulate CD25 expression via proliferation upon Treg depletion. In experiments described in Figure 1C, CD25 expression levels on CD45.1 as well as CD45.2 donor cells were analyzed on day 7. The bar graphs indicate the MFI (mean ± SD) of CD25 among Ki67+ and Ki67− donor cells from each group (n=3). Data are representative of two independent experiments. (C–E) Blockade of IL-2 does not inhibit proliferation of MP cells in the absence of Tregs. (C) Experimental design. Sorted CD45.2 MP and CD45.1 naïve CD4+ T cells were transferred to DT-injected CD45.1/2 Foxp3-DTR mice that were subsequently subjected to treatment with anti-IL-2 mAb or control IgG every other day. Donor as well as recipient cells were analyzed on day 7. (D) The representative dot plots show expression of CD44 and CD62L in CD45.1 and CD45.2 donor as well as CD45.1/2 recipient cells while the bar graphs show the absolute number (mean ± SD) of MP and naïve cells in each donor/recipient cell population (n=3). (E) Bar graphs showing Ki67 expression (mean ± SD) in the indicated donor cell populations are displayed (n=6). Data shown are (D) representative of and (E) pooled from two independent experiments performed. (F) Anti-IL-2 mAb treatment significantly inhibits T-bet and IFN-γ expression levels in donor and recipient MP cells in Foxp3-DTR mice treated with DT. The representative dot plots show expression of T-bet and IFN-γ in Ki67+ donor as well as total recipient MP cells whereas the bar graphs indicate the positive fractions (mean ± SD) of T-bet and IFN-γ in the same populations from each group (n=6). Data are pooled from two independent experiments. (G) IL-2 promotes Treg ablation-driven Th1 differentiation of T-bet− MP cells. T-bet− and T-bet+ MP cells were sorted from CD45.2 T-bet-ZsGreen reporter mice and separately transferred into DT-treated CD45.1/2 Foxp3-DTR mice that subsequently received anti-IL-2 mAb or control IgG. T-bet-ZsGreen and IFN-γ expression in donor cells was analyzed on day 7. Representative dot plots depicting T-bet-ZsGreen and IFN-γ expression in Ki67+ donor cells from each group together with bar graphs showing the frequency (mean ± SD) of T-bet-ZsGreen+ and IFN-γ+ cells among the same donor cell populations are displayed (n=3). * p<0.05, ** p<0.01, *** p<0.001, ns: not significant.



To seek the roles for IL-2 signaling in MP cell proliferation and differentiation in the absence of Tregs, we further co-transferred CD45.1 naïve and CD45.2 MP cells into DT-treated CD45.1/2 Foxp3-DTR or WT hosts that were then administered anti-IL-2 mAb or control IgG (Figure 5C). On day 7, blockade of IL-2 had no inhibitory effects on Treg depletion-induced MP cell expansion in CD45.1, CD45.2, or CD45.1/2 populations (Figure 5D). Consistently, anti-IL-2 mAb did not inhibit proliferation of CD45.1 or CD45.2 donor cells (Figure 5E). Hence, IL-2 signaling is not required for Treg depletion-induced MP cell proliferation.

We also addressed whether type 1 responses of MP cells triggered by Treg ablation is IL-2-dependent. As shown in Figure 5F, blockade of IL-2 significantly inhibited T-bet and IFN-γ expression levels in Ki67+ donor as well as recipient MP cells. These data argue that IL-2 signaling mediates Treg depletion-triggered Th1 responses of MP as well as naïve CD4+ T cells.

The forementioned results in Figure 2F suggest that both preexisting T-bet- and T-bet+ MP subpopulations can contribute to type 1 MP cell responses driven by Treg depletion. To determine which MP subpopulation, T-bet− or T-bet+, IL-2 acts on, we separately transferred T-bet− and T-bet+ MP cells into DT-treated Foxp3-DTR mice that were then injected with anti-IL-2 mAb or control IgG. Blockade of IL-2 reduced IFN-γ expression in T-bet− MP donor cells without affecting their T-bet+ counterparts (Figure 5G). These data argue that IL-2 plays an important role in acquisition of Th1-like phenotype in T-bet− MP cells but is dispensable for maintenance of the same phenotype in terminally differentiated T-bet+ MP cells.





Early MP cell activation leads to multi-organ inflammation in the absence of Tregs

Because MP CD4+ T cells exhibit rapid proliferation as well as Th1 differentiation in lymphoid tissues at an early time point post Treg depletion (Figures 1, 2), we hypothesized that the same T lymphocytes can induce inflammation in extra-lymphoid organs as well. To test this, we analyzed CD4+ T lymphocytes in the colon and lungs 5 days after Treg ablation. As shown in Figure 6A, CD4+ T cells and especially their MP fractions expanded in both organs. In consistent, histological analyses revealed that CD4+ cells infiltrated into lamina propria of the colon, interstitial potions of lungs and kidneys, and Glisson’s sheaths of the liver (Figure 6B; Supplementary Figure 5A). In parallel, histological inflammation scores in the colon and lungs were significantly higher on days 5 and 12 (Figure 6C). These data show early CD4+ T cell accumulation in non-lymphoid organs in Treg-depleted environments.




Figure 6 | Preexisting MP cells critically contribute to early inflammatory responses in non-lymphoid organs upon Treg depletion. (A–C) CD4+ T lymphocytes accumulate in the colon and lungs at an early time point post Treg depletion. Foxp3-DTR and WT mice received DT for the indicated period of time. (A) The bar graphs show the number (mean ± SD) of CD4+ T cells present in the indicated organs and their MP cell fraction (mean ± SD) on days 0 and 5 (n=6). (B, C) Representative images of H&E and CD4-directed immunohistochemical staining together with bar graphs indicating histological scores (mean ± SD) of colonic and lung inflammation at the indicated time points are shown (n=6). Data are pooled from two independent experiments performed. (D–F) CTLA4-Ig treatment inhibits early CD4+ T cell accumulation in extra-lymphoid organs. In the above experiments, CTLA4-Ig or control PBS were injected. (D) The bar graphs depict the absolute number (mean ± SD) of CD4+ T cells accumulating in the indicated organs and the frequency (mean ± SD) of MP cells among the same T cell populations on day 5 (n=6). (E, F) Representative images of H&E and CD4-directed immunohistochemical staining together with bar graphs indicating histological scores (mean ± SD) of inflammation on day 5 are displayed (n=6). Data are pooled from two independent experiments performed. (G–J) Preexisting MP cells constitute the dominant CD4+ T cell population accumulating in the colon and lungs at an early time point post Treg depletion. (G) Experimental design. 1×106 total CD4+ T cells from CD45.1/2 Foxp3-DTR mice (D−28) and 1×107 naïve CD4+ T cells from CD45.1 mice (D−1) were sequentially transferred into CD45.2 Rag2 KO mice that were subsequently treated with DT every day starting on day 0. MP and naïve CD4+ T cells were analyzed for CD45.1 and CD45.2 expression on days 0, 5, and 12. (H) The bar graphs show the frequency (mean ± SD) of CD45.1 and CD45.1/2 subpopulations among total naïve and MP cells in the indicated organs (n=4-6). Representative dot plots displaying CD44 and CD62L expression in CD4+ T cells in the indicated organs on day 0 are also included. (I, J) Representative images displaying H&E and CD4-directed immunohistochemical staining as well as bar graphs indicating histological scores (mean ± S.D.) of colitis and lung inflammation are shown (n=4-6). Data are pooled from two independent experiments. Scale bars: 100 μm. * p<0.05, ** p<0.01, *** p<0.001.



Based on the observations that CD28 but not IL-2 signaling is essential for splenic MP cell expansion in the absence of Tregs (Figures 4, 5), we examined involvement of the same signals in CD4+ T cell orchestration to extra-lymphoid organs. CTLA4-Ig treatment significantly inhibited CD4+ MP cell accumulation and histological inflammation in the colon and lungs on day 5 post Treg depletion (Figures 6D–F). On the other hand, blockade of IL-2 did not affect the number of CD4+ T cells or their MP fractions in these organs (Supplementary Figure 5B). Thus, Treg depletion-induced early T cell accumulation in extra-lymphoid organs is dependent on CD28 signaling.

Finally, we asked which population, preexisting MP or naïve cells, contributes to the above early CD4+ MP cell accumulation in the colon and lungs. We previously established an experimental system where MP and naïve CD4+ T cells can be marked with different congenic markers by transferring total CD4+ T cells from CD45.1/2 mice into Rag2 KO animals that subsequently receive a large number of purified naïve CD4+ T cells of CD45.1 origins 4 weeks later (3). In this experimental setting, the first cohort of donor cells robustly proliferates to give rise to CD45.1/2 MP cells and Tregs whereas the second cohort remains CD45.1 naïve in the environment where the niche for MP cells and Tregs are occupied by the former donor population (21).

Based on the above protocol, we transferred CD45.1/2 total CD4+ T cells obtained from Foxp3-DTR mice into Rag2-deficient animals (Figure 6G, D-28), followed by CD45.1 naïve cell transfer 4 weeks later (D-1). The host mice were then subjected to DT treatment to deplete CD45.1/2 Tregs. On day 0, MP and naïve cells were dominated by CD45.1/2 and CD45.1 populations, respectively, in the colon, lungs, and lymph nodes (Figure 6H, D0), validating the experimental system. When analyzed at later time points, the majority of MP cell population on day 5 was CD45.1/2 while that on day 12 contained a significant fraction of CD45.1 cells (Figure 6H, MP). Here, naïve cells were CD45.1 at all times (Figure 6H, Naïve). Furthermore, on day 5, a majority of CD4+ T cells that are dominated by preexisting MP-derived cells (Figure 6H) resided in colonic lamina propria and interstitial part of lungs, the response of which was accompanied by augmented histological inflammation (Figures 6I, J). Taken together, at an early time point post Treg depletion, preexisting MP but not naïve CD4+ T cells play a dominant role in the induction of inflammatory responses in non-lymphoid organs.






Discussion

In the present study, we have found that both preexisting MP and naïve CD4+ T lymphocytes robustly proliferate and generate Th1 responses when Tregs are acutely depleted. MP cell activation occurs at an early time point post Treg depletion whereas naïve cells play a dominant role at a later stage. Moreover, our data argue that MP cell proliferation and Th1 responses are differentially regulated by TCR, CD28, and IL-2 signaling; the former process requires TCR and CD28 signaling while the latter is dependent on IL-2. Furthermore, our findings suggest that such early MP cell activation can lead to multi-organ inflammation. Together these observations reveal the essential role for Tregs in MP cell homeostasis in steady state.

CD4+ T lymphocytes are strictly regulated by homeostatic mechanisms throughout animal’s life. Thus, when situated under lymphopenic environments, T cells exhibit a proliferative response referred to as “homeostatic proliferation” to recover lymphosufficiency (1, 2). Traditionally, this response has been studied by transferring naïve T lymphocytes into irradiated or Rag1/2-deficient mice. In such lymphopenic animals, some of transferred naïve CD4+ T lymphocytes rapidly proliferate to convert to MP cells in a manner dependent on Ag recognition as well as co-stimulation provided by APCs (22–27). Once MP cells are generated, these cells themselves exhibit rapid proliferation in lymphopenic environments (28–30), maintaining T cell homeostasis.

Importantly, the above homeostatic proliferation can be driven in physiological, lymphosufficient environments as well. Thus, when naïve CD4+ T cells are transferred into lymphoreplete WT hosts, some donor cells proliferate to give rise to MP cells, although at a lower rate (3). In the case of lymphopenia-induced proliferation, naïve cell expansion is known to be inhibited by co-transfer of Tregs (31–33), suggesting that Tregs may play an inevitable role in suppression of excess homeostatic proliferation in lymphoreplete conditions. However, it was unclear whether MP CD4+ T lymphocytes exhibit proliferative responses when transferred into lymphosufficient hosts, and whether Tregs exert differential suppressive activities on homeostatic proliferation of MP vs. naïve CD4+ T lymphocytes in steady state.

In the present study, we transferred naïve and MP cells into WT as well as Treg-depleted mice and examined behaviors of these two types of donor cells. We found that both naïve and MP cells minimally proliferate in WT hosts (Supplementary Figure 3), suggesting that the latter cells have a potential to exhibit proliferative responses in lymphosufficient environment in a similar manner to the former lymphocytes. Importantly, a previous report demonstrates slow but persistent proliferation of foreign Ag-specific “conventional” memory CD4+ T cells that is characterized by one to two cell division(s) in lymphoreplete hosts (30). Because MP cells did not exhibit such one to two cell division(s) in WT environments (Supplementary Figure 3), these two types of T lymphocytes may be different in terms of proliferative behaviors. Indeed, we have recently identified a few markers that are differentially expressed in MP vs. foreign Ag-specific memory cells; i.e., the former cells adopt a CD127lo-hi Sca1lo-hi phenotype whereas the latter cells are CD127hi Sca1hi (34). Given the observation that CD127hi Sca1hi and CD127lo cells homeostatically exhibit slow and fast cell divisions, respectively, as reported in the same study, difference in proliferative behaviors between MP and memory cells in lymphosufficient hosts may reflect that of their constituents in steady state.

Upon acute Treg depletion, MP donor cells rapidly proliferated to give rise to Th1 cells at an early time point whereas these responses were dominated by naïve-derived donor cells at a later stage (Figures 1, 2). What makes such difference between MP and naïve cells? One possibility is that MP cells can proliferate faster in speed than their naïve counterparts. Indeed, a substantial fraction of MP but not naïve cells is in cell cycle in steady state (34), supporting this hypothesis. The other explanation that is mutually non-exclusive to the above is that steady-state MP cells contain a subpopulation which is quickly activated upon Treg depletion. It needs further investigation to determine whether or not this rapidly stimulated subpopulation is equivalent to CD127lo MP cells described above. In either case, these results suggest that Tregs homeostatically inhibit spontaneous activation of MP cells in steady state. Given that MP cells tonically express Ki67 and differentiate into Th1 cells at homeostasis (6–8), Tregs are thought to play an essential role in suppressing inflammatogenic nature of MP cells.

Curiously, rapidly proliferating donor cells were always detected as CFSE- cells, and those showing one to two cell division(s) were hardly seen, even at the earliest time point post Treg depletion (Figure 1F). This might be because cells that have just started fast cell division are firmly attached to APCs including DCs and thus it is difficult to analyze such cells by flow cytometry, as suggested by previous literature (27).

Our present data show that in addition to TCR – MHC II interactions, CD28 signaling critically contributes to Treg depletion-induced MP cell expansion. Thus, CD80 and CD86 expression was upregulated on DCs when Tregs were depleted, and CTLA4-Ig treatment inhibited proliferation of MP cells derived from both naïve and MP precursors (Figure 4). In this regard, Tregs are well known to highly express CTLA4, which captures CD80 and CD86 from DCs by trans-endocytosis (14, 35). In addition, it has also been reported that CTLA4 on Tregs can suppress CD80 and CD86 gene transcription in DCs via STAT3 signaling (36). It is therefore possible that these machineries are operative in steady state as well to maintain MP cell homeostasis.

Interestingly, IL-2 seems to be dispensable for Treg depletion-mediated MP cell expansion whereas critical for optimal Th1 differentiation of T-bet− MP cells. Given that IL-2 is homeostatically produced by a small fraction of activated CD4+ T cells and that the same cytokine is consumed by surrounding Tregs (15, 16), it is likely that upon acute depletion of Tregs, some CD4+ T lymphocytes receive heightened levels of IL-2 signaling. In consistent, newly generated, rapidly proliferating MP cells expressed higher levels of IL-2Rα (Figure 5), indicative of augmented IL-2 signals CD4+ T cells receive in the absence of Tregs. Importantly, we found that this IL-2 signaling is essential for Th1 responses of both naïve and T-bet− MP cells. Because IL-2 can induce Il12rb2 and Tbx21 expression (37) and because low levels of functional IL-12 are homeostatically produced by DCs (8), IL-2 consumption by Tregs may be important to avoid excess degree of IL-12-mediated Th1 differentiation of preexisting T-bet- MP cells in steady state.

Why do MP cells need to express low levels of IL-2 at homeostasis at the risk of their overactivation? A possibility lies in maintenance of Tregs. Thus, in steady state, IL-2 expressed by activated CD4+ T lymphocytes is consumed by Tregs for their survival (15, 16). In accord with this hypothesis, blockade of IL-2 augmented rather than inhibited MP cell expansion from naïve precursors in DT-treated Foxp3-DTR animals (Figure 5D, CD45.1 donor). This increment in the MP fraction may be attributed to by lowered survival and/or suppressive function of Tregs in the absence of sufficient levels of IL-2 given that there are some residual Tregs that recover in number at a later time point post DT treatment (Supplementary Figure 1) as previously described (17).

Altogether, our present data reveal that Tregs play distinct roles in MP vs. naïve CD4+ T cell homeostasis with different kinetics. Given that MP cells exhibit tonic proliferation in steady state (3, 6, 7) and are rapidly activated to induce multi-organ inflammation post Treg depletion (Figure 6), we speculate that MP cells could trigger certain types of autoimmune and/or inflammatory diseases in humans. In this regard, previous studies show that CD4+ T lymphocytes with a memory phenotype are present in human fetal spleen and intestine as well as cord blood (38–40). Because the presence of foreign antigens in these organs is thought to be minimal, this T cell population may represent self-reactive MP cells. Furthermore, a recent paper reported that in patients with FOXP3 mutation, T cells clonally expand to induce tissue-specific inflammation even in sterile conditions (41), suggesting that Treg depletion could cause activation of self-reactive T cells to induce autoimmune disease. If such potentially inflammatogenic, self-reactive MP CD4+ T lymphocytes are existent in humans, blockade of their activation may be beneficial as a novel therapeutic approach for autoimmune and/or inflammatory diseases.





Materials and methods




Mice

C57BL/6 CD45.2 WT mice were purchased from Japan SLC (Hamamatsu, Japan). Rag2-/- and CD45.1 WT mice were obtained from the breeding stocks at Tohoku University Graduate School of Medicine. T-bet-ZsGreen/Foxp3-RFP double reporter mice were generated by crossing Foxp3-RFP mice (42) with the T-bet-ZsGreen strain (43) and obtained from the National Institute of Allergy and Infectious Diseases (NIAID) contract facility at Taconic Biosciences. Foxp3-DTR-GFP transgenic mice (17) were provided by G. J. Hämmerling (German Cancer Research Center, Heidelberg, Germany). CD45.1/2 Foxp3-DTR animals were generated by crossing CD45.2 Foxp3-DTR mice with the CD45.1 strain. IL-2-eGFP reporter mice (44) were obtained from C. T. Weaver (University of Alabama at Birmingham, Birmingham, AL). All mice were maintained in SPF animal facilities in Tohoku University Graduate School of Medicine and used at the age of 8-12 weeks. The care and handling of the animals used in our studies were in accordance with the animal study protocol approved by the Institutional Committee for the Use and Care of Laboratory Animals of Tohoku University.





In vivo chemical and mAb treatment

To deplete Tregs in Foxp3-DTR mice, DT (Merck, Darmstadt, Germany) was intraperitoneally injected every day (1 μg/20 g body weight). To block TCR, CD28, and IL-2 signaling, anti-MHC II mAb (Y3P), recombinant CTLA4-Ig, and anti-IL-2 mAb (S4B6) (all from Bio X Cell, West Lebanon, NH) were intraperitoneally administered every other day (300 μg/20 g body weight).





Cell sorting and adoptive transfer

Total CD4+ T lymphocytes were obtained from pooled splenocytes using CD4 Microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). MP and naïve cells were purified by sorting for CD4+ CD25− CD44hi CD62Llo and CD4+ CD25− CD44lo CD62Lhi cells, respectively, using FACS Aria II (BD Biosciences, San Jose, CA). To obtain T-bet+ and T-bet− MP cells, CD4+ Foxp3-RFP− CD44hi CD62Llo T-bet-ZsGreen+ and CD4+ Foxp3-RFP− CD44hi CD62Llo T-bet-ZsGreen− populations, respectively, were sorted out. Purity was >97%. In Figures 1F–H, sorted cells were labeled with CFSE (Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s protocols. 1×106 cells were intravenously injected into sex-matched recipient mice.





Flow cytometric analysis

Single cell suspensions were prepared from spleens and lymph nodes and red blood cells lysed in ACK buffer. To detect donor cells in transfer experiments, CD4+ cells were further enriched using CD4 Microbeads. To obtain mononuclear cells from colonic lamina propria and lungs, Lamina Propria Dissociation Kit and Multi Tissue Dissociation Kit 1 (both from Miltenyi Biotec), respectively, were utilized following the manufacturer’s protocols. For intracellular detection of IFN-γ, IL-17A, and IL-13, lymphocytes were incubated in RPMI complete media containing PMA (20 ng/mL) and ionomycin (1 μg/mL) (both from Fujifilm Wako, Osaka, Japan) at 37 °C for 4 hours in the presence of Brefeldin A (1 μg/mL, Biolegend, San Diego, CA). In the case of IL-2 detection, cells were incubated in the absence of PMA and ionomycin. Cells were then suspended in PBS supplemented with 2% fatal bovine serum and incubated with CD16/32 mAb for 10 min, followed by incubation with the following mAbs for 20 min on ice: CD3 (17A2), CD4 (RM4-5) (Thermo Fisher Scientific), CD44 (IM7) (BD Biosciences), CD11c (N418), CD19 (6D5), CD25 (PC61), CD28 (37.51), CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), CD80 (16-10A1), CD86 (GL-1), CD122 (5H4), CD132 (TUGm2), anti-I-A/I-E (M5/114.15.2), and anti-NK1.1 (PK136) (Biolegend). To detect intracellular products, cells were further fixed and permeabilized using Foxp3/Transcription Factor Staining Buffer Set for 20 min on ice and stained with mAbs against Foxp3 (FJK-16s), IL-13 (eBio13A), Ki67 (SolA15) (Thermo Fisher Scientific), IFN-γ (XMG1.2) (BD Biosciences), IL-2 (JES6-5H4), and/or IL-17A (TC11-18H10.1) (Biolegend) for 40 min on ice. For T-bet detection, fixed cells were stained with anti-T-bet mAb (O4-46, BD Biosciences) for 2 hours at room temperature. Flow cytometry was performed using LSR Fortessa and the data analyzed with FlowJo software (both from BD Biosciences). Gating strategies are detailed in Supplementary Figure 6.





Cytokine measurement by ELISA

Serum IL-2 levels were measured using mouse IL-2 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN).





Histological assessment of inflammation

Histological assessment of colon, lungs, kidneys and liver was performed by hematoxylin and eosin (H&E) and immunohistochemical staining. For the latter staining, rabbit CD4 mAb (EPR19514; diluted in 1:2000) (Abcam, Cambridge, UK) and secondary anti-rabbit antibody conjugated with peroxidase (Nichirei Biosciences, Tokyo, Japan) were used to visualize CD4+ cells. Histology indexes of colitis and lung inflammation were evaluated as previously reported (45, 46). Briefly, eight histological components were assessed for colon: ‘inflammatory infiltrate’, ‘goblet cell loss’, ‘crypt density’, ‘crypt hyperplasia’, ‘muscle thickness’, ‘submucosal infiltration’, ‘ulcerations’, and ‘crypt abscesses’ and three parameters for lungs: ‘vascular features’, ‘extravascular and alveolar involvement’, and ‘bronchiole features’. Each parameter was graded as 0 (normal), 1 (mild), 2 (moderate) or 3 (severe). Each score was added to calculate a total score for each organ.





Statistical analysis

A Student’s t test was performed to establish statistical significance between two groups. For multiple comparisons, one-way analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s tests were utilized. To compare histological scores, Wilcoxon (Figure 6F) or Kruskal-Wallis (Figures 6C, J) tests were used. p values of <0.05 were considered significant.






Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author/s.





Ethics statement

The animal study was approved by the Institutional Committee for the Use and Care of Laboratory Animals of Tohoku University. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

JL: Writing – review & editing, Writing – original draft, Visualization, Validation, Methodology, Investigation, Formal analysis, Data curation, Conceptualization. ZY: Writing – review & editing, Methodology, Data curation. AK: Writing – review & editing, Methodology, Data curation. KS: Writing – review & editing, Methodology, Data curation. ST: Writing – review & editing, Methodology, Data curation. NI: Writing – review & editing, Resources, Funding acquisition. JZ: Writing – review & editing, Resources, Funding acquisition, Conceptualization. TK: Writing – review & editing, Writing – original draft, Visualization, Validation, Supervision, Investigation, Funding acquisition, Conceptualization.







Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Japan Society for the Promotion of Science, Astellas Foundation for Research on Metabolic Disorders, Cell Science Research Foundation, Chemo-Sero-Therapeutic Research Institute, Chugai Foundation for Innovative Drug Discovery Science, Daiichi Sankyo Foundation of Life Science, Gonryo Foundation for the Promotion of Medical Science, G-7 Scholarship Foundation, Harmonic Ito Foundation, Ichiro Kanehara Foundation for the Promotion of Medical Sciences and Medical Care, Inamori Foundation, Intelligent Cosmos Foundation, Japan Allergy Foundation, Japan Intractable Diseases Research Foundation, Japan Rheumatism Foundation, Kanae Foundation for the Promotion of Medical Science, Kato Memorial Trust for Nambyo Research, Kobayashi Foundation, Kowa Life Science Foundation, Life Science Foundation of Japan, Mitsubishi Foundation, Mochida Memorial Foundation for Medical and Pharmaceutical Research, MSD Life Science Foundation, Naito Foundation, Nakajima Foundation, Nakayama Foundation for Human Science, Ohyama Health Foundation, Okinaka Memorial Institute for Medical Research, Pharmacodynamics Research Foundation, Senri Life Science Foundation, Senshin Medical Research Foundation, Sumitomo Foundation, Takeda Science Foundation, Ube Industries Foundation, Uehara Memorial Foundation, and Waksman Foundation of Japan. In addition, TK received funding from Bristol-Myers Squibb and GlaxoSmithKline. The funders were not involved in the study design, collection, analysis, interpretation of the data, writing of this article, or the decision to submit it for publication. JL was supported by JST SPRING (Grant Number JPMJSP2114). This work was supported in part by the Division of Intramural Research of the NIAID, NIH.




Acknowledgments

We sincerely acknowledge G. J. Hämmerling (German Cancer Research Center) and C. T. Weaver (University of Alabama at Birmingham) for Foxp3-DTR-GFP transgenic and IL-2-eGFP reporter mice, respectively. We also thank T. Nishina, Y. Okuyama, A. Asao, and Biomedical Research Core (Tohoku University Graduate School of Medicine) for technical assistance.





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1429954/full#supplementary-material




References

1. Surh, CD, and Sprent, J. Homeostasis of naive and memory T cells. Immunity. (2008) 29:848–62. doi: 10.1016/j.immuni.2008.11.002

2. Kawabe, T, Yi, J, and Sprent, J. Homeostasis of naive and memory T lymphocytes. Cold Spring Harb Perspect Biol. (2021) 13:a037879. doi: 10.1101/cshperspect.a037879

3. Kawabe, T, Jankovic, D, Kawabe, S, Huang, Y, Lee, PH, Yamane, H, et al. Memory-phenotype CD4(+) T cells spontaneously generated under steady-state conditions exert innate T(H)1-like effector function. Sci Immunol. (2017) 2:eaam9304. doi: 10.1126/sciimmunol.aam9304

4. Kim, KS, Hong, SW, Han, D, Yi, J, Jung, J, Yang, BG, et al. Dietary antigens limit mucosal immunity by inducing regulatory T cells in the small intestine. Science. (2016) 351:858–63. doi: 10.1126/science.aac5560

5. Kawabe, T, and Sher, A. Memory-phenotype CD4+ T cells: A naturally arising T lymphocyte population possessing innate immune function. Int Immunol. (2022) 34:189–96. doi: 10.1093/intimm/dxab108

6. Younes, SA, Punkosdy, G, Caucheteux, S, Chen, T, Grossman, Z, and Paul, WE. Memory phenotype CD4 T cells undergoing rapid, nonburst-like, cytokine-driven proliferation can be distinguished from antigen-experienced memory cells. PloS Biol. (2011) 9:e1001171. doi: 10.1371/journal.pbio.1001171

7. Panda, AK, Kim, YH, and Shevach, EM. Control of memory phenotype T lymphocyte homeostasis: role of costimulation. J Immunol. (2022) 208:851–60. doi: 10.4049/jimmunol.2100653

8. Kawabe, T, Yi, J, Kawajiri, A, Hilligan, K, Fang, D, Ishii, N, et al. Requirements for the differentiation of innate T-bet(High) memory-phenotype CD4(+) T lymphocytes under steady state. Nat Commun. (2020) 11:3366. doi: 10.1038/s41467-020-17136-1

9. Shevach, EM. Mechanisms of foxp3+ T regulatory cell-mediated suppression. Immunity. (2009) 30:636–45. doi: 10.1016/j.immuni.2009.04.010

10. Chinen, T, Volchkov, PY, Chervonsky, AV, and Rudensky, AY. A critical role for regulatory T cell-mediated control of inflammation in the absence of commensal microbiota. J Exp Med. (2010) 207:2323–30. doi: 10.1084/jem.20101235

11. Yi, J, Jung, J, Hong, SW, Lee, JY, Han, D, Kim, KS, et al. Unregulated antigen-presenting cell activation by T cells breaks self tolerance. Proc Natl Acad Sci U.S.A. (2019) 116:1007–16. doi: 10.1073/pnas.1818624116

12. Kim, JM, Rasmussen, JP, and Rudensky, AY. Regulatory T cells prevent catastrophic autoimmunity throughout the lifespan of mice. Nat Immunol. (2007) 8:191–7. doi: 10.1038/ni1428

13. Akkaya, B, Oya, Y, Akkaya, M, Al Souz, J, Holstein, AH, Kamenyeva, O, et al. Regulatory T cells mediate specific suppression by depleting peptide-mhc class ii from dendritic cells. Nat Immunol. (2019) 20:218–31. doi: 10.1038/s41590-018-0280-2

14. Qureshi, OS, Zheng, Y, Nakamura, K, Attridge, K, Manzotti, C, Schmidt, EM, et al. Trans-endocytosis of cd80 and cd86: A molecular basis for the cell-extrinsic function of ctla-4. Science. (2011) 332:600–3. doi: 10.1126/science.1202947

15. Wong, HS, Park, K, Gola, A, Baptista, AP, Miller, CH, Deep, D, et al. A local regulatory T cell feedback circuit maintains immune homeostasis by pruning self-activated T cells. Cell. (2021) 184:3981–97 e22. doi: 10.1016/j.cell.2021.05.028

16. Liu, Z, Gerner, MY, Van Panhuys, N, Levine, AG, Rudensky, AY, and Germain, RN. Immune homeostasis enforced by co-localized effector and regulatory T cells. Nature. (2015) 528:225–30. doi: 10.1038/nature16169

17. Suffner, J, Hochweller, K, Kuhnle, MC, Li, X, Kroczek, RA, Garbi, N, et al. Dendritic cells support homeostatic expansion of foxp3+ Regulatory T cells in foxp3.Lucidtr mice. J Immunol. (2010) 184:1810–20. doi: 10.4049/jimmunol.0902420

18. Collins, AV, Brodie, DW, Gilbert, RJ, Iaboni, A, Manso-Sancho, R, Walse, B, et al. The interaction properties of costimulatory molecules revisited. Immunity. (2002) 17:201–10. doi: 10.1016/s1074-7613(02)00362-x

19. van der Merwe, PA, Bodian, DL, Daenke, S, Linsley, P, and Davis, SJ. Cd80 (B7-1) binds both cd28 and ctla-4 with a low affinity and very fast kinetics. J Exp Med. (1997) 185:393–403. doi: 10.1084/jem.185.3.393

20. Whyte, CE, Singh, K, Burton, OT, Aloulou, M, Kouser, L, Veiga, RV, et al. Context-dependent effects of il-2 rewire immunity into distinct cellular circuits. J Exp Med. (2022) 219:e20212391. doi: 10.1084/jem.20212391

21. Min, B, Foucras, G, Meier-Schellersheim, M, and Paul, WE. Spontaneous proliferation, a response of naive CD4 T cells determined by the diversity of the memory cell repertoire. Proc Natl Acad Sci U.S.A. (2004) 101:3874–9. doi: 10.1073/pnas.0400606101

22. Martin, B, Bourgeois, C, Dautigny, N, and Lucas, B. On the role of mhc class ii molecules in the survival and lymphopenia-induced proliferation of peripheral CD4+ T cells. Proc Natl Acad Sci U.S.A. (2003) 100:6021–6. doi: 10.1073/pnas.1037754100

23. Hagen, KA, Moses, CT, Drasler, EF, Podetz-Pedersen, KM, Jameson, SC, and Khoruts, A. A role for cd28 in lymphopenia-induced proliferation of CD4 T cells. J Immunol. (2004) 173:3909–15. doi: 10.4049/jimmunol.173.6.3909

24. Kawabe, T, Sun, SL, Fujita, T, Yamaki, S, Asao, A, Takahashi, T, et al. Homeostatic proliferation of naive CD4+ T cells in mesenteric lymph nodes generates gut-tropic th17 cells. J Immunol. (2013) 190:5788–98. doi: 10.4049/jimmunol.1203111

25. Do, JS, and Min, B. Differential requirements of mhc and of dcs for endogenous proliferation of different T-cell subsets in vivo. Proc Natl Acad Sci U.S.A. (2009) 106:20394–8. doi: 10.1073/pnas.0909954106

26. Kieper, WC, Troy, A, Burghardt, JT, Ramsey, C, Lee, JY, Jiang, HQ, et al. Recent immune status determines the source of antigens that drive homeostatic T cell expansion. J Immunol. (2005) 174:3158–63. doi: 10.4049/jimmunol.174.6.3158

27. Min, B, Yamane, H, Hu-Li, J, and Paul, WE. Spontaneous and homeostatic proliferation of CD4 T cells are regulated by different mechanisms. J Immunol. (2005) 174:6039–44. doi: 10.4049/jimmunol.174.10.6039

28. Tan, JT, Ernst, B, Kieper, WC, LeRoy, E, Sprent, J, and Surh, CD. Interleukin (Il)-15 and il-7 jointly regulate homeostatic proliferation of memory phenotype cd8+ Cells but are not required for memory phenotype CD4+ Cells. J Exp Med. (2002) 195:1523–32. doi: 10.1084/jem.20020066

29. Yamaki, S, Ine, S, Kawabe, T, Okuyama, Y, Suzuki, N, Soroosh, P, et al. Ox40 and il-7 play synergistic roles in the homeostatic proliferation of effector memory CD4(+) T cells. Eur J Immunol. (2014) 44:3015–25. doi: 10.1002/eji.201444701

30. Purton, JF, Tan, JT, Rubinstein, MP, Kim, DM, Sprent, J, and Surh, CD. Antiviral CD4+ Memory T cells are il-15 dependent. J Exp Med. (2007) 204:951–61. doi: 10.1084/jem.20061805

31. Bourgeois, C, and Stockinger, B. CD25+CD4+ Regulatory T cells and memory T cells prevent lymphopenia-induced proliferation of naive T cells in transient states of lymphopenia. J Immunol. (2006) 177:4558–66. doi: 10.4049/jimmunol.177.7.4558

32. Winstead, CJ, Fraser, JM, and Khoruts, A. Regulatory CD4+CD25+Foxp3+ T cells selectively inhibit the spontaneous form of lymphopenia-induced proliferation of naive T cells. J Immunol. (2008) 180:7305–17. doi: 10.4049/jimmunol.180.11.7305

33. Bolton, HA, Zhu, E, Terry, AM, Guy, TV, Koh, WP, Tan, SY, et al. Selective treg reconstitution during lymphopenia normalizes dc costimulation and prevents graft-versus-host disease. J Clin Invest. (2015) 125:3627–41. doi: 10.1172/JCI76031

34. Kawabe, T, Ciucci, T, Kim, KS, Tayama, S, Kawajiri, A, Suzuki, T, et al. Redefining the foreign antigen and self-driven memory CD4(+) T-cell compartments via transcriptomic, phenotypic, and functional analyses. Front Immunol. (2022) 13:870542. doi: 10.3389/fimmu.2022.870542

35. Chambers, CA, Kuhns, MS, Egen, JG, and Allison, JP. Ctla-4-mediated inhibition in regulation of T cell responses: mechanisms and manipulation in tumor immunotherapy. Annu Rev Immunol. (2001) 19:565–94. doi: 10.1146/annurev.immunol.19.1.565

36. Kowalczyk, A, D’Souza, CA, and Zhang, L. Cell-extrinsic ctla4-mediated regulation of dendritic cell maturation depends on stat3. Eur J Immunol. (2014) 44:1143–55. doi: 10.1002/eji.201343601

37. Liao, W, Lin, JX, Wang, L, Li, P, and Leonard, WJ. Modulation of cytokine receptors by il-2 broadly regulates differentiation into helper T cell lineages. Nat Immunol. (2011) 12:551–9. doi: 10.1038/ni.2030

38. Li, N, van Unen, V, Abdelaal, T, Guo, N, Kasatskaya, SA, Ladell, K, et al. Memory CD4(+) T cells are generated in the human fetal intestine. Nat Immunol. (2019) 20:301–12. doi: 10.1038/s41590-018-0294-9

39. Zhang, X, Mozeleski, B, Lemoine, S, Deriaud, E, Lim, A, Zhivaki, D, et al. CD4 T cells with effector memory phenotype and function develop in the sterile environment of the fetus. Sci Transl Med. (2014) 6:238ra72. doi: 10.1126/scitranslmed.3008748

40. Byrne, JA, Stankovic, AK, and Cooper, MD. A novel subpopulation of primed T cells in the human fetus. J Immunol. (1994) 152:3098–106. doi: 10.4049/jimmunol.152.6.3098

41. Allenspach, EJ, Finn, LS, Rendi, MH, Eken, A, Singh, AK, Oukka, M, et al. Absence of functional fetal regulatory T cells in humans causes in utero organ-specific autoimmunity. J Allergy Clin Immunol. (2017) 140:616–9.e7. doi: 10.1016/j.jaci.2017.02.017

42. Wan, YY, and Flavell, RA. Identifying foxp3-expressing suppressor T cells with a bicistronic reporter. Proc Natl Acad Sci U.S.A. (2005) 102:5126–31. doi: 10.1073/pnas.0501701102

43. Zhu, J, Jankovic, D, Oler, AJ, Wei, G, Sharma, S, Hu, G, et al. The transcription factor T-bet is induced by multiple pathways and prevents an endogenous th2 cell program during th1 cell responses. Immunity. (2012) 37:660–73. doi: 10.1016/j.immuni.2012.09.007

44. DiToro, D, Winstead, CJ, Pham, D, Witte, S, Andargachew, R, Singer, JR, et al. Differential il-2 expression defines developmental fates of follicular versus nonfollicular helper T cells. Science. (2018) 361:eaao2933. doi: 10.1126/science.aao2933

45. Koelink, PJ, Wildenberg, ME, Stitt, LW, Feagan, BG, Koldijk, M, van ‘t Wout, AB, et al. Development of reliable, valid and responsive scoring systems for endoscopy and histology in animal models for inflammatory bowel disease. J Crohns Colitis. (2018) 12:794–803. doi: 10.1093/ecco-jcc/jjy035

46. Passmore, MR, Byrne, L, Obonyo, NG, See Hoe, LE, Boon, AC, Diab, SD, et al. Inflammation and lung injury in an ovine model of fluid resuscitated endotoxemic shock. Respir Res. (2018) 19:231. doi: 10.1186/s12931-018-0935-4




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 Li, Yang, Kawajiri, Sato, Tayama, Ishii, Zhu and Kawabe. 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-15-1429954-g004.jpg
Kie7*

Ki67+

DCs
MP cells
ns
—WT 1500 7 kK 1500 7 Sekk ] 1500 7 P
Foxp3DTR & 2 X
o Q - 1000 -
g 1000 9 3 3
ksl G G
T 500 i 9001
= = =
0- ] 0
WT bR WT pbrR DTR
CD45.1 CD45.2
Naive MP
cDb451/2 —
WT or Foxp3 DTR l
| | | | | | | D7
DO D1 >~ Analyze
L )
T
CTLA4-Ig or Ctrl
+ DT E
S WT Foxp3 DTR Foxp3 DTR ns ns » AEE b
recipient 1.5 %) 3 £ 50 -
(recipient) e +Ctrl +CTLA4-Ig %’3 S g i o o T
" la6 ] 88|45 [ = 8.1 %,\1 0] ——r— o 2 T g é 30 1
g ] .#. . 1 4, =i T =5 | [: e
o "l aa FIN y X S ° ™ 8 20—
S N L =05 R © - .
: B L Bk ; ' #§ oL M i
a ;O e w 00LL] ot © o =8 olfh
(@) i i WT DTR DTR * WT DTR DTR WT DTR DTR
30 | 865]32 |  520/65 | 809 +Ctrl +Ctrl +CTLA4-Ig +Ctrl +Ctrl +CTLA4-Ig +Ctrl +Ctrl +CTLA4-Ig
(7)) 2.0~ * * w 8 - }_{ns ns K, 25 Kk ek
T 1 3 . ) A
S 1902 33| 196.5 1.9] 194.3 27] O 15. s o 6 T et
2 i = 8L P § 1o
S 1 - i 1 1 21.04 = S 44 . L -
$ ¥ W o N N IE g o M o
e} ] \ 3 3 o E 0.54 [oe . g 24 oo !og 5 F ’_A:_‘
< a (@] . o IS e
SR 1 #* 0.0 O 0 [ o o
1.5 5.1 }0.6 0.9] 10.7 2.4 WT DTR DTR ** WT DTR DTR WT DTR DTR
e y T e T T e T T +Ctrl +Ctrl +CTLA4-Ig +Ctrl +Ctrl +CTLA4-Ig +Ctrl +Ctrl +CTLA4-Ig
[72)
- % 10‘ *% *%k @ 10_ .L
e 8.8 9.3 3 1.7 O i o gl T
g8 s 8] o
f=3 s ~ i T = ns
8 =) 6 - =) 6+ S
= =< AN — ‘T’ o
I\ ‘L(_) X 44 =X 44 |
5 3 24 + 3 21 .
a O HLI° i o o
o T 66'-6 " 20'-5 T " 59'-8 * WT DTR DTR * WT DTR DTR
+Ctrl +Ctrl +CTLA4-Ig +Ctrl +Ctrl +CTLA4-Ig
N 801 s s WT+Ctrl
(recipient) WT Foxp3 DTR Foxp3 DTR %2 ° —— = Foxp3 DTR+Ctrl
+Ctrl +Ctrl +CTLA4-Ig £ 8 60- “J Foxp3 DTR+CTLA4-Ig
_ 126 14.3| {4.4 33.3| {10.1 79| § & 40 —— —
o 3 3 3 >3 oge
C 1 ] g ~ (] .T.
'8 - —j 1 b (o) LO .T. _f
- N 5% 204 e *re or®
X CTO
g 1.t gl Bl MHE e Il
E o L e
714 | | 11_7 35.5 | | 26'8 i 9_4 ) T-bet* cells IFI\i—y rc:lls T-bet* IFN-y* cells
© 805 « ns —
¥ o 1 °
OB ns
. 126.8 21.4] 134 42.4] {20.7 362) 28 60 w & T ., .
S El - - - E E 8 4 ® '_|—. o
H © [ ]
S B3 > > -8 40+ o by .
N i i N oo ° °
Tp] El LI f! - s (\! [ ] ] O
<t "i—% E e g (o] 204
o E 3L ~hl F I N X ¢ .
O 7 & j - PR o Q
346.5 5.6| i26.3 18.2| 3129.3 13.8 T © 0
® T-bet* cells IFN-y* cells  T-bet*IFN-y* cells
0 15.2] 28.6 126.1 14.2 - o
= g — .
C o = °
K] g 8 [ —|— *k  kkk
Q g = °
B S s ) 7
86 173 64 =820 % s
LNl 7 W £
°\° | =4
0

T-bet* cells IFN-y* cells  T-bet*IFN-y* cells





OEBPS/Images/fimmu-15-1429954-g006.jpg
o
o e
D e S = . . m m
3 3 29
* w0 X < <
- s ¢ o OE i
; % o H O
= ° = ® = | o
His 5 5 P — |
2 7o)
SEESAe & & 25 A —
o © © < o O ©®© © < N O ® © < N O < ol ol © o
(uoj02) xapui ABojojsiH (Bun)) xepui ABojoysiH (uoj09) xapuli AbojojsiH (Bun)) xepui ABojojsiH m, D 8 ks o
|

C
F
1004
80+
60
40+
20
0
L
L[]
i
D5

N o o o
m.m o_|oo [a]
N — [ P
- m o o © < N o
() .w m. a (Buny) xapui ABojoisiH
=z T T T T T
o O O O O o
O O ©O© < «
S
N
o~ e a
> £ W5
o 3 5 -
- o) o
3 3 A | S E
m AN O o *
5o “ Il 8 *
N o
o> T T T T T -_vm [a)
8g S888R°
ﬂv:A -~ T T T T T
a} fousnbaig %, —
N (uoj092) xapul ABojoysIH
o = -
o O
L
1 8] o
- 2 L
£ [a]
1 e I =
I T T T T T
n o O O O O o
o S ® © ¥
o 3 - " S
5 3 « OB
S R T
Y.D *H D
7 )} [Te)
o | 2 Hi A
| = 7 S
(a]
m b T T T T T
o O O O O o
o) o 7o)
a m — o mW W ©O© < fa)
o <
nDV il
N
e 5 8- ﬁ L i S
m — c *
z 2 X S
)] o = ° [a]
g g — |3 8 =
3 3 o I = o
m T T T T T [a]
o O O O O o
© O © < «
=
Aousanbai4 9,
m w
e 2
=) o 8 o
< < <
© © S S m
= o =
1 2 : | :
e o o = = )
o o () O (&) w
O oo ocoocoo © 99 o o o S & 2 o © o = 0
S ® © ¥+ « S ® © ¥ « S ® ®© ¥ « S 8838 8K ° o MW a
. . o
s|I8d L .¥Ad s[18d 1 ++AdO S[18d L .#AD s|i18d L .#AD W_m 0 <& o o
Buowe diN % Buowe d\ % Buowe JiN % Buowe di\ % B o 5 N 5
o o MD. o —
< 3 039
I S S -
0T|oo % o o Ia) o o [=
% & % . O % (3)
* * * *
o m ooo m ow * w ° w [®) m
N
) T T 1 I T T T T 1 I T T T 1 T T T T 1 _.HV.K
m N = O 1 ¥ ®m AN - O O BV © BV © ®w © < N O < N 5
(s01X) sI180 1 .#AD # (01X) sl®d L .0 # (s01LX) SlI82 1 .7 # (50LX) SI199 1 .#AD # Ox o
S 2 S 2 S 2
o =} o =) o =
o - o - (&] —






OEBPS/Images/fimmu-15-1429954-g001.jpg
A B
MP
Foxp3 DTR Foxp3 DTR
53.1 8.9 ] 75.4
o 2100+
R g 100 g
© [ ] _
\9 o 80 T e g 80
x = S
o > 60 = 60+
% (o] [
o € 40 Q 40
n' :u S g *%k%
= 5 20 i L 204
4 ©
) 0 K 0L _otenen steeee
Foxp3 Foxp3 X Foxp3
WT bR WT pTR WT p1R
E
CD45.1 donor CDA45.2 donor
recipien oxp oX
(recipient) WT F 3DTR WT Foxp3 DTR
14.7 4.4|124.5 7.8 197.6 1.0/196.7 1.2
N 3 35:‘* 3 "m 1
ST
R ; ;
i35 64.2] 103 1.0/40.7 1.4
D3 D5 D7 D10

CD45.2 1 1
donor | 0.0 1 9.05 19.7 1 325
L T L | T T m'! T T “”r‘ TrenT -‘““l u T 4
— CFSE
G CFSE-donor cells

D5

D7

24.5 1

43.3| 4

CDA45.1 donor

CDA45.2 donor

130.1

2.1

1234 0.2

}'i

'76.0

T T Ty

100

% Ki67*

50

*k%

— —
o
o0 PP
CFSE*CFSE- CFSE*CFSE-
CD45.1 donor CDA45.2 donor

C
CD45.1 CD45.2
Naive MP
‘ @ Wk CDA4S 1
‘ ' ' - " 3 donor
CD45.1/2 C oDasa
WT or Foxp3 DTR
D7
DO D1 Analyze
L J
T
DT "
3
D D2 e 0
To]
- CD45.1 :g; 0.8
] "ﬁh'-f-.;'-_:PD45'2 X 0.6
3 i § 04
E LI i q. ._,_
(@] - L ) [m)
: e 0.2
- P g 0.0
L»CDGZL = b2
(1'd
- g 20 * CDA45.1 donor
o ° I CD45.2 donor
£ 15 . b
S8
[ ]
% g 10 o
(SN *%
o< 5 —
5 ¥
€ ol e []
- Foxp3 Foxp3
(recipient) WT DTR WT DTR
2 50+ -o- CD45.1 donor
8 ns -o- CD45.2 donor
5 40-
[
_8 *
e 30 Kk
=
g
£ 20-
l:Ll *k -
? 10-
(@)
X 0
D3 D5 D7 D10

>k -o- CD45.1 donor

100
-o- CD45.2 donor

80

60

40

20

0

ns *kk
D3 D5 D7 D10

% Donoramong CFSE" cells

% MP cells

Kie7*

Kie7-
CD45.1 donor

Ki67+* Ki67-
CDA45.2 donor






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Excess generation and activation of naturally arising memory-phenotype CD4+ T lymphocytes are inhibited by regulatory T cells in steady state

      

        		

          Introduction

        



        		

          Results

        

          		

            MP vs. naive CD4+ T lymphocytes more efficiently generate new MP cells at an early time point when Tregs are acutely depleted

          



          		

            MP as compared to naïve cells more efficiently generate type 1 responses at an early time point post Treg depletion

          



          		

            MP cell expansion induced by Treg depletion requires TCR – MHC II interactions

          



          		

            MP cell proliferation driven by Treg depletion is dependent on CD28 signaling

          



          		

            Treg depletion-driven Th1 responses of MP cells are mediated by IL-2 signaling

          



          		

            Early MP cell activation leads to multi-organ inflammation in the absence of Tregs

          



        



        



        		

          Discussion

        



        		

          Materials and methods

        

          		

            Mice

          



          		

            In vivo chemical and mAb treatment

          



          		

            Cell sorting and adoptive transfer

          



          		

            Flow cytometric analysis

          



          		

            Cytokine measurement by ELISA

          



          		

            Histological assessment of inflammation

          



          		

            Statistical analysis

          



        



        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2024.1429954_cover.jpg
’ frontiers | Frontiersin Immunology

Excess generation and activation of
naturally arising memory-phenotype
CD4* T lymphocytes are inhibited
by regulatory T cells in steady state





OEBPS/Images/fimmu-15-1429954-g003.jpg
CD45.1 CD45.2
Naive MP

CD45.1/2 CM

WT or Foxp3 DTR l

D7
DO D1 Analyze
L J
aMHC Il or Ctrl 1IgG
+ DT c
(recipient) WT Foxp3 DTR Foxp3 DTR ® 0.8- % 1.2 © 60 A
+Ctrl +Ctrl +aMHC I 7 e 8 =)0 +
064 —+—— 2 1.0 O o
: =% T 53 =8 40
S = 2 04- £go8 N
S Celies 6 = © 20 +
- S T 0.2] I 06 <
< O L o 28 E °
o WT DTR DTR WT DTR DTR WT DTR DTR
+Ctrl +Ctrl +aMHC Il +Ctrl +Ctrl +aMHC I +Ctrl +Ctrl +aMHC II
o 08, 2 5 © 407
@ Te 8 29
o 0.64 * o 4 ns ns S 8 304
2 S 5L 3 E 2
5 N 204 = ? 2 S 20
g 0 X - N X 2 e T © N
: < I9) L Te
To) a 02473 ~ 11T, % o 104
3 - o . ] *9 -] D
© WT DTR DTR ¥ WT DTR DTR WT DTR DTR
+Ctrl +Ctrl +aMHC Il +Ctrl +Ctrl +aMHC Il +Ctrl +Ctrl +aMHC II
» *k * 17) ns ns
N = 4, ——i— T 6 —f
c (&]
.0 o il [ *Te
% = 2 T % = 4 * —‘7
o 93 24 3=
~ 2 T =X 9
- ~ 1 o
To) °
a S 0 Wl S o
o WT DTR DTR R WT DTR DTR
+Ctrl +Ctrl +aMHC II +Ctrl +Ctrl +aMHC II
:’B 60 ns ns [ WT+Ctrl
(recipient) WT Foxp3 DTR Foxp3 DTR X o * — mm Foxp3 DTR+Ctrl
+Ctrl +Cirl +aMHC II 220 ? * o ns Foxp3 DTR+aMHC |l
. a8 2.9 #104 220| {128 15.1 g5 407 s ol "
2 _ : _ S . . — T
+ 9 3 3 A ! o 2 °
;S ~ 25 2 1 " L[
> I S P i : q |
8 i B 1 E'-'-'.'I‘.":- 1 -;1” LEO 0 H ’_‘ P
—SWSW;WS_W ] §“:9 -43"."1m . 19;3 i59.3 . . 12;8 s T-bet* cells IFN-y* cells  T-bet* IFN-y* cells
~~ _ ns
© 100
¥ o *
L J194 9.7 421.1 18.3| {7.7 34.6 28 801 — s
S « ns
. _§ 1. i 1 | E2 60 $ R + ns
S K 53 40 ; 3 1 ——
¥ © 4 o 4 1 i & c o y
a) g i: RN S H oTe T
8 i 3. i * 1 ; 83 20 | e .
348.4 22.6| i36.6 ‘ 23.9| i42.3 15.4 T © g ’_’ 'ﬁ D
& T-bet* cells IFN-y* cells  T-bet*IFN-y* cells
80—
N 12.7| 4 223| 1146 25.4 > ns
= % ® 60 x+ ns —
5 >0 A
=3 22 40 ** ns
S S e . —_—
(' 8§- 2 | [ ]
15.4 . 15.0 rg 20 I
°\° S
, il
T-bet* cells IFN-y* cells  T-bet*IFN-y* cells





OEBPS/Images/fimmu-15-1429954-g005.jpg
MP cells
wT 400~ — 5007 — 1500
o N | s o H
— Foxp3 DTR & 300 N 4007 T © o000l = 1
2 200 g 3001 T €
° T Y Y—
T = = 2007 = 500
= 1004 = 100 =
DA DR ' - R —- O Foxpa -
— CD25 — CD122 — CD132 0xp oxp: oXp
WT b1R WT pTR WT bTR
B C
Ki67* Ki67-
150 * * 150 CD45.1 CD45 2
o o 0 o HE Naive
q 100+ Q1004 —y @ .
5 bt + 3 T CD45.12 — =,
T 504 4 ﬂ T 504 & WT or Foxp3 DTR l
ik = 1B (o o
° Foxp3 1 Foxp3 Foxp3 1 Foxp3 i rebee
oxp. oxp! oXp! oxp k T :
wT DTR wT DTR wT DTR WT DTR alL-2 or Ctrl IgG + DT
CD45.1 CD45.2 CD45.1 CD45.2
donor donor donor donor
D E
0.5- * o 15- ns ns ns
(recipient)  WT+Ctrl Foxp3 DTR+Ctrl  Foxp3 DTR+alL-2 % 04 7 3 — o 60+ =
4.3] {26.2 80| o _ . 2 104 1 & ° -
B 3 .. = S 0.3 . g > £ 8 404 )
g - 5% 02/ =% sl | 3 I
° i =Y G = 0.5- s P ™ o [o
- ] 8 011 a € 2] 3
a ' * P O <3 -
8 | 0.0 # 0.0 O ol o%n
6.8 86.9) 9.9 66.6| 8.0 57.8 WT DTR DTR WT DTR DTR WT DTR DTR
e e T T +Ctrl +Ctrl +alL-2 +Ctrl +Ctrl +alL-2 +Cirl +Ctrl +olL-2
g 15— * ns % 15— ns ns 2 40_ Kk ns
_ o e7es i aa] {s23- 42| {8957:] 58] 8 * g —l— £8 4. * e
5 as | e I omd a_ 1.0 2 1.0 . g5
§ oMk M 2 LS ! 5520 2
S ] ] R ] e QX5 350.5— T %c\sm
et [a) ° e : ] B
= 2.6 56| 12.3 11.2| 10.6 41| F 00 ® 0.0 © o
f it ) L S St e WT DTR DTR WT DTR DTR WT DTR DTR
+Ctrl +Ctrl +alL-2 +Ctrl +Ctrl +alL-2 +Ctrl +Ctrl +alL-2
- o 8- = 81 ns
(lCJ 12.0 8 *%k ns o —_
8 & B N
§ E N f? 4 _I_ g g 4 .P T
o 3 =X * 8%
= A: v =<
o O | b 24 1l 2 a
o (@] T"I [a]
) 255 = 0 O 0
" ' WT DTR DTR b WT DTR DTR
+Ctrl +Ctrl +alL-2 +Ctrl +Ctrl +alL-2
F 5 *%k *
B 60— | m— * **
Yo ® * * WT+Ctrl
(recipient) WT+Ctrl Foxp3 DTR+Ctrl Foxp3 DTR+alL-2 % * .’ == Foxp3 DTR+Ctrl
s 2 . o °
. 5.9 9.8] 9.2 37.0/ {11.4 105 £ 5 407 i L . ole Foxp3 DTR+alL-2
c % g o
. 9 k| o ° .T
Be : & 20 [° .
C 5 1L ] 4 3= g b2 ;|_'
< — R D [} o O
2! 1R i 1 ﬁ-l; . & O 0
'79.'-.6 . 13;7 3§..7 i 18'.1 '69.'-.7 e 11;4 & T-bet* cells IFN-y* cells  T-bet*IFN-y* ceIIs
:’B 60_ | *% *%k ! I *% dekk {
o 19.8 14.8| 116.1 32.3/417.9 21.4 Y o e *Te
o E| k| J k| o0 ® * *
s | . 1k 1 S 2 40 . .
. o £ - 1P 7oA £ O ° %, e
© o . ® S5 . 3 .
X 5,_" 4 ) o T ", i a-o ° - °
8 i b i | .{5{‘-* o f; 20 * ¢ . ‘I. _f
159.0 16.4] 131.2 20.4|345.2 155 =3 o] *
o e Sl B, sl iy e 25 )
13.9 B T-bet* cells IFN-v" cells  T-bet'IFN-y* cells
& ' ek *kk
= o 907 —— —
T c
(] o = L
§' E 8 .T kK
3 :0- 404 . °Ts }—
(14 2= N .
10.8] &= s s
g g_ 20— j._ T®
g
X" 0
T-bet* cells IFN-y* cells  T-bet*IFN-y* cells
g Ki67+ Ki67* Kie7* Ki67*
T-bet-MP donor T-bet* MP donor T-bet-MP donor T-bet* MP donor
Ctrl allL-2 Ctrl allL-2 25— 60— 100+ ns 80+
1 E ] + =0.14 .
{39.0 9.8| 2856 0.0 25.4| {255 349 £ a| P £ 80] _ -
1 1 1 5 5 404 °° 3 60l ! 5
; O 15 e . >
3 £ N ? £ N t Z 40+
= = ¥ 3 109 2 20- 3 401 <
] 1= 35 E o5 k20 20-
4,3:.8 2. 4 69.6 1.8 29.8 12.3 ° *
T L i T T T T T _,_
T- bet ZsGreen 0 v 0 0 * 0
Ctrl allL-2 Ctrl «allL-2 Ctrl «lL-2 Ctrl «alL-2





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





OEBPS/Images/fimmu-15-1429954-g002.jpg
Foxp3
DTR

|

o O o o o
0 © < A«

S[182 d\ Buowe .17 %

WT

80-
60-
40-

T
o o
N

S99 dIN Buowe v/ 1-11 %

0.1

Foxp3 DTR

0.1]{1.7

WT

114

o © o o

© < N
S[199 dIN

Buowe ,A-N4|.190-1 %

Foxp3
DTR

'—
o
WT

o O o o o
0 ©O© < «

s||82 dN Buowe ,A-N4| %

Foxp3
DTR

l—
oTe
WT

o o o o o
0 ©O© < A«

S[190 dIN Buowe 490-1 %

Foxp3 DTR

Foxp3 DTR

WT

(recipient)

S 6 S &6
S S 22
S D 23
- v o
g 9 g o
[ala) alla)
(ON®) O 0O
[ 5 ¢
™ (92
QY o Y
I 55 — N 55
x \7r L m L
*
(2]
= —E = c
™ (90
o Y o Y
8% 185
# % L m [T
*
(2]
= { & 2
T 1 1 1
o < N < ™ N -~
S|[&2 Jouop /9 S||82 Jouop _/91Y
Buowe ,A-N4| J89-1 % Buowe ,A-NH| J90-1 % *
BE e
I + I % —
% £o & = 2 28 2 8
| S +—
& S 3M S[|89 JOouop , 29I
¥4 o Buowe ,A-N4| Jo0-1 %
o I8E 185
x AL 2 o
T
15 { &
T 1 1 1
© < N [¢e) © < AN
S|[90 Jouop /9 S||92 Jouop _/91Y
Buowe ,A-N4| % Buowe ,A-N4| %
™ [s2]
o Y o X
I = = +— | 5 5
x % c O m% c e 2
T
B = Y =
3¢
+ o N &” o N
% L m L x
o1 4 5
© © o o © o © © o & o _ _ l !
O O O < « <t ™ N - o o o o
~ o0 O <t N
S|[@0 Jouop /91 S||90 Jouop _/91Y S||e9 Jouop /91|
Buowe ,)8g-] © Buowe ,)8g-| © e
J490-1 % 490-1L % Buowe ,A-N4I %
© o | N © ol N
N (s2] o o ot |0 (o) 3
N AN < ~
3 F
L il e £ 3 3 (2}
T PR . , c
S © . 9 N
Q MG o < AN
L2 P ol IRK. . NS L= SRSES———— 21 2 B
o ol |e o N[ |
o OF o o ~F o0} *
t ——
(0]
£ s 3 w | @ P
- ERREEL e = ¥
" L . 00 o Lt [ O
o m- 3 OW o .-......! 0 N d 4 : £ . %
b, T ™ _m_ 0 T T T 0__ T T ™ ,%m —k2—.u, rer T _%W
N ../»-ZH__ [ | [ |
2 Y S D o o o o
g 5 2 8 g 5 2 8 s &8 ¥ =
8 85 83 85 8192 Jouop /91
Buowe ,38g-1 %
~ ~
© ©
X X [a)

D10

D7

D5

D10

D7

D5

D10

D7

D5

*
*

[+ —

o o

r g T T 0\0
O 9O O 9O O o
o0 [{e] < N @

S||82 Jouop /91y "
Buowe ,A-N4| % mV,\

S||@9 Jouop ., /9 hol
BuoWE ,UsBIDSZ-190-L % .

57.3

Ki67*
T-bet* MP donor

4.0]{9.1

T-bet-ZsGreen

Kie7*
T-bet™ MP donor

1141
T

Z 2|

L g

{ 170.7

S ® & -~ % v
s||@0 Jouop Buowe . /91y % (e0

A}

\ 4





