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            Abstract
Solid tumours are infiltrated by effector T cells with the potential to control or reject them, as well as by regulatory T (Treg) cells that restrict the function of effector T cells and thereby promote tumour growth1. The anti-tumour activity of effector T cells can be therapeutically unleashed, and is now being exploited for the treatment of some forms of human cancer. However, weak tumour-associated inflammatory responses and the immune-suppressive function of Treg cells remain major hurdles to broader effectiveness of tumour immunotherapy2. Here we show that, after disruption of the CARMA1–BCL10–MALT1 (CBM) signalosome complex, most tumour-infiltrating Treg cells produce IFNγ, resulting in stunted tumour growth. Notably, genetic deletion of both or even just one allele of CARMA1 (also known as Card11) in only a fraction of Treg cells—which avoided systemic autoimmunity—was sufficient to produce this anti-tumour effect, showing that it is not the mere loss of suppressive function but the gain of effector activity by Treg cells that initiates tumour control. The production of IFNγ by Treg cells was accompanied by activation of macrophages and upregulation of class I molecules of the major histocompatibility complex on tumour cells. However, tumour cells also upregulated the expression of PD-L1, which indicates activation of adaptive immune resistance3. Consequently, blockade of PD-1 together with CARMA1 deletion caused rejection of tumours that otherwise do not respond to anti-PD-1 monotherapy. This effect was reproduced by pharmacological inhibition of the CBM protein MALT1. Our results demonstrate that partial disruption of the CBM complex and induction of IFNγ secretion in the preferentially self-reactive Treg cell pool does not cause systemic autoimmunity but is sufficient to prime the tumour environment for successful immune checkpoint therapy.
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                    Fig. 1: Loss of CARMA1 in Treg cells is fatal, but reduced expression is sufficient to maintain immune tolerance.[image: ]


Fig. 2: Reduced CARMA1 expression converts tumour-infiltrating Treg cells into IFNγ-secreting effector cells that dominantly control tumour growth.[image: ]


Fig. 3: CARMA1-deleted Treg cells rapidly induce tumour inflammation but also adaptive immune resistance.[image: ]


Fig. 4: CARMA1 deletion in Treg cells and pharmacological inhibition of MALT1 protease synergize with anti-PD-1 ICT.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Lymphoproliferative disease after Treg-cell-specific deletion of CARMA1.
a, CARMA1 protein in Treg cells and CD4+ Tconv cells from LNs of Fcre × C1+/+, C1f/+ and C1f/f mice. b, Weight curves (n = 5 per group). c, d, Appearance of 21-day-old mice (c), and their spleens and LNs (d). e, Histological appearance of liver, skin and lung at 21 days of age of indicated mice. Scale bars, 150 μm and 50 μm (insets). f, Kidney, liver and stomach tissue sections of healthy C57BL/6 Rag1−/− mice were reacted with serum from 21-day-old mice of the indicated genotypes, and self-tissue-reactive IgG revealed by anti-mouse IgG staining (green). Nuclei were stained with DAPI (red). In b, *P < 0.05 versus C1+/+ and C1f/+ (two-way ANOVA with Bonferroni post hoc test).


Extended Data Fig. 2 Myeloid cell expansion and effector cytokine secretion by Tconv and Treg cells after Treg-cell-specific deletion of CARMA1.
a–c, Size of the CD11b+ splenic myeloid compartment and proportions of Ly6G+ neutrophils, CD11c+MHC IIhigh dendritic cells (DCs), Ly6Chigh monocytes, Lyc6GlowSSChigh eosinophils, and Ly6ClowSSClow macrophages in Fcre × C1+/+, C1f/+ or C1f/f mice. d, Expression of MHC-I, MHC-II and PD-L1 on splenic myeloid subsets. e, Frequency of CD4+ and CD8+ Tconv cells with a CD44highCD62L− effector memory phenotype in LNs of indicated mice at age 12 and 21 days. f, Effector cytokine expression of Tconv cells from 21-day-old mice after 8-h ex vivo stimulation on anti-CD3/CD28-coated plates. g, LN cellularity. h, Absolute numbers of Treg cells in LNs. i, Co-expression of indicated transcription factors by Treg cells from LNs of indicated mice. j, Expression of CD44 and CD62L by Fcre × C1f/f Treg cells expressing T-bet (green dots), GATA-3 (blue dots), or RORγt (red dots), compared to total C1f/f Treg cells (contour plots). *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001 (one-way ANOVA with Tukey post hoc test).


Extended Data Fig. 3 Role of CARMA1 in eTreg cell differentiation.
a, Female heterozygous Fcre/+ × C1f/f mice express YFP–Cre and delete C1f/f in half of the Treg cells owing to X-chomosomal location of the Foxp3YFP-cre allele and random X chromosome inactivation, whereas the other half of the Treg cells remains functional. b, Frequency of CD4+ and CD8+ Tconv cells with a CD44highCD62L– effector memory phenotype in peripheral blood of ageing Fcre/+ × C1+/+, C1f/+ or C1f/f mice (n = 4 per group). c, Appearance of spleens and LNs of indicated mice at one year of age. d–f, Frequency and absolute numbers (e) of eTreg cells and expression of FOXP3, indicated markers of eTreg cell differentiation, as well as proliferation marker Ki67, pro-apoptotic protein BIM and anti-apoptotic protein BCL2 by YFP+ cTreg and eTreg cells (d, f) from nine-week-old Fcre/+ × C1+/+, C1f/+ or C1f/f mice. Note that some data on eTreg cells in e and f are also shown in Fig. 1g, h and shown here to facilitate the comparison to cTreg and YFP– Treg cells in g and h. g, h, Frequency and absolute numbers of eTreg cells (g) and eTreg cell markers on YFP– cTreg and eTreg cells (h) from the same mice as shown in d and f. *P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001 (one-way ANOVA with Tukey post hoc test).


Extended Data Fig. 4 In vitro and in vivo suppression, apoptotic rate and exTreg cell formation of CARMA1-deficient Treg cells.
a, CD4+CD45RBhighYFP– Tconv cells and CD4+CD45RBlowYFPbright Treg cells were double-sorted to more than 98% purity from LNs and spleens of Fcre × C1+/+ × ROSA26-stopf/f-YFP mice, which allow for clear differentiation of Cre-expressing Treg cells based on high expression of soluble enhanced yellow fluorescent protein (eYFP) in addition to the YFP–Cre fusion protein. b, YFPbright Treg from Fcre × C1+/+ or Fcre/+ × C1f/+ or C1 f/f mice and CellTrace Violet-labelled Tconv cells from Fcre × C1+/+ mice were co-cultured at indicated ratios for three days in the presence of anti-CD3 antibodies and T-cell-depleted splenocytes, and suppression measured as reduction of Tconv cell proliferation. c, Treg cells of various genotypes and Tconv cells were co-adoptively transferred into Rag-deficient hosts and their respective frequency in peripheral blood was determined eight weeks later. d, CD4+YFP+ Treg cells of indicated genotypes were cultured without exogenous IL-2 on anti-CD3/CD28-coated or uncoated plates for 6 or 18 h and examined for reactivity with annexin V and the viability dye ZombieRed. e, CD4+YFPbright cells were sorted from LNs of one-year-old and Fcre/+ × C1+/+ (or C1 f/+, C1 f/f) × ROSA26-stopf/f-YFP mice and subsequently stained for expression of FOXP3 protein to determine the frequency of FOXP3– exTreg cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (two-way ANOVA with Sidak post hoc test in b, c; two-tailed Student’s t-test in d).


Extended Data Fig. 5 Bulk RNA sequencing analysis of YFP+ cTreg and eTreg cells from LNs of Fcre/+ × C1+/+, C1f/+ and C1f/f mice.
a, Scaled expression in cTreg cells (top) and eTreg cells (bottom) of genes differentially expressed (fold change > 2 and Padj < 0.05) between C1+/+ and C1f/f mice. b, High-resolution, fully annotated heat map of eTreg signature genes as shown in Fig. 1j.


Extended Data Fig. 6 Expression of apoptotic regulator genes.
a, Comparison of normalized, log-transformed mRNA expression levels of anti- and pro-apoptotic Bcl2 family genes in YFP+ cTreg and eTreg from Fcre/+ × C1+/+ mice, based on RNA sequencing analyses. b, Comparison of expression of the same genes in cTreg (top) and eTreg (bottom) cells of the indicated genotypes. *Padj < 0.05.


Extended Data Fig. 7 Restoring NF-κB activation in CARMA1-deficient Treg cells.
a, Survival of Fcre × C1+/+ (or C1f/f) × ROSA26-stopf/f-IKK2ca mice that express one allele of IKK2ca after expression of Foxp3cre. b–d, Frequency of CD4+ and CD8+ Tconv cells with a CD44highCD62L– effector memory phenotype in LNs (b), frequency of Treg among CD4+ T cells and of eTreg cells among total Treg cells in LNs (c), and effector cytokine expression of Tconv cells after 8-h ex vivo stimulation on anti-CD3/CD28-coated plates (d) in indicated mice. e, f, Expression of indicated phospho-proteins by YFP+ Treg cells from Fcre/+ × C1+/+ or × C1f/f mice at baseline and after 30 min. Anti-CD3/CD28 in vitro stimulation. Grey solid histograms show unstained control cells. Tconv cells were used as internal controls, and showed no differences (not shown). *P < 0.05, ***P < 0.001, ****P < 0.0001 (log-rank (Mantel–Cox) test in a; one-way ANOVA with Tukey post hoc test in b–d, f).


Extended Data Fig. 8 Role of IFNγ secretion by FOXP3int unstable Treg cells selectively in tumour tissue.
a–c, Frequencies of total YFP+ Treg cells and of YFP+ eTreg cells among CD4+ T cells (a), absolute YFP+ Treg and eTreg cell numbers (b), and normalized FOXP3 expression in YFP+ Treg and eTreg (c) in tdLN and tumour tissue of 18-day-old D4M.3A tumours in female heterozygous Fcre/+ × C1+/+, C1 f/+ or C1 f/f mice. d, tdLN and tumour cellularities. e, Growth of MC38 tumours in female heterozygous Fcre/+ × C1+/+ or C1 f/+ mice. f, g, Tumour-bearing mice were treated with brefeldin A for 5 h, injected intravenously with 3 μg of anti-THY1.2 monoclonal antibodies, and 3 min later collected for direct ex vivo analysis of IFNγ expression in extravascular YFP+ Treg cells in the lung (f) and skin (g). Gates for IFNγ+ cells drawn based on fluorescence-minus-one (FMO) controls. h, Normalized FOXP3 expression in IFNγ+ and IFNγ– Treg cells from tumour tissue. n.d., not detectable. i, Tumour growth in indicated mice implanted with D4M.3A melanoma and19 treated with or without neutralizing anti-IFNγ antibody. j, Frequency of adoptively transferred, YFP+ Treg cells of indicated genotypes in tdLNs of Ifng−/− hosts at day 18 of tumour growth. k–m, Frequency (k, l) and effector cytokine expression (m) of adoptively transferred, YFP+ Treg cells in tumours in Ifng−/− hosts. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA with Tukey post hoc test in a–d, f, g; two-tailed Student’s t-test in e, h, j, l, m; two-way ANOVA with Bonferroni post hoc test in i).


Extended Data Fig. 9 Tumour response of CARMA1-deficient Treg cells after restoration of NF-κB activation.
a–d, D4M.3A melanoma cells were implanted into Fcre/+ × C1+/+ (or C1 f/f) × ROSA26-stopf/f-IKK2ca mice to record frequencies of YFP+ Treg and eTreg cells among CD4+ T cells (a) and their normalized FOXP3 expression (b) in tdLNs and tumour tissue, effector cytokine expression by tumour-infiltrating Treg cells (c), and tumour growth (d). e, YFP+ Treg cells were sorted from D4M.3A melanoma tissue and tdLNs after five days of treatment of FcreERT2 × C1+/+ and C1f/f with tamoxifen and analysed for CARMA1 expression by RT–qPCR. f, Tumour growth in female FcreERT2 or FcreERT2/+ × C1+/+ and C1 f/f mice, in which CARMA1 was deleted in all (FcreERT2) or half (FcreERT2/+) of Treg cells. Arrow indicates tamoxifen treatment start. g, In situ expression in tumour tissue of effector cytokines by YFP+ Treg five days after CARMA1 deletion in half or all Treg cells. h, MHC-II expression on tumour-associated macrophages in D4M.3A-implanted Fcre/+ × C1+/+, C1f/+ or C1f/f mice. i, D4M.3A tumour growth in mice treated with depleting anti-CD8 antibody from day 8 and treated with mepazine or vehicle from day 9. j, D4M.3A tumour growth in Fcre/+ × C1+/+ or C1f/f mice treated with mepazine or vehicle starting on day 9. Data are mean and individual replicates or s.e.m. In a–c, g–i, P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. In d, *P < 0.05 versus C1+/+, &P < 0.05 versus C1+/+ + IKK2ca. In f, *P < 0.05 versus FcreERT2 × C1+/+, #P < 0.05 versus FcreERT2/+ × C1f/f. In j, *P < 0.05 versus C1+/+, #P < 0.05 versus C1+/+ + mepazine (one-way ANOVA with Tukey post hoc test in a–c, g, h; two-way ANOVA with Bonferroni post hoc test in d, f, j: two-tailed Student’s t-test in i).


Extended Data Fig. 10 Mepazine effects on the tumour microenvironment.
a, YFP+ Treg cells were sorted from Fcre × C1+/+ mice and treated with 10 μM mepazine or vehicle for 8 or 24 h with or without concurrent anti-CD3/28 monoclonal antibody TCR stimulation (8-h time point only). Expression of FOXP3, markers of eTreg cell differentiation, cell viability, and frequency of eTreg cells were recorded. b, c, RT–qPCR analysis of expression of Ifng and genes of adaptive immune resistance (the PD-L1 genes Cd274 and Socs1), antigen presentation (Tap1), IFNγ signalling (Stat1 and Irf1), T-cell recruitment (Cxcl10), M1 macrophage-activation (Nos2) (b) and of Foxp3 and various Treg-cell-associated genes (c) in whole tumour tissue lysate after three days of treatment with mepazine or vehicle control. d–h, Composition of the tumour tissue immune infiltrate and frequencies of CD45+ cells (e) and of various immune cell subsets (f) as well Ki67 expression by Tconv cells (g) and MHC-II expression by macrophages (h) after three days of treatment with mepazine or vehicle control. i, Effector cytokine co-expression by tumour-infiltrating Treg cells after 12 days of treatment with mepazine and anti-PD-1 antibody. j, Synergistic tumour control of MC38 colon carcinoma through anti-PD-1 and mepazine combination treatment in female C57BL/6 hosts. Numbers in parentheses indicate fraction of mice without relapse for more than 12 months after discontinuation of treatment. In j, *P < 0.05 versus vehicle, #P < 0.05 versus anti-PD-1, and &P < 0.05 versus mepazine. In all other panels, *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed Student’s t-test in a–c, e–h; one-way ANOVA with Tukey post hoc test in i; two-way ANOVA with Bonferroni post hoc test in j).
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