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            Abstract
The relative contribution of the effector molecules produced by T cells to tumour rejection is unclear, but interferon-γ (IFNγ) is critical in most of the analysed models1. Although IFNγ can impede tumour growth by acting directly on cancer cells2,3, it must also act on the tumour stroma for effective rejection of large, established tumours4,5. However, which stroma cells respond to IFNγ and by which mechanism IFNγ contributes to tumour rejection through stromal targeting have remained unknown. Here we use a model of IFNγ induction and an IFNγ–GFP fusion protein in large, vascularized tumours growing in mice that express the IFNγ receptor exclusively in defined cell types. Responsiveness to IFNγ by myeloid cells and other haematopoietic cells, including T cells or fibroblasts, was not sufficient for IFNγ-induced tumour regression, whereas responsiveness of endothelial cells to IFNγ was necessary and sufficient. Intravital microscopy revealed IFNγ-induced regression of the tumour vasculature, resulting in arrest of blood flow and subsequent collapse of tumours, similar to non-haemorrhagic necrosis in ischaemia and unlike haemorrhagic necrosis induced by tumour necrosis factor. The early events of IFNγ-induced tumour ischaemia resemble non-apoptotic blood vessel regression during development, wound healing or IFNγ-mediated, pregnancy-induced remodelling of uterine arteries6,7,8. A better mechanistic understanding of how solid tumours are rejected may aid the design of more effective protocols for adoptive T-cell therapy.
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                    Figure 1: Reductionist model to identify the stromal target for IFNγ-induced tumour regression.


Figure 2: Response to IFNγ by endothelial cells is necessary and sufficient for necrosis, blood vessel reduction, and tumour regression by IFNγ.


Figure 3: Tumour ischaemia versus tumour necrosis induced by intratumoural IFNγ–GFP or TNF–GFP fusion proteins, respectively.
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Extended data figures and tables

Extended Data Figure 1 Release of IFNγ in established tumours leads to necrosis, blood vessel reduction and tumour regression.
a–h, MCA313IFNγ-IND tumours (a–c), 16.113 tumours (d, h) and 16.113-999IFNγ-IND tumours (e–g). a, Without IFNγ induction, MCA313IFNγ-IND tumours grow progressively (1st panel). Dox-induced IFNγ expression in established MCA313IFNγ-IND tumours (2nd panel) leads to tumour regression in wild-type but not IFNγR− mice (3rd, 4th panel). Differences in tumour growth between ‘no dox’ and ‘dox’ groups in wild-type mice are statistically significant on days 19 (*), 23 (**) and 25 (***). IFNγ induction in wild-type mice at 642 ± 236 mm3 (the two crosses indicate mice that reached a humane endpoint and were taken out of the experiment) and in IFNγR− mice at 608 ± 130 mm3. No difference in tumour growth and IFNγ-induced tumour regression of MCA313IFNγ-IND tumours between Rag− and Rag-competent hosts (5th panel Rag−, n = 5; 6th panel wild type, n = 6). Dox administration at 1,304 ± 290 mm3 on day 15. b, c, MCA313IFNγ-IND tumours without and 120 h after dox. b, c, Macroscopic image (b; scale bars, 0.5 cm) and H&E staining (c) (1st row), N and dotted line indicate necrotic area (2nd row), immunohistology using anti-CD31 monoclonal antibody (scale bars, 100 μm). For H&E staining, three animals per group with 4 to 5 areas were compared and differences are statistically significant (***). d, T-cell-mediated rejection of 16.113 tumours. Mice (same as depicted in Fig. 1c) were subcutaneously injected with 106 16.113 cells. On day 57, 107 TCR transgenic T cells specific for SV40 large T antigen, epitope I (TCR-I), expressed by 16.113 tumour cells, were transferred when tumour size was 489 ± 253 mm3. Combined data from two experiments is shown (n = 16). e–g, Induction of IFNγ in established carcinomas leads to tumour regression and blood vessel reduction. e, Dox-dependent IFNγ expression by 16.113-999IFNγ-IND cells in vitro, analysed by ELISA (mean values from two experiments are shown). f, g, Dox-induced IFNγ expression in established 16.113-999IFNγ-IND tumours grown in Rag− mice leads to tumour regression (f) and blood vessel reduction (g). The relative number of tumour endothelial cells (CD31+CD146+) without and 120 h after IFNγ induction in tumours was determined from 107 tumour cells by flow cytometry. h, IFNγ released during T-cell-mediated rejection of 16.113 tumours contributes to blood vessel reduction. Tumours were established as in d, and either not treated, treated with 106 TCR-I-transduced T cells from either wild-type or IFNγ− mice. On day 5 after ATT, the relative number of tumour endothelial cells (CD31+CD146+) was determined as in g. *P < 0.05, **P < 0.01 and ***P < 0.001.The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.

                          Source data
                        


Extended Data Figure 2 Mice with conditional IFNγR expression.
a, Schematic representation of transgenes combined to generate mice with conditional IFNγR expression. b, c, Functional IFNγR expression in PIGΔIFNγR fibroblasts upon Cre-mediated excision of the stop cassette. b, Immortalized tail fibroblasts from PIGΔIFNγR mice were transfected with pBabe-puro-Cre plasmid, selected for puromycin resistance and analysed for GFP and IFNγR (CD119) expression by flow cytometry. Wild-type fibroblasts served as control. One representative out of two experiments is shown. c, IFNγ induces MHC-I upregulation in Cre-transfected fibroblasts from PIGΔIFNγR mice. Flow cytometry of MHC-I expression by fibroblasts from PIGΔIFNγR mice with (right panel) or without Cre-transfection (middle panel) (same fibroblasts as shown in b) that were cultured without (dotted line) or with 1 ng ml−1 IFNγ for 48 h (black line). Fibroblasts from wild-type mice served as control (left panel). One representative out of two experiments is shown. d, e, Cre-mediated recombination induces GFP expression in tumour stroma cells of PIGCMV-Cre, shown by immunohistology. MCA313IFNγ-IND tumours from PIGCMV-Cre (d) and PIGΔIFNγR (e) mice. GFP signals were amplified by anti-GFP antibody and are shown in green, staining with antibodies as indicated in red, overlay in yellow and Hoechst staining in blue. Scale bars, 50 μm. The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.


Extended Data Figure 3 GFP (IFNγR) expression in myeloid cells or fibroblasts of MCA313IFNγ-IND tumours in indicated mice and IFNγ signalling in T cells fails to contribute to tumour endothelial cell reduction.
a, PIGLys-Cre mice; b, c, PIGFSP-Cre. a, c, Immunohistology. GFP signals were amplified by anti-GFP antibody and are shown in green, staining with antibodies as indicated in red, overlay in yellow and Hoechst staining in blue. Scale bars, 50 μm. b, Flow cytometry for GFP expression of primary tail fibroblasts from PIGΔIFNγR (n = 6) and PIGFSP-Cre (n = 5) mice after 7 days of culture (mean 25.5% ± s.d. 12.8%). d, Rag− (n = 6) or Rag−IFNγR− mice (n = 5) were reconstituted with 2 × 107 splenocytes from wild-type mice. Two weeks after T cell transfer, MCA313IFNγ-IND cells were injected and IFNγ was induced when tumours were established (846 ± 263 mm3). 5 days after IFNγ induction, endothelial cells from 107 tumour cells were analysed by flow cytometry. **P < 0.01. The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.

                          Source data
                        


Extended Data Figure 4 Cre-mediated recombination in MCA313IFNγ-IND tumour endothelial cells of PDGFB-CreER-IRES-GFP × Rosa26-RFP mice and confounding effects of endogenous IFNγ.
a, Tumour sections of mice, treated with tamoxifen (upper left) or not (lower left), were stained with anti-CD31 antibodies (white). RFP expression (red) indicates tamoxifen-dependent recombination, GFP signals were amplified by anti-GFP antibody and are shown in green, indicating PDGFB promoter activity, overlay in yellow, Hoechst in blue. Panels to the right show single colours of the upper left panel. Scale bars, 50 μm. b, Flow cytometry of tumour-derived endothelial cells, gated on CD31+CD146+ cells, of tamoxifen-treated (right panel) or non-treated mice (left panel) reveals recombination (RFP+ cells). For the tamoxifen-treated group, one representative out of four experiments is shown (mean 75.4 ± s.d. 8.8% RFP+ cells). c, In PIGPDGFB-Cre mice treated with tamoxifen, GFP expression (reflecting both PDGFB-promoter-dependent Cre expression and excision of the stop cassette in PIGΔIFNγR mice) was detected in endothelial cells in MCA313IFNγ-IND tumours. c, GFP expression in endothelial cells of MCA313IFNγ-IND tumours of PIGPDGFB-Cre mice. Mice received tamoxifen starting 3 days before cancer cell injection. Scale bars, 50 μm. d, Tumour regression following dox application (dox was given at a size of 509 ± 119 mm3 ; n = 5 no dox, and n = 6 with dox). e, Necrosis is visible in tumours before and is increased 120 h after dox-mediated IFNγ induction. d, e, MCA313IFNγ-IND tumours grew slower than in wild-type mice even without IFNγ induction (d) and became necrotic (e), presumably because of low-level constitutive IFNγ present in the mice and primarily IFNγR-expressing endothelial cells being able to consume it. Scale bars, 0.5 cm. d, IFNγ induction in established MCA313IFNγ-IND tumours in PIGPDGFB-Cre mice induced tumour regression, and reduction of endothelial cells (f, g). f, Reduced blood vessel density in MCA313IFNγ-IND tumours of PIGPDGFB-Cre mice 120 h after dox-mediated IFNγ induction. Tamoxifen treatment and immunohistology as in c. Scale bars, 100 μm. g, Reduced numbers of CD31+CD146+ cells in MCA313IFNγ-IND tumours 120 h after dox application. Endothelial cells from 107 tumour cells were analysed by flow cytometry (n = 3 no dox, n = 4 with dox). The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.

                          Source data
                        


Extended Data Figure 5 In PIGPDGFB-Cre-ΔIFNγ mice, IFNγR is expressed in MCA313IFNγ-IND tumour endothelial cells and wound healing is impaired.
a, GFP is expressed in MCA313IFNγ-IND tumour endothelial cells. Scale bars, 50 μm. b, CD119 (1st column) and GFP (2nd column) expression in tumour endothelial cells from PIGPDGFB-Cre-ΔIFNγ mice treated (1st row, green histograms) or not treated with tamoxifen (2nd row, dotted line), PDGFB-CreER-IRES-GFPΔIFNγR treated with tamoxifen (3rd row, blue histograms) and PIGΔIFNγR treated with tamoxifen (4th row, red histogram) confirms that only after tamoxifen application in PIGPDGFB-Cre-ΔIFNγ mice both GFP and CD119 are induced. c, As very few CD11b+ (7.5%) and NK1.1+ (4.2%) cells in the tumour stroma of PIGPDGFB-Cre-ΔIFNγ were GFP+ (Supplementary Table 1b), nitric oxide production by tumour-derived CD11b+ cells as read-out for IFNγ responsiveness was analysed. 4 × 105 purified CD11b+ cells of MCA313IFNγ-IND tumours from mice as indicated were exposed to 250 U ml−1 IFNγ for 24 h, supernatants were mixed with Griess reagent and absorbance measured at 540 nm (dotted line shows detection limit) mean ± s.d. d–f, Tumours progressing after prolonged IFNγ exposure are largely necrotic but still produce IFNγ. d, H&E staining of a tumour section (from mice depicted in Fig. 2i) after around 50 days of IFNγ exposure. One representative of four mice is shown. e, Tumour of a mouse without dox (small central necrosis, one representative of two mice). Necrotic areas are encircled (dotted line). Scale bars, 2 mm. f, Progressing tumours still produce IFNγ. Tumours were re-isolated after IFNγ induction from wild type (n = 1, day 116), PIGCMV-Cre (n = 3, day 92–116) and PIGPDGFB-Cre (n = 3, day 65–66). Re-isolated tumour cells were cultured in 500 ng ml−1 dox for 48 h. Supernatants were analysed by IFNγ ELISA, mean ± s.d. g, h, Impaired wound healing in PIGPDGFB-Cre-ΔIFNγ mice. In the indicated mice bearing MCA313IFNγ-IND tumours (approximately 50 mm3), a wound of 5 mm diameter was instilled. g, Wild type (n = 3), IFNγR− (n = 3) and mice with endothelial-specific IFNγR expression (n = 6) were dox-treated (circles) or left untreated (squares); wild-type (n = 3) and IFNγR− (n = 2) and mice with endothelial-specific IFNγR expression (n = 4). Wound healing was recorded. Differences in mice with endothelial-specific IFNγR became significant at day 6 (*) and were highly significant at day 18 (***). h, Representative pictures (wild type, day 14; IFNγR−, day 14; PIGPDGFB-Cre-ΔIFNγ, day 21). *P < 0.05, **P < 0.01 and ***P < 0.001. The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.

                          Source data
                        


Extended Data Figure 6 Induction of IFNγ–GFP fusion protein induces regression of established J558LIFNγ–GFP-IND tumours and blood vessels.
a, 106 J558LIFNγ–GFP-IND cells were injected into Rag− mice that were untreated (left panel) or treated with dox (right panel) when tumours reached a size of 461 ± 230 mm3. The crosses indicate mice that reached a humane endpoint and were taken out of the experiment (n = 10). b, Window chamber imaging of a J558LIFNγ–GFP-IND tumour at low magnification. The same procedure as described in Fig. 3c. Two weeks established J558LIFNγ-GFP-IND tumour was imaged for 6 days. Blue, cancer cells; green, IFNγ–GFP fusion protein and right vascular network. One representative of three experiments is shown. c, d, Quantification of histological analysis for CD31 and cleaved caspase 3 (CC3) staining, respectively. Each dot represents one field of view analysed by ImageJ. e, Representative CD31 and CC3 staining before and 120 h after dox. f, Quantification of ERG+ nuclei from immunohistology. g, Representative ERG staining before and 120 h after dox. Scale bars, 100 μm. Three tumours with 4–6 fields of view were analysed. ***P < 0.001. The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.
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Extended Data Figure 7 Induction of TNF–GFP fusion protein induces regression of established J558LTNF–GFP-IND tumours and bursting of blood vessels.
a, 106 J558LTNF–GFP-IND cells were injected into Rag− mice that were left untreated (left panel) or treated with dox (right panel) when tumours had a size of 611 ± 201 mm3. Tumours eventually relapsed owing to selection of TNF–GFP loss variants (data not shown) (n = 9 no dox; n = 10 with dox). b, Window chamber imaging of a J558LTNF–GFP-IND tumour at lower magnification. The same procedure as described in Fig. 3c. Two-week-established J558LTNF–GFP-IND tumour was imaged for 2 days. Blue, cancer cells; green, TNF–GFP fusion protein and right vascular network. One representative out of four experiments is shown. c, d, Quantification of histological analysis for CD31 and cleaved caspase 3 (CC3) staining, respectively. Each dot represents one field of view analysed by ImageJ. e, Representative CD31 and CC3 staining before and 120 h after dox. f, Quantification of ERG+ nuclei from immunohistology. g, Representative ERG staining without and 120 h after dox. Scale bars, 100 μm. Three tumours with 4–6 fields of view were analysed. **P < 0.01 and ***P < 0.001. The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.
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Extended Data Figure 8 Erythrocyte extravasation after induction of TNF–GFP but not IFNγ–GFP.
a, J558LIFNγ-GFP-IND or J558LTNF–GFP-IND tumours were established for two weeks and mice were dox-treated for 48 h or left untreated. Then, tumour sections were stained with H&E. In the upper row light microscopy and in the lower row eosin fluorescence signals were captured. Shown are representative sections from tumours treated with dox for 48 h. Scale bars, 100 μm. b, Quantification of erythrocytes in high magnification fields (HMF) using the ImageJ program. Number of analysed HMF: no dox IFNγ–GFP, 69 HMF, three tumours; 48 h IFNγ–GFP, 97 HMF, four tumours; no dox TNF–GFP, 130 HMF, three tumours; 48 h TNF–GFP: 92 HMF, four tumours. Groups were compared by unpaired t-test. ***P < 0.001; ns, not significant. The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.
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Extended Data Figure 9 Activated but not normal vessels regress upon IFNγ exposure and regression is accelerated in Irf4− mice; IFNγ derived from T cells induces similar changes in gene expression as IFNγ from tumours.
a, No changes in blood vessel density in spleen and kidney after IFNγ induction. Anti-CD31 staining of kidney and spleen sections after IFNγ induction in MCA313IFNγ-IND tumours grown in wild-type mice (n = 2). Scale bars, 50 μm. b, Results of gene expression analysis as number of IFNγ-induced genes (log2 fold change) in tumour endothelial cells of J558LIFNγ-GFP-IND tumours (n = 3) and kidney endothelial cells (n = 3). After IFNγ induction, there are more genes differentially regulated in kidney than in tumour endothelial cells. c, Venn diagram showing the overlap between significantly differentially expressed genes (adjusted P value < 0.05) in endothelial cells of J558LIFNγ–GFP-IND, MCA313IFNγ-IND tumours (dox-treated versus untreated) and 16.113 tumours after treatment with IFNγ− versus wild-type TCR-I T cells. d, Scatter plots of data from Venn diagram displaying changes of all genes presented (that is, genes significantly differentially expressed in any of three comparisons). Endothelial cells from all three tumour types revealed strong similarity in regulated genes (Pearson correlation coefficients are calculated using all 410 genes). The union of 410 genes that were significantly differentially regulated in any of the three comparisons showed a correlation of approximately 0.8 across all 3 groups. Colours of dots match the colours of the numbers in the Venn diagram. The overlapping 10 genes (red dots) are highly deregulated in all three comparisons. e, Representative images of untreated or IFNγ-treated (10 ng ml−1 for 96 h) HUVECs, stained with phalloidin (green) and antibody against VE-cadherin (red). f, IRF4 is induced in mouse endothelial (SEND.1) cells 48 h after IFNγ (5 U ml−1) treatment. Cells were stained with anti-IRF4 monoclonal antibody, using transcription factor staining kit, and analysed by flow cytometry (grey, isotype control; dotted line, without IFNγ; black line, IFNγ). g, Endothelial cells from 107 MCA313IFNγ-IND cells grown in heterozygous Irf4WT/− or Irf4−/− mice that were treated with dox or left untreated. CD31+CD146+ cells were analysed by flow cytometry. h–j, Immunohistology of MCA313IFNγ-IND tumours grown in heterozygous Irf4WT/− or Irf4− mice, either treated or not with dox and stained for ERG (h), CD31 and CC3 (i, j). *P < 0.05, **P < 0.01 and ***P < 0.001. The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.
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Extended Data Figure 10 IFNγ-mediated blood vessel regression in MCA313IFNγ-IND tumours of PIGPDGFB-Cre-ΔIFNγ mice.
a–c, Non-apoptotic vessel regression in MCA313IFNγ-IND tumours. a, Representative staining for ERG and CC3. Scale bar, 100 μm. b, c, ERG+ nuclei (b) and ERG+CC3+ cells (c). d, f, Quantification of histological analysis for CD31 (d) and CC3 (f). e, Representative staining of CD31 and CC3. g, Quantification of histological analysis for collagen IV (Col4). h, Representative staining of CD31 and collagen IV staining at 48 h at higher magnification. i, Representative staining of CD31 and collagen IV. White arrows indicate collagen IV staining not associated with CD31 staining (h, i). Scale bars, 100 μm. j, Quantification of histological analysis for NG2. k, Representative staining of CD31 and NG2. Each dot shows one field of view analysed by ImageJ (d, f, g, j). l, Ratio of co-localization of NG2 and CD31. m, VE-cadherin, CD31 and DAPI staining without and 24 h after IFNγ induction. n, Electron microscopy analysis of blood vessels from MCA313IFNγ-IND tumours grown in PIGPDGFB-Cre-ΔIFNγ mice. Electron micrographs show non-occluded vessel (left) and occluded vessel (right). Lumen of capillaries (asterisks), erythrocytes (Er), endothelial cells (En) and macrophages (M) are labelled. Scale bar, 5 μm. o, Three tumours (for each two specimens) and in total 32 vessels without dox and 38 vessels after 48 h after dox were analysed by electron microscopy for vessel occlusion (bar diagram). **P < 0.01 and ***P < 0.001. The number of mice, replications and sample size for each experiment are shown in Supplementary Table 3.
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Supplementary information
Supplementary Data
This file contains Supplementary Tables 1-3. Supplementary Table 1 shows the percentage of recombination in the respective transgenic mice as the percentage of GFP positive cells in different a) PBMC and b) tumour stroma subpopulations. Subpopulations of cells were identified with specific antibodies and analysed by flowcytometry. Supplementary Table 2 shows the differentially expressed genes in endothelial cells of J558LIFNγ-GFP-IND tumours, MCA313IFNγ-IND tumours (dox-treated vs. untreated) and of 16.113 tumours after treatment with IFNγdel versus WT T cells. Tumour endothelial cells were isolated by fluorescence-activated cell sorting. RNA was isolated and cDNA was synthesized. cDNA was hybridized to Affymetrix MOGENE 2.0 ST arrays. GeneChips were scanned, image data was normalized and quality controlled using Affymetrix software. Bioinformatics analysis of the gene expression data was performed. Shown are relative expression (log fold change) and adjusted p-values. Supplementary Table 3 shows the number of mice included in experiments, replications of experiments, centre value- and error bar information for each experiment. (PDF 2588 kb)


J558LIFNγ-GFP-IND tumours without induction of the IFNγ-GFP fusion protein
In vivo multiphoton microscopy of J558LIFNγ-GFP-IND tumours engrafted in Ragdel mice without induction of the IFNγ-GFP fusion protein. Blue signals show second harmonic generation and visualise the extracellular matrix. Green signals show the IFNγ-GFP fusion protein. Collected single plane images were assembled to a 3D stack in silico. (MP4 1218 kb)


J558LIFNγ-GFP-IND tumours 24 h after induction of the IFNγ-GFP fusion protein
In vivo multiphoton microscopy of J558LIFNγ-GFP-IND tumours engrafted in Ragdel mice treated for 24 h with dox, inducing the IFNγ-GFP fusion protein. Blue signals show second harmonic generation and visualise the extracellular matrix. Green signals show the IFNγ-GFP fusion protein. Collected single plane images were assembled to a 3D stack in silico. (MP4 1220 kb)


Ceasing blood flow inducing tumour ischemia with progressing vessel regression after induction of the IFNγ-GFP fusion protein in J558LIFNγ-GFP-IND tumours 
Shown is longitudinal microscopy of the same area over time of J558LIFNγ-GFP-IND tumours growing behind glass window chambers in mice. For visualization of the tumour vasculature and blood flow, mice were injected with DiD-labelled red blood cells. (MP4 2629 kb)


Red blood cells extravasation and haemorrhagic tumour necrosis after induction of the TNF-GFP fusion protein in J558LIFNγ-GFP-IND tumours 
Shown is longitudinal microscopy of the same area over time of J558LIFNγ-GFP-IND tumours growing behind glass window chambers in mice. For visualization of the tumour vasculature and blood flow, mice were injected with DiD-labelled red blood cells. (MP4 2084 kb)


HUVECS exposed to IFNγ
Representative images of F-actin dynamics in a monolayer of HUVECs mock-treated (left panel) or exposed to 10 ng/ml of IFNγ for 96 hours (right panel). (MP4 8878 kb)
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