
Supplemental Figure S1. Cell type annotations and clustering stability of snRNAseq data, related to Figure 1A. A, UMAP of 

snRNAseq data from pancreatic cancers after chemoradiotherapy from Hwang et al. (Nature Genetics, 2022) with color code indicating 

the patient (n=97,987 cells). B, Normalized cell type marker expression (per gene) for relevant cell types in the data. Immune cells were 

re-annotated as outlined in Methods. C, Stability of hierarchical clustering as determined by leave-one-out analysis (Methods). 

Indicated is the probability of two chemokines (left panel) or two chemokine receptors (right panel) falling into the same cluster.



Supplemental Figure S2. Chemokine module expression across cell types. Related to Figure 1. Average z-scored (across cells) 

chemokine expression per patient sample (n=21) and cell type was calculated. Boxes indicate interquartile range (not considering 

outliers), whiskers range and bar median. Outliers are determined as datapoints above the third quartile + 1.5x interquartile range or 

below the first quartile - 1.5x interquartile range. 



Supplemental Figure S3. p21 and cytokine expression in patient-derived pancreatic tumor explants. Related to Figure 2. A, 
Quantification of tumor cells in pancreatic tumor explants. Left Panel: bar graphs indicating tumor cells / mm2  as quantified by H&E 

staining of FFPE tissue 4 days after treatment with indicated doses. Right panel: representative H&E microscopy images B, Shown are 

full length original immunoblot images for p21 and β-actin expression in pancreatic tumor explants treated with 0 Gy, 10 Gy or 20 Gy. 

Lanes from left to right: patient #1 0Gy, patient #1 10Gy, patient #1 20Gy, patient #2 0Gy, patient #2 10Gy, patient #2 20Gy (left 

panel), patient #4 0Gy, patient #4 10Gy, patient #4 20Gy (right panel). C, Expression of cytokines in pancreatic tumor explants after 

irradiation. Tumor explants of 3 pancreatic cancer patients were irradiated with indicated doses in 3 independent experiments. 5 days

after treatment, cytokine secretion was analyzed using a multiplex cytokine assay. Indicated are dot plots showing relative

concentrations (fold change of unirradiated) of indicated cytokines.
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Supplemental Figure S4. Macro-based quantification of radiation-induced cellular senescence. Related to Figure 3. A-C, SK-MEL-28 

human melanoma cells were left untreated (sham) or irradiated with 40 Gy (RT). 4 days later, cells were stained for SA-β-Gal and 

DAPI. Subsequently, images were acquired on a fluorescence microscope in DAPI and brightlight channel. A, Representative details of 

images. Input images were processed via thresholding and automatic segmentation as indicated during macro-based quantification. B, 

Indicated is the percentage of SA-β-Gal cells of four random high power microscopy fields for each condition. Left panel: SA-β-Gal 

positive cells and total cells were quantified using macro-based image analysis. Right panel: Images were quantified by manual cell 

counting. P-values were calculated using unpaired t-test. C, Scatter dot blot of percentage of SA-β-Gal positive cells as quantified by 

indicated method. R2 was calculated using linear regression.
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Supplemental Figure S5. A, Dose-dependent induction of senescence by photon irradiation. Related to Figure 3. Shown are 

representative images of SA-β-Gal stained cancer cells irradiated with indicated doses. B, Shown are high magnification representative 

images of SA-β-Gal and DAPI stained PANC-1 cancer cells irradiated with indicated doses at day 4 after treatment.

0 Gy 2 Gy 4 Gy 7 Gy 40 Gy

SK-MEL-28

SJSA1

PANC-1

A

0 Gy

10 Gy

DAPI SA-β-Gal

B



Supplemental Figure S6. Radiation-induced chemotaxis of lymphocyte subsets. Related to Figure 4. Freshly isolated PBMC were 

allowed to migrate towards conditioned media of irradiated or untreated cancer cells. Migrated cells were then analyzed by flow 

cytometry. All samples were gated for singlets, 7AAD- and cell specific markers: CD4-T-Cells (CD3+, CD4+), CD8-T-Cells (CD3+, 

CD8+), NKT-Cells (CD3+, CD56+), CD56dim-NK-Cells (CD56dim, CD16+), CD56bright-NK-Cells (CD56bright, CD16-), Monocytes 

(CD14+/CD16+). A, Representative gating strategy. B, Indicated are the migration indices (median +/- range and individual data points) 

of migrated investigated lymphocytes (defined as the sum of CD4-T-Cells (CD3+, CD4+), CD8-T-Cells (CD3+, CD8+), NKT-Cells 

(CD3+, CD56+), CD56dim-NK-Cells (CD56dim, CD16+) and CD56bright-NK-Cells (CD56bright, CD16-), For each cell line 3 

independent experiments with PBMC from 6 healthy donors were performed with each dot representing an individual donor. P-values 

were calculated using paired t-tests. 
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Supplemental Figure S7. Photon and particle irradiation induces dose-dependent cellular senescence which correlates strongly with 

clonogenic survival outcomes. Related to Figure 5. A, Shown is the percentage (mean ± SD) of SA-β-Gal positive PANC-1 cancer cells, 

which were treated with the indicated doses of photon, proton or carbon ion irradiation. The regression line was fitted with linear 

regression. P-values were calculated using a mixed effects model. B, Clonogenic survival and senescence show a strong (negative) 

correlation in all investigated radiation types. Clonogenic survival was measured by clonogenic survival assays as indicated in Figure 

5A. Senescence was measured by SA-β-Gal assays as indicated in Figure S7A. Correlation was calculated using Spearman 

correlation.  
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Supplemental Figure S8. Photon and particle irradiation can induce senescence with context-dependent higher biological 

effectiveness of carbon ions regarding SASP chemokine release. Related to Figure 5. A, Representative images of SA-β-Gal stained 

PANC-1 cancer cells irradiated with indicated doses of photons or particles. B, Physical equivalent doses of carbon ions induce higher 

release of CCL20 and CXCL8 from SK-MEL-28 cells as determined by flow cytometric bead-based immunoassays. Indicated are 

concentrations (mean + SD) from n=6 independent experiments. P-values were calculated with one-way ANOVA and significance 

testing using the Holm-Šídák method or unpaired t-tests (zig-zac line). C, CXCL8 release of SK-MEL-28 melanoma cells irradiated with 

different doses of photon or carbon ion irradiation as determined by ELISA of conditioned media at day 5 after irradiation. Indicated are 

concentrations (mean ± SD) from one experiment with technical duplicates. 
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Supplemental Table S2. Patient characteristics of investigated patient-derived pancreatic tumor explants. Related to Figure 2. 



SASP Factor References 

CCL2 (MCP-1) (1-8) 

CCL4 (MIP-1β) (5, 6, 9, 10) 

CCL5 (RANTES) (1, 4-7, 11-13) 

CXCL1 (GRO-a) (1, 2, 6, 7, 12, 14-17) 

CXCL8 (IL-8) (1, 2, 6, 15, 17-21) 

CXCL10 (IP-10) (2, 5, 6, 16, 22, 23) 

ICAM1 (2, 6, 15, 17, 21, 24, 25) 

IL1a (1, 2, 4, 6, 7, 15-19, 26) 

IL6 (1, 2, 6, 7, 12, 15-19, 21)  

TNFa (5, 6, 12, 22, 27, 28) 

 
 
Supplemental Table S3. References for established SASP factors used for the SASP factor score. Related to Figure 2.  
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