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            Abstract
Single-cell analyses have revealed extensive heterogeneity between and within human tumours1,2,3,4, but complex single-cell phenotypes and their spatial context are not at present reflected in the histological stratification that is the foundation of many clinical decisions. Here we use imaging mass cytometry5 to simultaneously quantify 35 biomarkers, resulting in 720 high-dimensional pathology images of tumour tissue from 352 patients with breast cancer, with long-term survival data availableÂ for 281 patients. Spatially resolved, single-cell analysis identified the phenotypes of tumour and stromal single cells, their organization and their heterogeneity, and enabled the cellular architecture of breast cancer tissue to be characterized on the basis of cellular composition and tissue organization. Our analysis reveals multicellular features of the tumour microenvironment and novel subgroups of breast cancer that are associated with distinct clinical outcomes. Thus, spatially resolved, single-cell analysis can characterize intratumour phenotypic heterogeneity in a disease-relevant manner, with the potential to inform patient-specific diagnosis.
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                    Fig. 1: Single-cell phenotypes in high-dimensional histopathology of breast cancer.[image: ]


Fig. 2: A global map of the cellular neighbourhoods and interaction networks of breast cancer.[image: ]


Fig. 3: Single-cell pathology identifies subgroups of patients with breast cancer.[image: ]


Fig. 4: Single-cell pathology subgroups have distinct clinical outcomes.[image: ]
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                Data availability

              
              The data supporting the findings of this study (including high-dimensional TIFF images, single-cell and tumour and stroma masks, single-cell and patient data) are available online at Zenodo (https://doi.org/10.5281/zenodo.3518284).

            

Code availability

              
              All of the code used to produce the results of this study is available at https://github.com/BodenmillerGroup/SCPathology_publication.
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Extended data figures and tables

Extended Data Fig. 1 Antibody panel and example pseudocoloured images of markers.
Antigens targeted by the antibodies in the panel of 35 isotope-conjugated antibodies that was used to stain the breast cancer tissue, and representative marker images from the analysed cohort generated by IMC. Every marker is visualized at least once. Each image represents a different tumour of the analysed cohort. Each marker was individually scaled to enable visualization. RTK, receptor tyrosine kinase; EMT, epithelialâ€“mesenchymal transition; TF, transcription factor. Scale bars,100Â Î¼m.


Extended Data Fig. 2 Comparison and reproducibility analysis of immunohistochemistry and IMC.
a, Representative IMC and immunohistochemistry images of the quantified stains in sections of the same tumour core. b, Scatter plot and correlation of total immunohistochemistry (IHC) and IMC signal in sections of the same tumour core (IHC, optical density per Î¼m2, IMC, ion counts per Î¼m2; nÂ =Â 319 cores). c, Scatter plot and correlation of the number of positively stained cells in sections from the same tumour core (nÂ =Â 319 cores). d, Blandâ€“Altman plots for reproducibility of the IMC signal in positively stained cells across images from different regions of the same tumour, adapted to visualize the average across four samples on the xÂ axis and the difference of every individual sample to the tumour average on the yÂ axis. Only images that contained positively stained cells and more than 200 cells in total were taken into account for this analysis (ER, nÂ =Â 280 cores from 72 patients; PR, nÂ =Â 213 cores from 66 patients; HER2, nÂ =Â 291 cores from 72 patients; E/P-cadherin, nÂ =Â 200 cores from 65 patients; Ki67, nÂ =Â 281 cores from 72 patients). Red line represents the overall average of the differences to the tumour mean; blue lines represent the 95% confidence interval (1.96Â Ã—Â s.d.). The percentage of observations that fall within the confidence interval is indicated at the top of each plot.


Extended Data Fig. 3 Simultaneous immunofluorescence and mass cytometry imaging.
Immunofluorescence (IF) and mass cytometry (IMC) imaging of the same tissue sample using metal-conjugated HER2 and pan-CK primary antibodies and both fluorescent and metal-conjugated secondary stains. Pseudocolour images of individual channels (a), three-marker images produced from each label type (b) (white, overlap; red, HER2; green, pan-CK; blue, DNA intercalator), as well an overlay of the same marker from all three label types (c) (white, overlap; red, secondary immunofluorescence; green, secondary IMC; blue, primary IMC). d, High-magnification images of the regions labelled with white squares in b, comparing the resolution, expression and similarity of immunofluorescence and IMC.


Extended Data Fig. 4 Single-cell localization relative to the tumourâ€“stroma interface.
aâ€“d, t-SNE maps of 171,288 subsampled single cells from high-dimensional images of breast tumours, coloured by patient (a), localization relative to the tumourâ€“stroma interface (b), single-cell distance to the tumourâ€“stroma interface (c) and number of neighbouring cells (d). eâ€“g, Representative images with single-cell mask, labelled by metacluster identifier (e), tumour and stroma masks (f) and heat map that represents the distances of single cells to the tumourâ€“stroma interface from each side (g). Scale bar, 100Â Î¼m. h, i, Log-transformed distances to tumour front of stromal cell clusters (h) and tumour cell metaclusters (i). j, Binned distances of all metaclusters to the tumour front. Bin number 0 contains all cells that are directly touching the interface. Negative distances represent the distance to the tumour boundary from inside the tumour and positive values indicate the distance outside the tumour.


Extended Data Fig. 5 Metaclustering and cluster matching across cohorts.
a, Heat map showing z-scored mean marker expression of single-cell phenotypic clusters identified by PhenoGraph (Fig. 1) with colours on the colour bar and hierarchical clustering indicating the corresponding metacluster. Red stars on the hierarchical clustering tree indicate subgroups that robustly reappear as separate groups using multiscale bootstrap resampling (PÂ <Â 0.05 (R function pvclust)). b, Examples of untransformed distributions of cluster marker expressions that differ between metaclusters. c, Heat maps showing the z-scored mean marker expression or distance to the tumourâ€“stroma interface for each metacluster defined in the cohort of 281 patients from University Hospital Basel and each matched PhenoGraph cluster from the multicore cohort of 71 patients from University Hospital Zurich. PhenoGraph clusters of the Zurich cohort were matched to the metaclusters of the Basel cohort on the basis of the Pearson correlation of the mean marker expression (Methods).


Extended Data Fig. 6 Densities of single-cell phenotypes in different clinical subtypes and SCP patient subgroups.
Box plots of cellular metacluster densities in patients of each clinical subtype (a) (HR+HER2âˆ’, nÂ =Â 173; HR+HER2+, nÂ =Â 29; HRâˆ’HER2+, nÂ =Â 23; triple negative (HRâˆ’HER2âˆ’), nÂ =Â 48) (a) and each SCP subgroup (b) (SCP1, nÂ =Â 17; SCP2, nÂ =Â 21; SCP3, nÂ =Â 20; SCP4, nÂ =Â 12; SCP5, nÂ =Â 32; SCP6, nÂ =Â 10; SCP7, nÂ =Â 13; SCP8, nÂ =Â 11; SCP9, nÂ =Â 20; SCP10, nÂ =Â 24; SCP11, nÂ =Â 31; SCP12, nÂ =Â 14; SCP13, nÂ =Â 15; SCP14, nÂ =Â 11; SCP15, nÂ =Â 8; SCP16, nÂ =Â 10; SCP17, nÂ =Â 9; SCP18, nÂ =Â 3). For box plots, centre line represents the median, box limits are the first and third quartiles, whiskers extend to 1.5Â Ã—Â interquartile range and the points beyond the whiskers are outliers.


Extended Data Fig. 7 Stromal environments based on their composition of microenvironment communities and their distinct pairwise cell-type interactions.
a, Hierarchical clustering of tumour cores (nÂ =Â 281) according to stromal community content and splitting into corresponding stromal environments (nÂ =Â 11). The stacked bar plot at the top indicates the average number of cells from each cellular metacluster present within each type of microenvironment community. b, The presence of significant (PÂ <Â 0.01) cellâ€“cell interactions (red) and cellâ€“cell avoidances (blue) identified per image based on a permutation test (1,000 permutations). Black outlined regions indicate significant interactions that are enriched in images from the respective stromal environments (PÂ <Â 0.05 (one-sided Fisherâ€™s exact test for enrichment, corrected for multiple testing). Colour bars on the right indicate the SCP subgroup, grade and clinical subtype of the tumour. Cell-type interactions along the top are indicated by the labelled cell type of interest and neighbouring cell.


Extended Data Fig. 8 Comparisons and enrichments between classifications.
a, b, Bubble plots visualizing the overlap between SCP subgroups of breast cancer (SCP1, nÂ =Â 17; SCP2, nÂ =Â 21; SCP3, nÂ =Â 20; SCP4, nÂ =Â 12; SCP5, nÂ =Â 32; SCP6, nÂ =Â 10; SCP7, nÂ =Â 13; SCP8, nÂ =Â 11; SCP9, nÂ =Â 20; SCP10, nÂ =Â 24; SCP11, nÂ =Â 31; SCP12, nÂ =Â 14; SCP13, nÂ =Â 15; SCP14, nÂ =Â 11; SCP15, nÂ =Â 8; SCP16, nÂ =Â 10; SCP17, nÂ =Â 9 (SCP18, nÂ =Â 3 excluded)) and clinical subtypes (a) (HR+HER2âˆ’, nÂ =Â 173; HR+HER2+, nÂ =Â 29; HRâˆ’HER2+, nÂ =Â 23; triple negative (HRâˆ’HER2âˆ’), nÂ =Â 48) and stromal environments (b) (SE1, nÂ =Â 49; SE2, nÂ =Â 88; SE3, nÂ =Â 9; SE4, nÂ =Â 24; SE5, nÂ =Â 25; SE6, nÂ =Â 24; SE7, nÂ =Â 8; SE8, nÂ =Â 14; SE9, nÂ =Â 14; SE10, nÂ =Â 18; SE11, nÂ =Â 2). â€¢PÂ <Â 0.1, *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001 (one-sided Fisherâ€™s exact test for enrichment.). Exact PÂ values for highlighted pairs: SE1 and SCP7, PÂ =Â 0.013; SE3 and SCP8, PÂ =Â 0.021; SE5 and SCP15, PÂ =Â 0.031; SE6 and SCP3, PÂ =Â 0.034; SE8 and SCP14, PÂ =Â 0.008; SE8 and SCP8, PÂ =Â 0.093; SE9 and SCP12, PÂ =Â 0.036; HR+HER2âˆ’ and SCP3, PÂ =Â 0.079; HR+HER2âˆ’ and SCP5, PÂ =Â 3.58Â Ã—Â 10âˆ’4; HR+HER2+ and SCP2, PÂ =Â 0.032; HRâˆ’HER2+ and SCP11, PÂ =Â 2.36Â Ã—Â 10âˆ’4; HRâˆ’HER2âˆ’ and SCP8, PÂ =Â 0.060; HRâˆ’HER2âˆ’ and SCP14, PÂ =Â 0.008; HRâˆ’HER2âˆ’ and SCP15, PÂ =Â 6.13Ã—Â 10âˆ’6; HRâˆ’HER2âˆ’ and SCP16, PÂ =Â 0.031.


Extended Data Fig. 9 Kaplanâ€“Meier survival curves for overall and disease-free survival.
a, b, Overall survival for stromal environments that are not shown in Fig. 4. câ€“l, Disease-free survival for each patient group on the basis of clinical subtype (c), grade (d), SCP subgroup (eâ€“h) and stromal environment (iâ€“f). *PÂ <Â 0.05 compared to all other samples (two-sided log-rank test). For exact PÂ values, see Supplementary Tables 5 and 7.


Extended Data Fig. 10 Multicore cohort regional heterogeneity analysis.
Quantification of intratumour regional heterogeneity in the Zurich multicore cohort. a, Hierarchically clustered stacked bar plot of cell-type metacluster densities in each tumour, grouped by patient. Coloured columns (right) indicate patient, clinical subtype, SCP subgroup, location of core in the tumour, Shannon entropy (intracore heterogeneity) and tumour-specific cohesiveness score. b, Dot plot of the Kullbackâ€“Leibler divergence from the cell-type distribution of an individual tumour region to the average distribution of the patient, coloured according to the SCP subgroup classification per tumour region (nÂ =Â 263 tumour cores), grouped by patient (nÂ =Â 71 patients) and ordered by increasing average Kullbackâ€“Leibler divergence per patient. c, Box plots of the same Kullbackâ€“Leibler divergence of each region to the average cell-type distribution of the patient, grouped by tumour regions that are individually identified as the same SCP subgroup, independent of the patient. Box plots as in Extended Data Fig. 6. SCP1, nÂ =Â 12; SCP2, nÂ =Â 13; SCP3, nÂ =Â 11; SCP4, nÂ =Â 10; SCP6, nÂ =Â 76; SCP7, nÂ =Â 7; SCP8, nÂ =Â 3; SCP9, nÂ =Â 5; SCP10, nÂ =Â 1; SCP11, nÂ =Â 26; SCP12, nÂ =Â 51; SCP13, nÂ =Â 15; SCP14, nÂ =Â 18; SCP15, nÂ =Â 4; SCP16, nÂ =Â 5; SCP17, nÂ =Â 5; SCP18, nÂ =Â 1). d, Bar indicating the percentage of patients (nÂ =Â 71) with the indicated fraction of individually classified images that match the whole tumour classification. e, Bubble plot visualizing the variation in intratumour regions within patients of each SCP subgroup. Rows represent tumours of each SCP subgroup as identified by the combined analysis of all imaged regions. Columns represent tumour regions individually matched to a SCP subgroup. For each whole-tumour classification on the yÂ axis, the size of the circle indicates the fraction of corresponding images individually classified as a SCP subgroup. For each image classification on the xÂ axis, colour indicates the fraction of images within each tumour type.
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