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            Abstract
Most patients with colorectal cancer die as a result of the disease spreading to other organs. However, no prevalent mutations have been associated with metastatic colorectal cancers1,2. Instead, particular features of the tumour microenvironment, such as lack of T-cell infiltration3, low type 1 T-helper cell (TH1) activity and reduced immune cytotoxicity2 or increased TGFβ levels4 predict adverse outcomes in patients with colorectal cancer. Here we analyse the interplay between genetic alterations and the tumour microenvironment by crossing mice bearing conditional alleles of four main colorectal cancer mutations in intestinal stem cells. Quadruple-mutant mice developed metastatic intestinal tumours that display key hallmarks of human microsatellite-stable colorectal cancers, including low mutational burden5, T-cell exclusion3 and TGFβ-activated stroma4,6,7. Inhibition of the PD-1–PD-L1 immune checkpoint provoked a limited response in this model system. By contrast, inhibition of TGFβ unleashed a potent and enduring cytotoxic T-cell response against tumour cells that prevented metastasis. In mice with progressive liver metastatic disease, blockade of TGFβ signalling rendered tumours susceptible to anti-PD-1–PD-L1 therapy. Our data show that increased TGFβ in the tumour microenvironment represents a primary mechanism of immune evasion that promotes T-cell exclusion and blocks acquisition of the TH1-effector phenotype. Immunotherapies directed against TGFβ signalling may therefore have broad applications in treating patients with advanced colorectal cancer.
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                    Figure 1: Analysis of compound mutant mouse models and MTOs.


Figure 2: Therapeutic effect of TGFβ inhibition.


Figure 3: TGFβ mediates immune evasion.


Figure 4: Dual immunotherapy cures established metastases.
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Extended data figures and tables

Extended Data Figure 1 Additional description of the genetic mouse models.
a, Kaplan–Meier survival curves for LA (n = 18 mice), LAK (n = 10), LAKT (n = 11) and LAKTP (n = 16) mice, as days post-tamoxifen induction of recombination in intestinal stem cells. Median survival is indicated in parentheses; Mantel–Cox test. b, Number of tumours (adenomas and carcinomas) in the large intestine, by genotype. Numbers for individual mice (n = 9 (LA), 8 (LAK, LAT and LAKT), 7 (LAP and LAKP), 10 (LATP), and 13 (LAKTP)) are indicated, as well as mean ± s.e.m. c, Number and grade of adenocarcinomas per individual mouse (bars), by genotype. P value for pairwise comparisons of tumour number: LA versus 2×, 0.0198; LA versus 3×, 0.0337; LA versus LAKTP, 0.0001; 2× versus LAKTP, 0.0051; and 3× versus LAKTP, 0.0014; n = 9 mice (LA), 8 (LAK, LAT, LAKT), 7 (LAP, LAKP), 10 (LATP), 13 (LAKTP); two-sided Mann–Whitney U test. d–i, Example images of tumour types scored by the TNM criteria, representative of 23 independent experiments. Arrows indicate invasive cells or glands, absent in an adenoma (d), restricted to the mucosa in an in situ tumour (Tis, e), breaching the muscularis mucosae (MM) in a submucosal invasive tumour (T1, f), penetrating the muscle layer (ML) in an intramuscular invasive tumour (T2, g), reaching the serosa layer beyond the ML in a submuscular invasive tumour (T3, h), or infringing all layers including the serosa in a subserosal or T4 tumour (i). j, Representative micrograph of an haematoxylin- and eosin-stained invasive subserosal adenocarcinoma (T4) of an LAKTP mouse. Carcinoma (CA) glands are indicated, invading through the muscle layer (ML). k–n, Examples of spontaneous metastases (Met) in the mesentery, diaphragm, liver and lung of induced LAKTP mice, each image is representative of two experiments. Scale bars, 500 μm.

                          Source data
                        


Extended Data Figure 2 Analysis of the TME of LAKTP adenocarcinomas in the genetic model.
a, Immune infiltration in LAKTP carcinomas. Immunohistochemistry for CD3, indicating infiltrating T cells, in an intestinal adenocarcinoma of an LAKTP mouse. Insets show a magnified view of normal mucosa and tumour centre (TC). Arrowheads indicate T cells. b–d, Markers of TGFβ activation and poor prognosis in LAKTP carcinomas in a representative section of intestine with two aggressive invasive adenocarcinomas. b, Staining for pSMAD3. Note nuclear staining in stromal cells of the tumour centre. c, Staining for CALD1. Note that it is expressed in the muscle layer throughout the intestine, and in a subset of cells in the stroma of the normal mucosa. In the tumour centre of invasive carcinomas, the staining intensity is clearly higher, especially in fibroblast-like cells. d, Staining for IGFBP7, which is barely detectable in the normal mucosa. Expression is strong in the TME of the tumour centre. Images are representative of four independent experiments Scale bars, 1 mm (b–d, top); 500 μm (a, left; b–d, middle); 100 μm (all other panels).


Extended Data Figure 3 Niche factor analysis of MTOs in vitro.
Organoid formation assay in different media with representative MTOs from LA and LAKTP mice. a, Images obtained by automated plate scanning, z-stack projection and stitching of the niche factor requirement assay. Shown are full medium, medium without EGF and medium without galunisertib (Gal) but with TGFβ1. b, Results from automated organoid detection for the MTOs shown in a, each data point shows the number of organoids in three replicate wells for representative analyses. Data are shown as mean ± s.e.m. c, Organoid diameter was calculated from detected pixel area. Data points are individual organoids, pooled from triplicate wells. Violin plots and medians are shown. d, Summary of all data obtained from different LAKTP MTOs analysed in triplicates, from both primary tumours and liver metastases. Data (individual values and Tukey box plots) are normalized to the mean of full medium. Scale bars, 1 mm.

                          Source data
                        


Extended Data Figure 4 Histology and TME of primary tumours from orthotopically isografted LAKTP MTOs.
a, b, Haematoxylin and eosin staining of a LAKTP-T4 carcinoma in the genetic model (a) and of a recapitulated adenocarcinoma developed from orthotopically isografted LAKTP MTO93 (b). Liver and lymph node (LN) metastasis observed in orthotopic isografted mouse (b, right panels). Iso, primary isograft. c–f, Markers of poor prognosis in isografted primary tumours. c, Immunohistochemistry for the T-cell marker CD3 (c, main panel and right, bottom right two panels) and haematoxylin and eosin stain (c, bottom left) of an orthotopic isograft, with typical glandular differentiation. Note that there are few infiltrating T cells in the tumour centre (c, bottom right), compared to the periphery and the normal mucosa (c, middle right). d–f, An orthotopically isografted, invasive primary tumour, stained for pSMAD2 (d, arrows indicate positive stromal cells), CALD1 (e) and IGFBP7 (f). Images represent three independent experiments. Scale bars, 1 mm (c, main and bottom left); 500 μm (all other panels).


Extended Data Figure 5 Schematic of the CSM4 classifier, using the k-TSP algorithm.
a, A metacohort of four pooled human CRC datasets with CMS annotation is used to find upregulated and downregulated genes in the CMS4 subtype (434 with >1.5-fold change and 300 with <0.8-fold change). To ensure usability in mouse samples, candidate genes are filtered by high-confidence homology between the two species. The k-TSP algorithm selects from among the up- and down-regulated genes the optimal set of pairs that correctly classifies CMS4 samples. The resulting classifier is applied to mouse samples by comparing the expression of pairs of genes. For each sample, the score is increased by one unit if the expression of the ‘Up’ gene is greater than that of the ‘Down’ gene. The maximum score for CMS4 classification is 14. b, Cross-validation by a leave-one-out approach. To assess performance, we repeatedly trained a classifier on three out of the four human datasets and tested using the remaining dataset. c, Results of the leave-one-out analysis. Area under the curve (AUC) was computed after re-scaling the classifier scores to the range between zero and one. Right, receiver operating characteristic curve.


Extended Data Figure 6 Genetic and functional analyses of MTOs.
a, Whole-exome sequencing of MTOs. Number of reads for the recombined exons in reads per kilobase per million mapped reads (RPKM) in MTOs and their matched host tail DNA (Con). Mouse genotypes are indicated. b, Overview of the different LAKTP MTOs analysed, including experimental metastatic descendance (indicated by arrows), and heat map and table of the number of indicated type of somatic mutation per Mb of sequenced exome. c, Mutational signatures21 in the MTOs and mouse monolayer cell lines CT26 and MC38. As in human MSS CRC, mutations in MTOs (but not in the cell lines) are predominantly of type 1. d, mRNA expression of intestinal epithelial genes Cdx1, Cdx2 and Krt20 in cultured MTOs derived from primary tumours MTO34, 68 and 93, and spontaneous liver metatasis MTO94, compared to mouse liver fibroblasts. Values are relative to 2-DCt for Ppia, normalized to the value for MTO93; and are shown as three technical replicates with mean ± s.e.m. e, Number of liver nodules after intrasplenic injection of primary LAKTP tumour and spontaneous or experimental liver metastasis (LiM)-derived MTOs in syngeneic C57BL/6J mice. Data points represent individual mice; data are mean ± s.e.m. P values (95% confidence interval) are MTO34 (n = 10 mice) versus MTO48 (n = 9): 0.0325 (−2−0), MTO48 versus MTO138 (n = 10): 0.0305 (−108–0); MTO34 versus MTO138: 0.0031 (−108−0); MTO68 (n = 11) versus MTO129 (n = 8): 3.2 × 10−4 (−207 to −30); MTO93 (n = 10) versus MTO94 (n = 10): 1.1 × 10−4 (−60 to −19); MTO93 versus MTO140 (n = 9): 2.2 × 10−5 (−149 to −81); MTO93 versus MTO163 (n = 8): 9.1 × 10−5 (−220 to −31); two-sided Mann–Whitney U test. f, Number of liver nodules (mean ± s.e.m.) after inoculation of disaggregated MTO129 or MTO138 directly into the portal vein in syngeneic animals. Data are from individual mice, n = 6 per condition. 95% confidence interval: MTO129, (−223−0) and MTO138 (−805 to −66); two-sided Mann–Whitney U test. g, Number of liver nodules (mean ± s.e.m.) of intrasplenically injected 3× and 4× MTOs, n = 22 mice (MTO54), 20 (MTO220), 5 (MTO221), 7 (MTO193), 19 (MTO207), 5 (MTO219), 14 (MTO34), 16 (MTO68) and 29 (MTO93). Right, distribution of tumour diameters.

                          Source data
                        


Extended Data Figure 7 Source of tumoral TGFβ and pathway blockade in vivo.
a, b, TGFB1−TGFB3 (a) or Tgfb1–Tgfb3 (b) mRNA expression levels in sorted cell populations from disaggregated human CRCs (a) or mouse liver metastasis (b). First, epithelial cancer cells, immune cells, endothelial cells and CAFs were sorted with labelled antibodies against EPCAM, CD45 (n = 14 patients for each), CD31 and FAP (n = 6 for each) for human and PDGFRB for mouse. Subsequently, RNA from sorted cells was extracted and analysed by microarray (human) or reverse transcription–quantitative PCR (RT–qPCR) (mouse). a, Standardized expression data are shown as z score. Individual values and Tukey box plots; P values are for TGFB1: epithelial versus leukocytes, 7.5 × 10−6; epithelial versus endothelial, 6.2 × 10−4; epithelial versus CAFs, 6.2 × 10−4; and the Kruskal–Wallis (KW) P value is 6.3 × 10−6. For TGFB2: CAFs versus epithelial, 6.2 × 10−4; CAFs versus leukocytes, 8.4 × 10−4; CAFs versus endothelial, 0.0051; the Kruskal–Wallis P value is 0.0017. For TGFB3: epithelial versus CAFs, 6.2 × 10−4; epithelial versus leukocyte, 0.0409; epithelial versus endothelial, 0.0150; leukocyte versus CAFs, 6.2 × 10−4; endothelial versus CAFs, 0.0051; the Kruskal–Wallis P value is 8.5 × 10−5. Direct comparisons using two-sided Mann–Whitney U test. Data are shown as mRNA expression levels normalized to epithelial cells, mean ± s.e.m. from technical triplicates; Tgfb2 was undetectable (ND) in leukocytes. Note that in both settings, TGFB1 is expressed by all stromal cell types, TGFB2 and TGFB3 are mainly expressed by CAFs. Expression in epithelial cancer cells is comparatively low. c–h, Immunohistochemistry for TGFβ target gene products in the TME of MTO138-derived liver metastases, representing two independent experiments (c, e, g), as well as for the inhibition of stromal TGFβ signalling by galunisertib (d, f, h). c, d, Micrographs of sections of liver metastases stained for pSMAD2. e, f, Staining reveals expression of the TGFβ target CALD1 exclusively in the metastatic TME. Treatment with galunisertib for three days abrogates expression of this cytoplasmic protein. g, h, Staining for the TGFβ target IGFBP7, which is exclusively expressed in the metastatic TME. Treatment with galunisertib for three days abrogates expression of this secreted protein. Scale bars, 100 μm.

                          Source data
                        


Extended Data Figure 8 Characterization of MTOs in metastatic experiments.
a, Representative examples of GFP positivity measured by flow cytometry, indicating genetic recombination in the UBCcreERT2;Tgfbr2fl/fl genetic model (representative of three independent experiments). b, Liver metastases counted five weeks after intrasplenic injection of LAKP MTO54 or MTO220 and treatment from day 2 to day 14 with galunisertib (red; n = 4 mice for MTO54 and n = 10 for MTO220) or control (blue; n = 5 mice for MTO54 and n = 10 for MTO220), mean ± s.e.m., 95% confidence interval for MTO220 is (−3–0), from a two-sided Mann–Whitney U test. c, Stromal TGFβ activation markers in LAKP MTO liver tumours, both supporting the classification of these tumours as CMS4 (Fig. 1i) and explaining the efficacy of galunisertib in b; representative of two independent experiments. d, Number of nodules five weeks after injection of LAKP empty guide or LAKPS (LAKP + S) MTOs and treatment with galunisertib (red) or control (blue), mean ± s.e.m., 95% confidence interval for LAKPS is (−554 to −176), n = 5 mice per condition; two-sided Mann–Whitney U test. e, Number of liver nodules (mean ± s.e.m.) four weeks after intrasplenic injection of MTOs (either unlabelled or with mCherry–luciferase vector, or after CRISPR knockout of the mCherry–luciferase coding region for MTO138), after treatment. 95% confidence intervals are: for MTO93, (−113−0), n = 5 mice per condition; MTO93-LUC: (−104 to −4), n = 5 control and n = 4 galunisertib; MTO140, (−297 to −21), n = 7 control and n = 5 galunisertib; MTO140-LUC, (−251 to −21), n = 5 per condition; MTO138-LUC, (−86 to −8), n = 5 per condition; MTO138-KO-LUC, (−70 to −13), n = 7 per condition; two-sided Mann–Whitney U test. f, Longitudinal intravital bioluminescence imaging (BLI) quantification (photons s−1, normalized to day 0) of an intrasplenic metastasis initiation experiment with MTO140 in C57BL/6J mice treated with galunisertib or control until day 14, n = 5 mice per condition. Points and lines represent individual mice, trend lines (bold) show a LOESS model with 95% confidence interval (grey band). 95% confidence interval for the difference at day 25: (−222.7 to −23.9), two-sided Mann–Whitney U test. g, BLI (as in f) of a metastasis-initiation experiment with MTO138 in C57BL/6J mice, n = 24 control mice, n = 15 galunisertib. h, BLI (as in f) of galunisertib treatment in intrasplenic liver colonization assays with MTO129 or MTO138, in C57BL/6J (n = 7 mice per condition, except for MTO138 + Gal, n = 11) or athymic nu/nu mice (n = 5 per condition). Note the complete absence of treatment effect in the mice lacking functional T cells. i, Number of liver nodules (mean ± s.e.m.) in mice intrasplenically injected with MTO129 and treated with galunisertib alone or with antibodies against CD4 or IgG control. 95% confidence interval for galunisertib versus control is (−79 to −8), n = 5 mice per condition; two-sided Mann–Whitney U test. j, Number of liver nodules (mean ± s.e.m.) after intrasplenic injection of MTO93 in syngeneic, Lgr5eGFP-creERT2 mice—from the colonies that gave rise to the 3× and 4× genetic models—treated with galunisertib (red) or control (blue). 95% confidence interval is (−13 to −1), n = 20 control mice and n = 25 for galunisertib; two-sided Mann–Whitney U test. Scale bars, 500 μm.

                          Source data
                        


Extended Data Figure 9 Immune modulation by TGFβ in CRC.
A human meta-cohort was used to analyse the interaction of TGFβ expression levels and T-cell-activation state. a, Expression signature ratio between active CD4 TH1 and naive CD4 T cells differs significantly between MSS and MSI patients. Standardized expression for individual patients and Tukey box plots; MSS, n = 981 samples; MSI, n = 198; two-sided Wald test. b, c, Expression signature for naive CD4 T cells (b) and TH1-differentiated CD4 T cells (c) in patients with low, medium and high expression of TGFB1–TGFB3. Standardized expression for individual patients and Tukey box plots. P values (b): low versus medium (n = 327), 1.7 × 10−4; low versus high, 2.2 × 10−16; medium versus high, 2.2 × 10−16. P values (c): low versus medium, 0.0503; low versus high, 6.8 × 10−14; medium versus high, 8.1 × 10−8; n = 327 patient samples per group; two-sided Wald test. The log-likelihood ratio test P value is 2.2 × 10−16 for b and 2.3 × 10−14 for c. d, TGFB1–3 mRNA expression levels predict poor prognosis. Hazard risk (HR) 95% confidence intervals are: low versus medium, (0.65–1.42); low versus high, (1.08–2.20); medium versus high, (1.12–2.32); n = 255 patient samples (low), n = 254 (medium) and n = 249 (high); two-sided Wald test. e, f, Correlation between ratio of CD4 TH1 versus naive CD4 signatures and TGFB1–3 mRNA expression levels (e) or expression of a FAP+ CAF signature (f) in n = 981 MSS patient samples. Pearson correlation coefficients are indicated; two-sided Wald test. g, Kaplan–Meier curves for relapse-free survival for patients according CD4 TH1-naive signatures ratio. Hazard risk 95% confidence intervals are: low versus medium (0.40–0.81), low versus high (0.37–0.78), medium versus high (0.64–1.41); n = 243 (low), n = 259 (medium) and n = 257 (high); two-sided Wald test. h, Cell densities in micrometastases 10 days after injection, treated with vehicle (control, blue) or galunisertib (red); shown are individual MTO129 and MTO140 tumour values and mouse means (diamonds and triangles, respectively), together with group mean ± s.e.m. derived from a mixed-effects linear model; n = 4 mice per condition (MTO129) and n = 6 for MTO140. i, Representative images of immunohistochemistry of the MTO140 micrometastases quantified in h. Mean cell densities (cells mm−2) are indicated. Images represent two independent experiments. Scale bars, 100 μm.
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Extended Data Figure 10 TGFβ inhibition and the tumour immune microenvironment.
a–d, Densities of tumour-infiltrating lymphocytes in galunisertib (Gal, red) or control (blue) treated liver metastases derived from primary LAKTP MTOs (a), in treated orthotopically injected MTO-derived primary cancers (b), in liver metastases in the UBCcreERT2;Tgfbr2fl/fl background compared to UBC+/+;Tgfbr2fl/fl control (c), or two days after start of treatment in established liver metastases (d; treatment started on day 14). Shown are individual tumours (grey circles, a, c, d), mouse means (squares, or triangles for MTO93, a), and group means ± s.e.m. Data are analysed with a mixed-effects linear model; in (a) n = 5 (control) or n = 4 (galunisertib) mice per condition; in (b), n = 9 (control) or n = 8 (galunisertib) mice per condition; in (c), n = 5 (UBC+/+) or n = 7 (UBC creERT2 ;Tgfbr2 fl/fl) mice per condition; and in (d), n = 6 mice per condition. e, Distribution of cell types within the PD-L1+ population (mean ± s.e.m.) in microdissected tumours (euthanized at day 18, four days after treatment start); n = 3 mice. f, Myeloid cell types (gated for CD45/(CD11b and/or CD11c)) within the CD45+ PD-L1+ population. Mean ± s.e.m. percentage of n = 3 mice.
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