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            Abstract
Psychological distress has long been suspected to influence cancer incidence and mortality. It remains largely unknown whether and how stress affects the efficacy of anticancer therapies. We observed that social defeat caused anxiety-like behaviors in mice and dampened therapeutic responses against carcinogen-induced neoplasias and transplantable tumors. Stress elevated plasma corticosterone and upregulated the expression of glucocorticoid-inducible factor Tsc22d3, which blocked type I interferon (IFN) responses in dendritic cell (DC) and IFN-γ+ T cell activation. Similarly, close correlations were discovered among plasma cortisol levels, TSC22D3 expression in circulating leukocytes and negative mood in patients with cancer. In murine models, exogenous glucocorticoid injection, or enforced expression of Tsc22d3 in DC was sufficient to abolish therapeutic control of tumors. Administration of a glucocorticoid receptor antagonist or DC-specific Tsc22d3 deletion reversed the negative impact of stress or glucocorticoid supplementation on therapeutic outcomes. Altogether, these results indicate that stress-induced glucocorticoid surge and Tsc22d3 upregulation can subvert therapy-induced anticancer immunosurveillance.
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                    Fig. 1: SD accelerates tumor progression and hampers chemotherapeutic responsiveness.[image: ]


Fig. 2: SD impairs the efficacy of anticancer therapies and induces immunosuppression.[image: ]


Fig. 3: The secretion of stress-related hormones and neurotransmitters and their impact on anticancer therapies.[image: ]


Fig. 4: Mental stress modulates the function and transcriptome of tumor-infiltrating dendritic cells (TIDC).[image: ]


Fig. 5: DC-targeted genetic manipulation of Tsc22d3 modulates the efficacy of anticancer therapies and the transcriptome of TIDCs.[image: ]


Fig. 6: Prognostic value of TSC22D3 in patients with cancer.[image: ]
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Extended data

Extended Data Fig. 1 Stress-induced behavioral changes.
a–c, Apparatuses for the SD protocol model (a), the AR model (b) and the light–dark box test (c). d,e, Total entry times in light box (d) and total locomotion (e) of Ctrl (n = 14) and SD (n = 13) preconditioned mice in the light–dark box test. Two-tailed Mann–Whitney test was applied for statistical analysis (P values are shown between indicated groups). A representative result from five independent experiments is shown. f–h, A typical image showing virtual zone division in the open-field test (f). Total entry times (g) and the duration of stay (h) in the central zone were compared between Ctrl (n = 10) and SD (n = 18) mice. Two-tailed Mann–Whitney test was applied for statistical analysis (P values are shown between indicated groups). A representative result from five independent experiments is shown. i, Total duration of grooming activities of Ctrl (n = 12) and SD (n = 11) mice in the splash test. A two-tailed Mann–Whitney test was applied for statistical analysis (P = 0.0012). A representative result from three independent experiments is shown. j–l, A diagram illustrating the apparatus used in the social avoidance test and its procedures (j). Duration of stay in the ‘interaction zone’ (k) and social-interaction ratio (l) in the absence or presence of the ‘target (CD-1)’ mouse were measured in Ctrl (n = 12) and SD (n = 33) mice. A two-tailed Man–Whitney test was applied for statistical analysis (P values are shown between indicated groups). A representative result from four independent experiments is shown. m, The survival of Ctrl and SD mice that received chemotherapy with MTX or PBS in an AOM–DSS-induced colon carcinogenesis model were compared with log-rank test (n = 13 mice for Ctrl, n = 14 mice for SD, n = 12 mice for Ctrl OXA, n = 15 for SD OXA). Results from two independent experiments are combined and shown. n,o, On day 55 after the first injection of AOM, the number (n) and total size (o) of neoplastic nodules in the colon and rectum were calculated in Ctrl (n = 6) and SD (n = 7) groups with a stereo microscope. Two-tailed Mann–Whitney test was applied for statistical analysis ({ values are shown between indicated groups). A representative result of two independent experiments is shown. p–r, The consumption of food (p) (n = 10 mice for Ctrl, n = 17 mice for SD) and water (q) (n = 9 mice for Ctrl, n = 20 mice for SD) and body weight (r) (n = 19 mice for Ctrl, n = 20 mice for SD) were measured in Ctrl and SD mice daily during the 10-d SD procedure. Two-tailed Mann–Whitney test was used for statistical analysis (P values are shown between indicated groups). A representative result of two independent experiments is shown. All dot plots are shown as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.


Extended Data Fig. 2 Therapeutic regimens in mental-stress settings and individual tumor-growth curves.
a–c, Schematic showing the timing of SD, tumor injection and chemotherapy with MTX (a). Individual tumor-growth curves (mouse per mouse) of the results regarding MCA205 fibrosarcomas (b) and TC-1 lung carcinomas (c), as plotted in Fig. 2a,b, respectively. d,e, Schematic diagram showing the timing of vaccination with dying MCA205 cancer cells, SD and live MCA205-tumor-cell rechallenge (d). Individual tumor-growth curves of Ctrl and SD mice that received the prophylactic tumor vaccine (VAC) or PBS control (e), as shown in Fig. 2c. f–g, A schematic diagram illustrating the timing of SD, tumor injection and immunotherapy with PD-1 blockade (f). Individual tumor growth curves of Ctrl and SD mice treated with anti-PD-1 or ISO (g), as shown in Fig. 2d. h–j, A schematic diagram indicating the timing of AR, tumor-cell inoculation and MTX-based chemotherapy (h). Individual tumor-growth curves of MCA 205 fibrosarcomas (i) and TC-1 lung cancer (j) in this setting, as shown in Fig. 2e,f. k, Gating strategies for determining the frequency of DCs (CD11c+I-A/I-E+), macrophages (F4/80+I-A/I-E-), neutrophils (CD11b+Ly6G+) and T lymphocytes (CD3+CD11b-) in CD45+ tumor-infiltrating leukocytes.


Extended Data Fig. 3 Secretion of stress hormones and neurotransmitters and their roles in anticancer therapies.
a–d, Plasma corticosterone (a,b), serotonin (c) and norepinephrine (d) levels were measured at the indicated time points before or after AR (n = 24 for all time points) (a), or SD procedures (n = 22 for before SD and after SD, n = 13 for after SD day 24 in b, n = 27 for before SD, n = 15 after SD, n = 13 for after SD day 24 in c, n = 18 for before SD, n = 10 for after SD, n = 13 for after SD day 24 in d). Results from two independent experiments are combined and shown. Two-tailed Mann–Whitney test was used for statistical analyses (P values are shown between indicated groups). e, Individual tumor growth curves of Ctrl and SD mice treated with PBS (left) or MTX (right) in the presence of MIFE, as plotted in Fig. 3h. f,g, The locomotion in the light–dark box test of Ctrl or SD mice with or without MIFE treatment in the light box (n = 8 for Ctrl and Ctrl MIFE, n = 7 for SD and SD MIFE) (f). A representative result of two independent experiments is shown. Plasma corticosterone concentrations were compared in Ctrl and SD mice, with or without MIFE treatment (n = 21 for Ctrl and SD, n = 15 for Ctrl MIFE, n = 14 for SD MIFE) (g). Results from two independent experiments are combined and shown. Two-tailed Mann–Whitney test was applied for statistical analyses. h,i, Individual tumor-growth curves of Ctrl (left panel in h,i) and SD mice (right panel in h,i), treated with anti-PD-1 (h), tumor vaccination (VAC) (i), or corresponding controls, in the absence or presence of MIFE, as plotted in Fig. 3i,j. j,k, The efficacy of MTX-based chemotherapy against MCA205 tumors was compared between Ctrl and SD mice, in the presence or absence of serotonin-norepinephrine reuptake inhibitors FLU and REB. Group mean (j) and individual growth curves (k) are shown (n = 6 for Ctrl, SD MTX, SD PBS REX, SD MTX REX, n = 5 for Ctrl MTX, n = 7 for SD, SD PBS FLU, SD MTX FLU and SD MTX REX). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was used for statistical analyses. All dot plots and growth curves are shown as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.


Extended Data Fig. 4 Impact of synthetic glucocorticoid on MTX-based chemotherapy and immune cell compositions in tumor microenvironment.
a, Plasma serotonin, norepinephrine and corticosterone concentrations in Ctrl and SD mice, with or without FLU or REB treatment (n = 11 for Ctrl and SD, n = 7 for SD FLU, n = 6 for SD REB). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was used for statistical analyses (P values are shown between indicated groups). b, The correlation between final tumor sizes with plasma corticosterone levels after the 10-d SD procedure was evaluated with linear regression test, for Ctrl (n = 15) and SD (n = 9) mice in the vaccination setting. c–f, Tumor-bearing mice were treated with MTX (against MCA205) (c,e,f), or with DX (against CT26 colon cancer) (d), in the presence of DEX (in c,d), or prednisone (PRED, in e,f) or solvent control. Tumor progression was compared between the indicated groups. DEX and PRED doses are in µg per 20 g body weight. For CT26 model, n = 4 for PBS and PBS DEX, n = 5 for DX and DEX (d). For MCA205 model, n = 6 for PBS, n = 5 for all the other groups (e). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was applied for statistical analyses (p values are shown between indicated groups). g–l, Effect of low-dose DEX on thymic weights (g) and cell numbers (h), as well as on the frequency of tumor-infiltrating DCs (i), macrophages (j), neutrophils (k), and IFN-γ-producing CD3+ T cells (l). For each group in g–k, n = 5 mice. For each group in l, n = 10 mice. A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was used for statistical analyses (P values are shown between indicated groups). All dot plots and growth curves are shown as means ± s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, not significant.


Extended Data Fig. 5 Gene-expression profiling of DCs and T cells in stress conditions or on encountering endogenous or exogenous glucocorticoid.
a, GO network analysis of significantly upregulated genes in tumor-infiltrating DCs from the SD group, as compared with DCs from Ctrl group. Nodes represent enriched GO-terms. b,c, Gene transcription involved in lineage commitment and differentiation of DC (b), or related to DEX induced immunosuppression (c) was determined by qRT–PCR (n = 6 for Ctrl MTX, n = 8 for SD MTX). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was used for statistical analyses (P values are shown between indicated groups). d–g, Heat maps showing the expression of genes encoding TLR family members (d), chemokines, cytokines and receptors (e), immune checkpoint molecules (f), and antigen uptake and adhesion molecules (g) in TIDCs from SD and Ctrl mice after MTX. h–i, BMDCs were stimulated with serum collected freshly from Ctrl or acute restraint (AR) mice, in the absence or presence of MIFE. The correlation between Tsc22d3 expression in BMDCs and serum corticosterone levels were explored with linear regression test (n = 6 for Ctrl serum, n = 7 for SD serum) (h). The impact of MIFE on Tsc22d3 expression in BMDCs (n = 6 for Ctrl, Ctrl MIFE, n = 7 for SD, SD MIFE) (i) were analyzed with two-tailed Mann–Whitney test. A representative result of two independent experiments is shown. j, Relative expression of Tsc22d3 in BMDCs co-cultured with live or dying tumor cells in the presence of DEX (n = 5 for all groups). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was applied for statistical analyses (P values are shown between indicated groups). k, Relative Tsc22d3 expression in tumor-infiltrating T cells isolated from Ctrl or SD mice (n = 6 for all groups). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was applied for statistical analyses (P values are shown between indicated groups). l, Splenic T cells were isolated and stimulated with fresh serum collected from Ctrl, SD or AR mice. Linear regression analysis was applied between Tsc22d3 expression in splenic T cells and serum corticosterone levels. For left panel, n = 6 for Ctrl serum, n = 7 for AR serum. For right panel, n = 5 for Ctrl serum, n = 15 for SD serum. A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was applied for statistical analyses (P values are shown between indicated groups). m, Relative expression of the glucocorticoid receptor (gene Nr3c1) in different tumor-infiltrating leukocyte populations from control versus social defeat mice (n = 11 for Ctrl MTX, n = 15 for SD MTX). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was applied for statistical analyses (P values are shown between indicated groups). Data from qRT–PCR analyses are shown as mean ± s.d. Ppia was used as the reference gene for qRT–PCR-based quantification of target gene expression. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, not significant.


Extended Data Fig. 6 The impact of DC-targeted genetic manipulation of Tsc22d3 on the responses to anticancer therapies and stress.
a, Individual tumor-growth curves of Tsc22d3-Tg versus littermate control mice in response to DO-based chemotherapy, corresponding to Fig. 6a. b–d, WT and Tsc22d3-cKO harboring MCA205 tumors were either left unstressed and treated with MTX, in the absence or presence of DEX injections (b), or stressed with SD procedures (c,d) and treated with isotype versus PD-1 antibody (c), or MTX versus PBS (d). Individual tumor-growth curves correspond to Fig. 6c–e. e,f, Effects of DC-specific deletion of Tsc22d3 gene on total locomotion (e) and plasma corticosterone levels (f) in Ctrl and SD conditions (n = 11 for WT mice, n = 10 for Tsc22d3-cKO mice). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was used for statistical analyses (P values are shown between indicated groups). g–i, Heat maps summary of the relative expression of TLR family members (g), antigen uptake and adhesion molecules (h) and chemokines, cytokines and receptors (i) in TIDCs from WT or Tsc22d3-cKO mice, both under the SD condition. j,k, Flow cytometric analysis of immune infiltrate of MCA205 fibrosarcomas in the context of DO-based chemotherapy in unstressed Tsc22d3-Tg mice (n = 7) versus littermate control mice (n = 9) (j), or MTX-based chemotherapy in stressed WT (n = 15) mice versus Tsc22d3-cKO mice (n = 13) (k). A representative result of two independent experiments is shown. Two-tailed Mann–Whitney test was used for statistical analyses (P values are shown between indicated groups). l, After MTX-based chemotherapy, tumor-antigen OVA-specific OT1 cell proliferation in tumor draining lymph nodes of WT and Tsc22d3-cKO mice, under SD or Ctrl conditions, were compared (n = 5 for Tsc22d3-cKO SD, n = 6 for all the other groups). A representative result from two independent experiments is shown. Two-tailed Mann–Whitney test was used for statistical analyses (P values are shown between indicated groups). All dot plots are shown as means ± s.e.m. * P < 0.05, ** P < 0.01, *** P < 0.001, ns, not significant.


Extended Data Fig. 7 Clinical investigations on plasma cortisol and ACTH levels and TSC22D3 expression in patients with cancer.
a,b, Independent cohorts of healthy volunteers (n = 79) and patients with colorectal cancer (n = 133) from the Sun Yat-Sen University Cancer Center were studied. Plasma cortisol levels (a) and age (b) were analyzed with unpaired two-tailed t test with Welch’s correction. c,d, Plasma ACTH levels in healthy volunteers (i = 78) and patients with colorectal (n = 98) or lung (n = 106) cancer were determined by ELISA kit. P values are calculated with unpaired two-tailed t test. Results in a–c are shown as mean ± s.e.m. ** P < 0.01, ns, not significant. The correlation between ACTH concentrations and cortisol levels was analyzed by the linear regression test (d). e, TSC22D3 expression in tumor-infiltrating immune cells was analyzed using six published scRNA-seq studies55,56,57,58,59,60. The single-cell expression matrices were downloaded from the NCBI GEO DataSets (GSE103322, GSE114725, GSE120575, GSE127465), the EBI ArrayExpress database (E-MTAB-6149) and supplemental data online. f, The tumor immune estimation resource tool was used to explore the relationship between TSC22D3 transcription and the abundance of immune cell infiltrate in 23 cancer types (abbreviations according to the tumor cell genome atlas, TCGA). Results are expressed as partial Spearman correlations in the form of a heat map. g,h, The overall survival of patients with lung cancer (smokers), patients with colorectal cancer and patients with gastric cancer was compared between individuals bearing CXCL9high and CXCL9low tumors (g), or CCL5high and CCL5low tumors (h). Hazard ratio, 95% CI of ratio and log-rank test P values are shown.
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