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            Abstract
The immune system can suppress tumour development both by eliminating malignant cells and by preventing the outgrowth and spread of cancer cells that resist eradication1. Clinical and experimental data suggest that the latter mode of control—termed cancer–immune equilibrium1—can be maintained for prolonged periods of time, possibly up to several decades2,3,4. Although cancers most frequently originate in epithelial layers, the nature and spatiotemporal dynamics of immune responses that maintain cancer–immune equilibrium in these tissue compartments remain unclear. Here, using a mouse model of transplantable cutaneous melanoma5, we show that tissue-resident memory CD8+ T cells (TRM cells) promote a durable melanoma–immune equilibrium that is confined to the epidermal layer of the skin. A proportion of mice (~40%) transplanted with melanoma cells remained free of macroscopic skin lesions long after epicutaneous inoculation, and generation of tumour-specific epidermal CD69+ CD103+ TRM cells correlated with this spontaneous disease control. By contrast, mice deficient in TRM formation were more susceptible to tumour development. Despite being tumour-free at the macroscopic level, mice frequently harboured melanoma cells in the epidermal layer of the skin long after inoculation, and intravital imaging revealed that these cells were dynamically surveyed by TRM cells. Consistent with their role in melanoma surveillance, tumour-specific TRM cells that were generated before melanoma inoculation conferred profound protection from tumour development independently of recirculating T cells. Finally, depletion of TRM cells triggered tumour outgrowth in a proportion (~20%) of mice with occult melanomas, demonstrating that TRM cells can actively suppress cancer progression. Our results show that TRM cells have a fundamental role in the surveillance of subclinical melanomas in the skin by maintaining cancer–immune equilibrium. As such, they provide strong impetus for exploring these cells as targets of future anticancer immunotherapies.
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                    Fig. 1: Immune-mediated tumour suppression can result in persistent melanoma.[image: ]


Fig. 2: Generation of melanoma-specific TRM cells in skin.[image: ]


Fig. 3: TRM cells dynamically survey B16 melanoma in skin.[image: ]


Fig. 4: Melanoma-specific TRM cells promote cancer–immune equilibrium.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Growth kinetics and persistence of B16.gB cells after e.c. inoculation.
a, Rate of tumour incidence across individual experiments after s.c. (Subcut.) and e.c. (Epicut.) inoculation with either B16.gB or B16.gB.Luc cells in WT mice. Data pooled from n = 3 (s.c.) and n = 46 (e.c.) biologically independent experiments with n = 15 (s.c.) or n = 452 (e.c.) mice. b, Tumour growth kinetics after s.c. or e.c. inoculation with B16.gB or B16.gB.Luc cells. Data pooled from n = 3 biologically independent experiments with n = 15 mice (s.c.) or n = 22 independent experiments with n = 154 mice (e.c.). c, Photographs of metastases in tumour-draining brachial lymph nodes (LNs) of mice with progressive melanoma following e.c. B16.gB inoculation. Representative of n = 46 biologically independent experiments. d, B6 albino mice were inoculated epicutaneously with B16.gB.Luc cells and subjected to longitudinal bioluminescence imaging. Bioluminescence signals (arrows) emitted from progressing melanomas or from skin of non-developer mice. Data representative of n = 2 biologically independent experiments with n = 18 mice. e, Two-photon microscopy image of a macroscopic melanoma 2 or more weeks after e.c. inoculation with B16.Tyr–/–.mCherry cells. f, Two-photon microscopy images of macroscopically tumour-free skin with persistent B16.Tyr–/–.mCherry cells (arrows) at indicated times post-inoculation. e, f, B16.Tyr–/–.mCherry (B16) cells, red; SHG, blue. Note autofluorescent hair (green). Data representative of n = 3 biologically independent experiments with n = 22 mice.

                          Source data
                        


Extended Data Fig. 2 Responses of gBT-I cells to e.c. inoculation with B16.gB cells.
WT mice were transferred with naive gBT-I.CD45.1 cells before e.c. inoculation with B16.gB cells. a, Detection of gBT-I cells (blue ovals; based on expression of CD45.1 and the T-cell-receptor chain Vα2) in spleen, tumour-draining brachial lymph nodes (brLN) and tumour-challenged skin at 7 days (d7) post-inoculation. b, c, Number (b) and phenotype (c) of gBT-I cells shown in panel a. Data representative of (a, c) or pooled from (b) n = 2 biologically independent experiments with n = 10 mice. d, Detection of gBT-I.CD45.1 cells in the indicated organs from developer (‘Melanoma’) and non-developer (‘Tumour-free’) mice at 14 days post-inoculation. Data representative of n = 2 biologically independent experiments with n = 10 mice. e, Number of gBT-I.CD45.1 cells isolated from the indicated organs of developer (‘Melanoma’) and non-developer (‘Tumour-free’) mice 14 days post-inoculation. Data pooled from n = 2 biologically independent experiments with n = 10 (Melanoma) or n = 5 (Tumour-free) mice. f–h, Number (f) and phenotype (g, h) of gBT-I.CD45.1 cells isolated from the indicated organs of developer (‘Melanoma’) and non-developer (‘Tumour-free’) mice more than 21 days post-inoculation. Data pooled from n = 5 biologically independent experiments with n = 83 mice. ***P = 0.0006, ****P < 0.0001, Mann–Whitney test.

                          Source data
                        


Extended Data Fig. 3 Generation of melanoma-associated TRM cells does not require local antigen.
a, Experimental protocol. WT mice were inoculated epicutaneously with B16.gB cells on the upper left flank and monitored for tumour progression. Mice developing macroscopic melanoma were co-transferred intravenously (i.v.) with equal numbers of naive gBT-I.CD45.1 cells and OT-I.CD45.1.CD45.2 cells, and challenged with HSV.Ova on the lower right flank. Tissues were harvested for fluorescence-activated cell sorting (FACS) analysis 4 weeks after HSV infection. b, Surface phenotype of gBT-I or OT-I cells isolated from peritumoural skin 4 weeks after HSV infection. c, d, Proportion of gBT-I or OT-I cells expressing CD69 and CD103 (c) or CD69 only (d) in the indicated organs (Spl, spleen; Peritum, peritumoural). Data are representative of (b) or pooled (c) from one experiment with n = 6 mice.

                          Source data
                        


Extended Data Fig. 4 gBT-I.WT cells can rescue the melanoma-protection defect in Cd69–/– mice.
a, WT or Cd69–/– mice were transferred naive gBT-I.WT or gBT-I.Cd69–/– (1 × 105) cells, then inoculated epicutaneously with B16.gB cells and monitored for tumour development. b, Proportion of tumour-free non-developer WT (grey and black) or Cd69–/– (coloured) mice following tumour inoculation over time. Data pooled from n = 2 biologically independent experiments with n = 12 (gBT-I.WT→WT, gBT-I.Cd69–/–→WT), n = 14 (gBT-I.Cd69–/–→Cd69–/–) or n = 15 (gBT-I.WT→Cd69–/–) mice per group. *P = 0.0217, log-rank Mantel Cox test.

                          Source data
                        


Extended Data Fig. 5 MHC I expression by progressing or controlled melanoma.
a, WT mice were transferred naive gBT-I.CD45.1 cells and inoculated epicutaneously with B16.gB.Tyr–/–.mCherry cells. Tumours isolated from mice with progressively growing melanomas (defined by an increase in tumour volume over at least four consecutive days; ‘escaped’) or tumours that remained small and did not progress (defined by a stable tumour volume over a period of 1.5–3 weeks; ‘controlled’) were harvested and analysed by flow cytometry. a, Proportion of B16.gB.Tyr–/–.mCherry cells isolated from escaped or controlled tumours that expressed MHC class I (H2-Kb) proteins at the time of harvest. ***P = 0.0003. b, Geometric mean fluorescence intensity (gMFI) of MHC I expression by B16.gB.Tyr–/–.mCherry cells isolated from escaped or controlled tumours, normalized to the gMFI of fluorescence minus one (FMO) controls. ***P = 0.0005 Data in a, b pooled from n = 3 biologically independent experiments with n = 19 (escaped) or n = 8 (controlled) mice. Mann–Whitney test.

                          Source data
                        


Extended Data Fig. 6 Tumour-primed gBT-I.uGFP cells survey developing and persistent melanoma in skin.
B6 albino mice were transferred naive gBT-I.uGFP cells and inoculated epicutaneously with B16.gB.Tyr–/–.mCherry cells. a, Two-photon microscopy images depicting localization of gBT-I.uGFP cells around a B16.gB.Tyr–/–.mCherry tumour (red) in the skin of mice developing macroscopic melanoma. b, Representative two-photon microscopy image and time-lapse series (minutes, ′) of gBT-I.uGFP cells in proximity to persistent B16.gB.Tyr–/–.mCherry cells in the skin of a non-developer mouse. a, b, Red, B16.gB.Tyr–/–.mCherry cells (B16.gB; arrows); green, gBT-I.uGFP cells (gBT-I); blue, SHG. Note autofluorescent hair (green). Data in a and b are representative of n = 3 biologically independent experiments with n = 17 mice.


Extended Data Fig. 7 Detection of B16-derived genomic DNA in skin of HSV-immune non-developer mice.
Frequency of luciferase (Luc) gDNA detection by ddPCR in the skin of previously naive mice developing macroscopic melanoma (a positive control), HSV-immune non-developer mice, or naive mouse skin (negative control) more than 4 weeks after e.c. inoculation with B16.gB.Luc cells. Data pooled from n = 2 biologically independent experiments with n = 17 (HSV), n = 6 (naive skin) or n = 2 (melanoma) mice.

                          Source data
                        


Extended Data Fig. 8 Generation of TRM cells by localized deposition, and antibody strategies for selective TCIRC or TRM depletion.
WT mice received activated gBT-I.CD45.1 or gBT-I.Thy1.1 cells (1 × 106 or 4 × 106) by e.c. transfer. a, Frequency and phenotype of transferred Vα2+ gBT-I.CD45.1 cells in the spleen and skin at 8 days and more than 4 weeks after transfer. Data representative of n = 2 biologically independent experiments with n = 10 mice (day 8) and n = 8 mice (more than 4 weeks). b, Number of gBT-I.CD45.1 cells isolated from spleen and skin more than 4 weeks after transfer, determined by flow cytometry. Data pooled from n = 5 biologically independent experiments with n = 21 mice. c, d, Frequency (c) and number (d) of e.c. transferred gBT-I.Thy1.1 cells isolated from the indicated organs more than 7 days after intraperitoneal (i.p.) treatment with PBS (‘Control’) or anti-Thy1.1 antibody (‘Depletion’). Data representative of (c) or pooled from (d) n = 2 biologically independent experiments with n = 9 mice per group. ***P = 0.0002, Mann–Whitney test. e, f, Frequency (e) and number (f) of e.c. transferred gBT-I.Thy1.1 cells in the spleen and skin more than 50 days after i.p. treatment with low-dose anti-Thy1.1 antibody and intradermal (i.d.) treatment with high-dose anti-Thy1.1 antibody or PBS. Data representative of (e) or pooled from (f) n = 4 biologically independent experiments with n = 20 (i.p. only) or n = 22 (i.p. + i.d.) mice. Only values greater than zero are plotted on the logarithmic scale. *P = 0.0261, Mann–Whitney test.

                          Source data
                        


Extended Data Fig. 9 Tumour incidence in mice genetically deficient in perforin or IFN-γ production.
a, Proportion of tumour-free non-developer WT or perforin-deficient Perf1–/– mice after e.c. inoculation with B16.gB cells. b, Proportion of tumour-free non-developer WT or IFN-γ-deficient (Ifng–/–) mice following e.c. inoculation with B16.gB cells. Data pooled from n = 4 (a) or n = 3 (b) biologically independent experiments with n = 36 (Perf1–/–) or n = 41 (WT) mice (a) or n = 32 mice per group (b).

                          Source data
                        


Extended Data Fig. 10 Cytokine production and expression of inhibitory receptors by melanoma-associated TRM cells.
a, WT mice were transferred naive gBT-I.CD45.1 (gBT-I) cells and e.c. inoculated with B16.gB cells. A separate group of mice received naive gBT-I.CD45.1 cells followed by skin infection with HSV (not shown). Three to four weeks after tumour or viral challenge, mice were i.v. injected with either gB or Ova peptide and brefeldin A, and organs were harvested for flow cytometric analysis 4–5 hours later. b, Proportion of gBT-I cells expressing the indicated cytokines (IFN-γ and TNF-α) isolated from HSV-challenged skin (green), peritumoural skin from developer mice (pink) or tumour-free skin of non-developer mice (orange) administered either gB or Ova peptide. c, In vitro activated gBT-I.CD45.1 cells were transferred to WT mice bearing macroscopic B16.gB tumours or to a separate group of previously naive mice that were then treated with DNFB on skin to facilitate TRM generation. Two weeks later, populations of CD69+ CD103+, CD69+ CD103− and CD69− CD103− gBT-I cells were sorted from DNFB-treated skin (‘Control skin’) or tumour samples, respectively, and expression of the indicated genes was analysed using qPCR. Gene expression is normalized to expression of the housekeeping genes Hprt, Gapdh and Tbp and shown as fold change relative to expression in CD69− populations of gBT-I cells in the spleen. d, WT mice were transferred naive gBT-I.CD45.1 cells and e.c. inoculated with B16.gB cells. Shown is surface expression of PD-1 by gBT-I cells isolated from the indicated organs compared with PD-1 expression in bulk CD8+ Vα2+ T cells from the same tissue at more than 3 weeks post-inoculation. e, Mice were transferred naive gBT-I.CD45.1 cells and e.c. inoculated with B16.gB.Tyr–/–.mCherry cells. Shown is the proportion of gBT-I TRM cells in peritumoural or tumour-free (non-developer) skin expressing PD-1 at more than 2–3 weeks post-inoculation. Data pooled from n = 4 biologically independent experiments with n = 9 (HSV, Ova), n = 17 (melanoma, Ova), n = 5 (non-developer, Ova), n = 11 (HSV, gB), n = 19 (melanoma, gB) or n = 9 (non-developer, gB) mice (a, b); n = 2 biologically independent experiments with n = 20 (control) and n = 43 (melanoma) mice per group (c); are representative of n = 2 biologically independent experiments with n = 10 mice (d); or pooled from n = 2 biologically independent experiments with n = 27 (melanoma, peritumoural) or n = 20 (non-developer) mice (e).
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Video 1 gBT-I TRM survey progressing melanoma in skin.
WT mice were transferred naive gBT-I.uGFP (green) prior to e.c. inoculation with B16.gB.Tyr–/–.mCherry (red) and imaged  more than 2 wks later after developing macroscopic melanoma. Data representative of n = 3 biologically independent experiments with n = 17 mice. Second harmonic generation signal (SHG), blue


Video 2 gBT-I TRM cells survey persistent melanoma cells in skin.
WT mice were transferred naive gBT-I.uGFP (green) prior to e.c. inoculation with B16.gB.Tyr–/–.mCherry (red). Non-developers remaining macroscopically tumour-free were imaged more than 4 wks p.i. Data representative of n = 3 biologically independent experiments with n = 17 mice. Second harmonic generation (SHG), blue


Video 3 gBT-I TRM cells survey persistent melanoma cluster in skin.
WT mice were transferred naive gBT-I.uGFP (green) prior to e.c. inoculation with B16.gB.Tyr–/–.mCherry (red). Non-developers remaining macroscopically tumour-free were imaged  more than 4 wks p.i. Data representative of n = 3 biologically independent experiments with n = 17 mice. Second harmonic generation (SHG), blue
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