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            Abstract
Regulatory T (Treg) cells expressing the transcription factor Foxp3 have a pivotal role in maintaining immunological self-tolerance1,2,3,4,5; yet, excessive Treg cell activities suppress anti-tumour immune responses6,7,8. Compared to the resting Treg (rTreg) cell phenotype in secondary lymphoid organs, Treg cells in non-lymphoid tissues exhibit an activated Treg (aTreg) cell phenotype9,10,11. However, the function of aTreg cells and whether their generation can be manipulated are largely unexplored. Here we show that the transcription factor Foxo1, previously demonstrated to promote Treg cell suppression of lymphoproliferative diseases12,13, has an unexpected function in inhibiting aTreg-cell-mediated immune tolerance in mice. We find that aTreg cells turned over at a slower rate than rTreg cells, but were not locally maintained in tissues. aTreg cell differentiation was associated with repression of Foxo1-dependent gene transcription, concomitant with reduced Foxo1 expression, cytoplasmic localization and enhanced phosphorylation at the Akt sites. Treg-cell-specific expression of an Akt-insensitive Foxo1 mutant prevented downregulation of lymphoid organ homing molecules, and impeded Treg cell homing to non-lymphoid organs, causing CD8+ T-cell-mediated autoimmune diseases. Compared to Treg cells from healthy tissues, tumour-infiltrating Treg cells downregulated Foxo1 target genes more substantially. Expression of the Foxo1 mutant at a lower dose was sufficient to deplete tumour-associated Treg cells, activate effector CD8+ T cells, and inhibit tumour growth without inflicting autoimmunity. Thus, Foxo1 inactivation is essential for the migration of aTreg cells that have a crucial function in suppressing CD8+ T-cell responses; and the Foxo signalling pathway in Treg cells can be titrated to break tumour immune tolerance preferentially.
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                    Figure 1: aTreg cells have a slow turnover, but are not locally maintained in non-lymphoid tissues.[image: ]


Figure 2: aTreg cell differentiation is associated with downregulation of Foxo1-dependent gene expression.[image: ]


Figure 3: Expression of a constitutively active form of Foxo1 in Treg cells alters cell migration.[image: ]


Figure 4: Foxo1 hyperactivation in Treg cells causes a CD8+ T-cell-dependent inflammatory disease.[image: ]


Figure 5: Tuned activation of Foxo1 in Treg cells results in enhanced anti-tumour immunity without inflicting autoimmunity.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Parabiotic analysis of Treg cells from different organs.
a, Flow cytometric analysis of CD44 and CD62L in Treg cells (CD4+Foxp3+) from lymph node, spleen, liver and colon lamina propria of C57BL/6 mice. Percentages of rTreg and aTreg cells are shown. A sizable population of intermediate phenotype (CD62LhiCD44hi) Treg cells was also present in the liver. b, Graphical representation of the parabiosis experiments. Congenically mismatched C57BL/6 mice were surgically connected (time point âˆ’4). Parabionts were analysed 2 or 4 weeks after surgery (time point âˆ’2 or 0). In separation experiments, parabiotic mice that had been connected for 4 weeks were surgically disconnected from each other (time point 0). Separated mice were analysed 2, 6, 12 or 18 weeks after surgery (time point 2, 6, 12 or 18). c, Representative flow cytometric plots showing chimaerism of naive CD4+ T cells or different Treg cell subsets in a CD45.2/2+ parabiont at various time points.


Extended Data Figure 2 aTreg cell differentiation is associated with Akt-triggered suppression of Foxo1.
a, Gene expression comparison of Foxo1-regulated genes in splenic aTreg versus rTreg cells. Foxo1-regulated genes were defined by the following criteria: (1) differentially expressed between wild-type and Foxo1-knockout Treg cells; (2) the expression was corrected by expression of a constitutively active mutant of Foxo1 (Foxo1CA). b, Normalized expression of all transcripts isolated from splenic aTreg cells were plotted against transcripts from splenic rTreg cells. Some of the Foxo1 direct target genes were highlighted. c, Comparison of Lamc1, Nid2, Mmp9 mRNA levels in rTreg versus aTreg subsets. d, Flow cytometric analysis of phosphorylated S6 ribosomal protein in splenic aTreg and rTreg cells. Quantification shows mean fluorescence intensity normalized to rTreg cells. nâ€‰=â€‰3. *Pâ€‰<â€‰0.05 (paired t-test). e, aTreg cell differentiation experiments in vitro. rTreg cells (CD4+Foxp3+CD62LhiCD44lo) from spleen and lymph nodes of Foxp3-YFP reporter mice were purified by flow cytometric sorting, and were stimulated with anti-CD3/CD28 and IL-2 for 3 days. Akt inhibitor (Akti, MK-2206) or DMSO solvent control were added to the culture. Phosphorylated Foxo1, and CD44 and CD62L levels were determined by flow cytometry. Quantification shows percentages of rTreg and aTreg cells in DMSO control or Akt inhibitor group. nâ€‰=â€‰3. *Pâ€‰<â€‰0.05 (unpaired t-test). Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 3 Foxo1 hyperactivation in Treg cells does not affect expression of activation markers or proliferation.
a, b, Treg cells (CD4+Foxp3+) from spleens and lymph nodes of wild-type, Foxp3CreFoxo1CA/+ (CA/+) or Foxp3CreFoxo1CA/Foxo1CA (CA/CA) mice were purified by flow cytometric sorting. a, Haemagglutinin (HA)-tagged Foxo1CA protein in the whole-cell lysate was measured by immunoblotting with anti-HA. b, Subcellular localization of HAâ€“Foxo1CA was determined by immunofluorescence staining with anti-HA. c, Flow cytometric analysis of Foxo1-activated target genes CCR7 and Bim in lymph node Treg cells from 9â€“12-day-old wild-type, CA/+ and CA/CA mice. Grey shaded lines represent isotype controls. d, Flow cytometric analysis of ICOS and CD62L expression in lymph node Treg cells from 9â€“12-day-old wild-type, CA/+ and CA/CA mice. Bar graph shows fractions of ICOS+CD62Lhi, ICOS+CD62Llo subsets among Treg cells. nâ€‰=â€‰4. e, CD62LhiCD44lo rTreg cells from wild-type or CA/CA mice, or CD62LloCD44hi aTreg cells from wild-type mice were isolated by flow cytometric sorting, and the expression of Cd69, Egr2 and Il1r2 mRNA was determined by reverse transcriptase quantitative PCR (RTâ€“qPCR). f, EdU was administrated intraperitoneally into 9â€“10-day-old wild-type or CA/CA mice. EdU incorporation in lymph node rTreg and aTreg cells was analysed 18 h after injection. nâ€‰=â€‰3. **Pâ€‰<â€‰0.01 (unpaired t-test). Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 4 CA-expressing Treg cells show intact activation, proliferation and survival in vitro.
CD4+Foxp3+CD62LhiCD44loCD69âˆ’ICOSâˆ’ rTreg cells were isolated from wild-type, Foxp3CreFoxo1CA/+ (CA/+) or Foxp3CreFoxo1CA/Foxo1CA (CA/CA) mice, and were stimulated with anti-CD3, anti-CD28 and IL-2 for 3 days. a, CD44, CD62L, CD69 and ICOS expression was determined by flow cytometry. Grey shaded lines represent isotype controls. b, Cells were stained with CellTrace Violet dye before culture, and cell division was tracked by dilution of the dye. Grey shaded line represents undivided cells. c, Cell death was measured by propidium iodide (PI) incorporation. Percentages of live cell fraction (PIâˆ’) were compared. nâ€‰=â€‰4. NS, not significant (unpaired t-test). Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 5 Foxo1 hyperactivation depletes aTreg cells in mice.
a, In vivo labelling experiment: anti-CD4-biotin (RM4-4 clone) was injected intravenously into wild-type, Foxp3CreFoxo1CA/+ (CA/+) or Foxp3CreFoxo1CA/Foxo1CA (CA/CA) mice, and spleens were collected 5 min after injection. A non-competing clone of anti-CD4 (RM4-5) was used in subsequent flow cytometric analysis to label total CD4+ T cells. Representative flow cytometric plots from gated conventional CD4+ T cells (CD4 RM4-5+Foxp3âˆ’) are shown. Quantification shows percentage of RM4-4+ among conventional CD4+ T cells. nâ€‰=â€‰10 (WT, CA/CA); nâ€‰=â€‰7 (CA/+). b, c, The frequencies of lymph node rTreg or aTreg cells among CD4+ T cells of 9â€“12-day-old wild-type, CA/+ or CA/CA mice. nâ€‰=â€‰4â€“6. c, The numbers of lymph node rTreg or aTreg cells of 9â€“12-day-old wild-type, CA/+ or CA/CA mice. nâ€‰=â€‰6 (WT, CA/CA); nâ€‰=â€‰4 (CA/+). Unpaired t-test. Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 6 Foxo1 hyperactivation preferentially impairs aTreg cells, but does not affect Treg cell suppressive function in vitro.
a, The frequencies of lymph node and splenic rTreg or aTreg cells among CD4+ T cells of 4â€“6-week-old wild-type, Foxp3CreFoxo1CA/+ (CA/+) or Foxp3CreFoxo1CA/Foxo1CA (CA/CA) mice. nâ€‰=â€‰10. b, The numbers of lymph node rTreg or aTreg cells of 4â€“6-week-old wild-type, CA/+ or CA/CA mice. nâ€‰=â€‰10. c, A representative picture of 5-week-old wild-type, CA/+ or CA/CA mice. d, Body weight of 4â€“6-week-old wild-type, CA/+ and CA/CA mice. nâ€‰=â€‰5. e, The numbers of CD4+ and CD8+ T cells from lymph node and spleen of 4â€“6-week-old wild-type, CA/+ and CA/CA mice. nâ€‰=â€‰7 (WT, CA/+); nâ€‰=â€‰14 (CA/CA). f, Flow cytometric analysis of CTLA4, LAG3 and GITR expression in lymph node rTreg and aTreg cells from 4â€“6-week-old wild-type, CA/+ and CA/CA mice. Grey shaded lines represent isotype controls. g, Suppression of wild-type naive CD4+ T cells, labelled with CellTrace Violet (Tresp, responding T cells), by wild-type, CA/+ or CA/CA Treg cells. Tresp cell division was assessed by CellTrace Violet dilution at the indicated ratios of cell numbers between Treg and Tresp cells. Grey line represents conditions without Treg cell in culture. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ***Pâ€‰<â€‰0.001; ****Pâ€‰<â€‰0.0001 (unpaired t-test). Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 7 Modest increase of inflammatory cytokine production by CD4+ and CD8+ T cells in Foxp3CreFoxo1CA/Foxo1CA mice.
a, d, Flow cytometric analysis of CD44 and CD62L expression in CD4+Foxp3âˆ’ conventional T cells (a) or CD8+ T cells (d) from lymph node and spleen of 4â€“6-week-old wild-type, Foxp3CreFoxo1CA/+ (CA/+) or Foxp3CreFoxo1CA/Foxo1CA (CA/CA) mice. b, c, Representative histogram (b), and quantification (c) of cytokine (IFN-Î³, IL-4, IL-17) expression by CD4+Foxp3âˆ’ conventional T cells from lymph node and spleen of 4â€“6-week-old wild-type, CA/+ and CA/CA mice. nâ€‰=â€‰14 (WT, CA/CA for IFN-Î³), nâ€‰=â€‰7 (WT, CA/CA for IL-4, IL-17); nâ€‰=â€‰3 (CA/+). e, f, Representative histogram (e), and quantification (f) of IFN-Î³ expression by CD8+ T cells from lymph node and spleen of 4â€“6-week-old wild-type, CA/+ and CA/CA mice. nâ€‰=â€‰9 (WT); nâ€‰=â€‰6 (CA/+); nâ€‰=â€‰11 (CA/CA). *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01 (unpaired t-test). Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 8 Characterization of CD8+ T cells from non-lymphoid tissues.
a, b, Flow cytometric analysis (a), and quantification (b) of IFN-Î³ expression by CD8+ T cells from liver and colon lamina propria of 4â€“6-week-old wild-type, Foxp3CreFoxo1CA/+ (CA/+) or Foxp3CreFoxo1CA/Foxo1CA (CA/CA) mice. nâ€‰=â€‰6 (WT); nâ€‰=â€‰3 (CA/+); nâ€‰=â€‰8 (CA/CA). c, CD8+ to CD4+ T-cell ratio among lymph node, spleen, liver and lamina propria T cells of 4â€“6-week-old wild-type, CA/+ and CA/CA mice. nâ€‰=â€‰10 (WT); nâ€‰=â€‰8 (CA/+); nâ€‰=â€‰13 (CA/CA). *Pâ€‰<â€‰0.05 (unpaired t-test). Data are meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 9 CD8+ T-cell depletion rescues the lethal disease in Foxp3CreFoxo1CA/Foxo1CA mice.
a, A representative image of 5-week-old wild-type, CD8âˆ’/âˆ’, Foxp3CreFoxo1CA/Foxo1CA and Foxp3CreFoxo1CA/Foxo1CACD8âˆ’/âˆ’ mice. b, Haematoxylin and eosin staining of liver and colon sections from 5-week-old wild-type, CD8âˆ’/âˆ’, Foxp3CreFoxo1CA/Foxo1CA and Foxp3CreFoxo1CA/Foxo1CACD8âˆ’/âˆ’ mice.


Extended Data Figure 10 Foxp3CreFoxo1CA/+ mice show enhanced anti-tumour immune responses.
a, Flow cytometric analysis of CD44 and CD62L in Treg cells (CD4+Foxp3+) from lymph node and tumour of PyMT tumour-bearing mice. bâ€“d, Eight-to-ten-week-old wild-type or Foxp3CreFoxo1CA/+ (CA/+) mice received orthotopic inoculation of PyMT-derived mammary tumour cells (AT-3). b, Survival of wild-type and CA/+ mice received tumour implantation. c, Foxp3 expression in tumour-infiltrating CD4+ T cells from day 30â€“35 AT-3 tumour. d, Flow cytometric analysis of GzmB expression in CD8+ T cells from wild-type or CA/+ tumour-bearing mice. e, Tumour growth curve of wild-type, CD8âˆ’/âˆ’, CA/+, or Foxp3CreFoxo1CA/+ CD8âˆ’/âˆ’ (CA/+CD8âˆ’/âˆ’) mice that received orthotopic inoculation of AT-3 tumour cells. nâ€‰=â€‰4. *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.01; ****Pâ€‰<â€‰0.0001; log-rank test (b) and two-way analysis of variance (ANOVA) (e). Data are meanâ€‰Â±â€‰s.e.m.
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