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            Abstract
A complete understanding of how exposure to environmental substances promotes cancer formation is lacking. More than 70 years ago, tumorigenesis was proposed to occur in a two-step process: an initiating step that induces mutations in healthy cells, followed by a promoter step that triggers cancer development1. Here we propose that environmental particulate matter measuring ≤2.5 μm (PM2.5), known to be associated with lung cancer risk, promotes lung cancer by acting on cells that harbour pre-existing oncogenic mutations in healthy lung tissue. Focusing on EGFR-driven lung cancer, which is more common in never-smokers or light smokers, we found a significant association between PM2.5 levels and the incidence of lung cancer for 32,957 EGFR-driven lung cancer cases in four within-country cohorts. Functional mouse models revealed that air pollutants cause an influx of macrophages into the lung and release of interleukin-1β. This process results in a progenitor-like cell state within EGFR mutant lung alveolar type II epithelial cells that fuels tumorigenesis. Ultradeep mutational profiling of histologically normal lung tissue from 295 individuals across 3 clinical cohorts revealed oncogenic EGFR and KRAS driver mutations in 18% and 53% of healthy tissue samples, respectively. These findings collectively support a tumour-promoting role for  PM2.5 air pollutants  and provide impetus for public health policy initiatives to address air pollution to reduce disease burden.
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                    Fig. 1: Exploring the association between cancer and air pollution.[image: ]


Fig. 2: PM promotes lung tumorigenesis.[image: ]


Fig. 3: Increased progenitor-like ability of EGFR mutant cells following PM exposure.[image: ]


Fig. 4: Mutational landscapes of healthy lung tissue.[image: ]
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              Duplex-seq data for the PEACE and BDRE cohorts are available at the European Genome–Phenome Archive (EGA) with the identifier EGAS00001006951. Duplex-seq data generated from PEACE study samples during this study are not publicly available and restrictions apply to the availability of these data. Such Duplex-seq data are available through the Cancer Research UK and University College London Cancer Trials Centre (ctc.peace@ucl.ac.uk) for academic, non-commercial research purposes upon reasonable request and subject to review of a project proposal that will be evaluated by a PEACE data access committee, entering into an appropriate data access agreement and subject to any applicable ethical approvals. Duplex-seq data generated from the BDRE study are available through J. DeGregori (James.Degregori@cuanschutz.edu) for academic, non-commercial research purposes upon reasonable request, entering into an appropriate data access agreement and subject to any applicable ethical approvals. The Duplex-seq data for the BDRE and PEACE studies were generated using a larger panel of probes that covered approximately 50 kb of the genome, spanning hotspots frequently mutated in cancers. This full dataset has been provided for the 17 never-smoker individuals from the PEACE study. For all other samples, only data for the EGFR and KRAS regions queried are included in this manuscript. The RNA-seq data for the COPA study are available at the EGA with the identifier EGAS00001006966. De-identified participant data are available upon reasonable request to C.C. (christopher.carlsten@ubc.ca) for academic, non-commercial research purposes. Data availability is subject to a data access agreement and applicable ethical approvals. Mouse WGS data are available at the European Nucleotide Archive (ENA) with the identifier PRJEB58221 (ERP143287). Mouse RNA-seq data are available at the ENA with the identifier PRJEB59269 (ERP144330). Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Study design, DNA analysis & epidemiology.
A) Study design schematic featuring the 3 aspects of the paper. LEFT: Epidemiological analysis of cancer incidence and PM2.5. MIDDLE: Pollution exposure in mouse models. RIGHT: Normal lung tissue analysis. B) TX421 Tumours from Smokers. Barplots indicating proportion of SNVs in each tumour attributed to each SBS mutational signature. The barplots (Top: Lung adenocarcinoma (LUAD), Bottom: Lung sqaumous cell carcinoma (LUSC)) reflect the probability that clonal driver mutations in patients, where smoking-related signatures have been detected, are caused by different mutational processes (SBS4 and SBS92 smoking, SBS2 and SBS13 APOBEC, SBS1 and SBS5 ageing). Each observed driver mutation in each patient is given a mutational-signature-causing probability based on the trinucleotide context and the signatures exposure of the patient (see Methods) and then these probabilities are aggregated. Asterisks represent patients where the smoking-related aggregated probabilities are below 0.5. C) Correlation between PM2.5 levels and EGFR mutant (EGFRm) adenocarcinoma lung cancer incidence in England. The blue line: robust linear regression line; grey shading: 95% confidence interval. D-E) The Canadian Lung Cancer Cohort. D) Distribution of 3 year and 20 year cumulative PM2.5 exposure levels for all patients in the Canadian cohort. Red lines mark the thresholds that were used to determine Low, Intermediate and High groups that are used in (D). These are the 1st (6.77 ug/m3) and 5th quintiles (7.27 ug/m3) of the distribution. The full distribution is displayed in the top plot, while the bottom plot displays a narrower range of 4–10 ug/m3 (for clarity). E) Counts and frequencies of EGFRm in the Canadian Cohort, where 3 year and 20 year cumulative PM2.5 exposure levels were available. Patients are grouped into high, intermediate and low groups based on thresholds established as described in (D). These groups are defined based on 3 year cumulative PM2.5 exposure data (left) and based on 20 year cumulative PM2.5 exposure data (right). The bar plots display the counts and frequency of EGFRm amongst patients within each group. The map was created using DEFRA data in R. The illustrations in A were created using BioRender (https://biorender.com).


Extended Data Fig. 2 Effect of PM in multiple mouse models of lung cancer.
A) Schematic of PM exposure and representative huEGFRL858R IHC of ET mice induced with AT2-specific Ad5-SPC-Cre exposed to PM or PBS control and quantification of neoplastic lesions (n = 14 PBS, n = 11 PM). Mann-Whitney test. B) Schematic of PM exposure followed by induction of EGFRL858R and quantification of precancerous lesions/mm2 of lung tissue (n = 9 PBS; n = 7 5 μg; n = 11 50 μg PM). One-way ANOVA. C) Schematic of PM exposure and representative H&E of a lung adenocarcinoma in a 50 μg PM exposed, doxycycline treated CCSP-rtTa; TetO-EGFRL858R mice; quantification of number of adenocarcinomas per mouse below (n = 9 per group). One-way ANOVA. D) Schematic of PM exposure and representative IHC for red fluorescent protein (RFP, marks tdTomato+ cells) in Rosa26LSL-tdTomato/+;KrasLSL-G12D/+ mouse model in control or 50 μg PM exposed conditions; quantification of number of hyperplastic lesions per mouse (n = 9 control, n = 9 5 μg and n = 12 50 μg). One-way ANOVA. Scale bar 50 μm (C main), 20 μm (C insert), 100 μm A & D.
Source data


Extended Data Fig. 3 Whole genome sequencing analysis of mouse tumours.
WGS analysis of tumours from ET mice exposed to air pollution (n = 5) and those exposed to PBS controls (n = 5). Each mouse tumour is compared vs the corresponding germline from the same mouse. A) Mutational profiles for each tumour sample according to the mutation trinucleotide context. LEFT: PBS Controls, RIGHT: 50 μg PM. B) Barplots indicate the counts of mutations in each sample, where bars are colored based on the base change. C) Boxplot comparing the counts of mutations between tumours from pollution exposed mice (50 μg PM) and tumours from PBS exposed mice (PBS Control). All mutations are summarised in one plot on the left, and are then further divided based on the base change of the mutation (n = 5 mice per group). Two-sided t-test comparing numbers of mutations between PBS and air pollution p-values are displayed. The boxplot line represents the median, the hinges of the box represent the 1st and 3rd quartiles and the limits of the whiskers represent the 1.5 interquartile range. D) Attribution of mutations in each tumour sample to each single base substitution (SBS) mutation signature. The shading indicates the weight of the signature within each sample. Majority of the weights have been assigned to ageing related signatures (SBS40, SBS5, SBS1) Komogolomov-Smirnoff test p-value = 0.26–0.68.


Extended Data Fig. 4 Immune cell profiling in response to PM.
A) Immune cell frequencies in the lungs determined by flow cytometry 24 h post-exposure from induced T and ET mice after 50 μg PM (red) or PBS control (blue) (n = 8 mice per group). Data are presented as the frequency among live CD45+ immune cells. One-way ANOVA. B) Representative immunofluorescent images of CD68+ macrophages (cyan) and tdTomato+ EGFR mutant cells (red) within ET lungs exposed to control or 50 μg PM. Quantification of CD68+ cells per mm2 of lung tissue (n = 4 mice per group). One-way ANOVA. C) Representative immunofluorescent images of CD68 (red), CD11b (green) and merged images from induced ET mice after 3 weeks of exposure to PBS (top) or 50 μg PM (bottom). Quantification of alveolar macrophages (AMΦ, CD68+CD11b−) and interstitial macrophages (IMΦ, CD68+CD11b+) per mm2 of lung tissue, selecting 10 x random 500 μm2 fields of view per mouse (n = 3 mice per group). One-way ANOVA. D) Representative immunofluorescent images of CD68+ macrophages (cyan) within CCSP-rtTA; TetO-EGFRL858R lungs treated with PBS (top) or 50 μg PM (bottom) 10 weeks post oncogene induction; quantification of CD68+ cells per mm2 of lung tissue, selecting 20 x random 500 μm2 fields of view per mouse (n = 3 mice per group). Unpaired t-test. E) Representative immunofluorescent images of CD68+ macrophages (cyan) and tdTomato+ KrasG12D mutant cells (red) within KT lungs treated with PBS (top panel) or 50 μg PM (bottom) 10 weeks post oncogene induction; quantification of CD68+ cells per mm2 of lung tissue, selecting 20 x 500 μm2 fields of view containing RFP+ cells per mouse (n = 3 mice per group). Unpaired t-test. Scale bar 50 µm B & D, 150 µm C & E. Gating strategies for flow cytometry analysis provided in Extended Data Fig. 6.
Source data


Extended Data Fig. 5 PM-mediated transcriptional changes, effects on AT2 cells and characterising IL-1β.
A-B) Significantly enriched GSEA pathways upregulated in T-PM lung epithelial cells compared to T control mice (A), in ET-PM lung epithelial cells compared to ET control mice (B). For each comparison, barplots indicate the -log10(FDR) of the Komogolomov-Smirnoff test p-value for each pathway. C) AT2 activated progenitor score derived from scRNAseq of bleomycin treated mouse lung used to deconvolute bulk RNA-seq of T and ET mice exposed to 50 μg PM or PBS, (n = 5 mice per group). Welch’s t-test between control and PM. Line represents mean of data. D) Schematic displaying experimental set-up of clinical exposure study in never-smoker volunteers, crossover design with (i) and (ii) in random order separated by 4-week washout. E) Fold change (FC) of significantly upregulated genes (identified in mouse) compared to the fold change of genes changed in the clinical exposure study. Common directionality across species indicated by colour (negative: blue background; positive: red background). F) Schematic of AT2 culture from T or ET mice exposed to 50 μg PM or PBS, with induction of tdTomato or oncogene ex vivo. G) Representative fluorescent images of tdTomato+ AT2 organoids at day 14 from ET mice exposed to PBS or 50 μg PM in vivo. Scale bar 100 μm. H) Quantification of tdTom+ AT2 organoid forming efficiency, data represents averages from 2 technical replicates/mouse; n = 4 mice from T control and PM; n = 5 mice for ET control and PM. One-way ANOVA. I) Representative fluorescent imaging of tdTomato (yellow), Keratin 8 (magenta), SPC (blue) on a wholemount AT2 organoid from an ET mouse treated with 50 μg PM. Scale bar is 20 μm. J) LEFT: Representative IL-1β RNAscope performed on lungs from ET mice treated with PBS or 50 μg PM after 3 weeks of exposure. Scale bar 20 µm. RIGHT: Quantification of IL-1β+ cells per mm2 of lung tissue from 30 random fields of view (control, n = 3 mice) and 28 fields of view (50 μg PM, n = 3 mice). Mann-Whitney test p-value is displayed. K) LEFT: Representative image of IL-1β RNAscope (green) in CD68 positive (red) macrophages in an ET mouse exposed to 50 μg PM, arrows indicate positive macrophages. n = 3 mice  exposed to 50 μg PM. Scale bar 50 μm. RIGHT: Quantification of IL-1β positive CD68+ cells compared to CD68− cells at 3 weeks post induction in ET mice following exposure to PM. Mann-Whitney test. L) LEFT: Representative fluorescent images of EGFRL858R naive (non-PM exposed) AT2 organoids from ET mice treated with control or IL-1β in vitro. tdTomato (yellow) organoids stained with SPC (blue) and Keratin 8 (magenta). Scale bar 50 μm. RIGHT: Quantification of organoid size with each dot representing an organoid at day 14 of control (blue) or IL-1β treated (orange). Organoids derived from n = 2 mice per group. Mann-Whitney test. M) Schematic of anti-IL-1β treatment treatment (black triangles) during PM exposure (black lines) and harvest (red triangle). The illustrations in d and f were created using BioRender (https://biorender.com).
Source data


Extended Data Fig. 6 Flow cytometry Gating strategy used to identify epithelial and immune cells.
A, B) Example of flow gating strategy to determine frequency of lung (A) alveolar macrophages, interstitial macrophages, neutrophils, dendritic cells and (B) epithelial cells both tdTomato positive and negative. All samples were first gated to exclude debris and doublets, followed by live cell discrimination. C) Representative picture from a tdTomato mouse treated with control PBS for 3 weeks using sort strategy to enrich for for AT2 cells defined in Major et al. 61 and both alveolar and interstitial macrophages defined in Choi et al. 22.


Extended Data Fig. 7 CONSORT Diagrams for the normal lung tissue profiling cohorts.
TOP: TRACERx study, MIDDLE: PEACE study, BOTTOM: BDRE study.


Extended Data Fig. 8 Normal tissue study design and ddPCR results.
A) Schematic indicating normal lung tissue cohorts analysed by ddPCR and Duplex-seq. B) TRACERx and PEACE Cohort for ddPCR of 5 EGFR mutations. (i) Clinical information for each patient, (ii) Tumour EGFR mutation status, (iii) Normal EGFR mutation status. C) Representative H & E images from anthracotic pigment identification in TRACERx normal tissue. D) Comparing area of normal tissue harbouring anthracotic pigment in never smokers (n = 43) and smokers (n = 138). Each dot represents the ratio of pigmented area respective to total tissue in each anthracosis positive normal lung tissue sample. Two-sided Wilcox test p-value is reported. E) Regression analysis of characteristics influences EGFR mutant (EGFRm) presence in normal lung tissue for ddPCR-TRACERx cohort (n = 195). The illustrations in a were created using BioRender (https://biorender.com).


Extended Data Fig. 9 Normal tissue Duplex-seq results.
A) Top: EGFR Mutations detected using Duplex-seq across EGFR exons 18–21 on normal lung samples from the BDRE Study. Bottom: VAFs of each EGFR mutation are displayed. B) Top: KRAS Mutations detected using Duplex-seq across KRAS exons 2-3 on normal lung samples from the BDRE Study. Bottom: VAFs of each KRAS mutation are displayed. A-B) Only cancer-related mutations annotated in the cancer gene census are displayed. Mutations with strong evidence of being a lung cancer driver mutation are indicated in red, while mutations with some evidence of being a lung cancer driver mutation are indicated in pink, all other drivers annotated in COSMIC are indicated in blue. C) VAFs of KRAS mutations across samples of different cancer types. The one patient who received BRAF inhibitor treatment is indicated in purple. D) Comparing VAFs of high confidence (var count >=2, strong evidence) driver mutations in EGFR and KRAS. TOP: Boxplots summarise VAFs across samples. The boxplot line represents the median, the hinges of the box represent the 1st and 3rd quartiles and the limits of the whiskers represent the 1.5 interquartile range. Mutations are grouped according to the gene harbouring the mutation and smoking status of the patient. Two-sided Wilcox test p-values are reported. BOTTOM: dot plots show VAFs of mutations in each sample. Where a sample has 2 mutations (n = 4), they are both indicated. Dots are coloured by the gene harbouring the mutation (EGFR or KRAS). A paired t-test was performed between the VAFs of EGFR and KRAS mutations in these 4 cases. (Paired t-test p = 0.015) (Details of driver mutations can be found in Supplementary Table S8).





Supplementary information
Reporting Summary

Supplementary Table 1
Patient Characteristics of the England Cohort. Summary of clinical characteristics from the England lung cancer cohort. The ‘EGFRwt vs EGFRm’ sheet compares patients with and without EGFR mutations in their tumours, whereas the ‘EGFRm Tested vs Non Tested’ sheet compares patients who were tested and untested for EGFR mutations. Chi-squared test P values are reported.


Supplementary Table 2
Patient characteristics of the Korea cohort. Summary of clinical characteristics from the South Korea lung cancer cohort. The ‘EGFRwt vs EGFRm’ sheet compares patients with and without EGFR mutations in their tumours. Chi-squared test P values are reported.


Supplementary Table 3
Patient characteristics of the Taiwan cohort. Summary of clinical characteristics from the Taiwan lung cancer cohort. The ‘EGFRwt vs EGFRm’ sheet compares patients with and without EGFR mutations in their tumours, whereas the ‘EGFRm Tested vs Non Tested’ compares patients who were tested and untested for EGFR mutations. Chi-squared test P values are reported.


Supplementary Table 4
UK Biobank interaction tests and cancer type definitions. Results of multivariable Cox regressions investigating PM2.5 and cancer incidence in the UKBB. The ‘Lung (main)’ sheet shows the results for all covariates for the analysis on the full cohort. The ‘PanCancer’ sheet features the results for PM2.5 for all cancer types analysed. The ‘Lung (adenocarcinoma only)’ and ‘Lung (migration)’ sheets contain the results for all covariates when analysing only LUAD and those who remained at their baseline address for at least 3 years before baseline, respectively. Cox-regression P values are reported. The ‘ICD10codes_cancerTypes’ sheet contains the ICD tenth version codes used to define each analysed cancer type.


Supplementary Table 5
Mouse RNA-seq. Results of the differential expression analysis of RNA-seq libraries from reporter tdTomato mice exposed to PBS (T), or particulate matter (T+PM); or tdTomato;EGFRL858R mice exposed to PBS (ET+PBS) or particulate matter (ET+PM). The ‘Mouse DGE Analysis’ sheet features for each gene, metrics output from DESeq2 and the top two PCs from the PC analysis. The ‘Mouse and Human DGE Analysis Comparison’ sheet features for each gene where human and mouse orthologues can be mapped, the differential expression analysis metrics between air pollution exposed libraries (Mouse: T+PM; Human: Diesel Exhaust (DE)) vs control (Mouse: T; Human: Filtered Air (FA)) libraries.


Supplementary Table 6
Healthy tissue Datasets analysed for EGFR mutations. Published datasets of DNA sequencing of healthy human tissues (skin, lung, oesophagus, colorectal, small intestine, liver, uterus and bladder) describing patient cohorts, sampling, sequencing technology and mutation calling. The presence of any EGFR mutation and EGFRL858R mutation with associated VAFs are reported.


Supplementary Table 7
Cohort clinical characteristics of the TRACERx, PEACE and BDRE studies. Clinical characteristics of each patient included in the healthy lung tissue profiling work. There is one sheet dedicated to each cohort: ‘ddPCR TRACERx’, ‘ddPCR PEACE’, ‘Duplex-seq PEACE’ and ‘Duplex-seq BDRE’.


Supplementary Table 8
Evidence of EGFR or KRAS cancer driver mutation status. Non-silent EGFR and KRAS mutations, detected by Duplex-Seq within PEACE and BDRE cohorts, were researched for published evidence of cancer driver status. For EGFR, literature reports of >1 patient with mutation (not including compound mutations) achieving stable disease (SD), partial response (PR) or complete response (CR) to a clinical EGFR inhibitor combined with supporting evidence (defined from in vitro studies, mouse model data or protein modelling analyses) were classified as ‘strong evidence’ drivers. Reports of 1 patient with SD, PR or CR to clinical EGFR inhibition or the presence of other supporting evidence were defined as ‘some evidence’ drivers. No reported patient sensitivity to EGFR inhibition or little supporting reports were defined as ‘weak evidence’ drivers. For KRAS, literature reports of frequent occurrence in cancer (above or equal to 2% of KRAS mutant cancers), in vitro studies and mouse model data were classified as ‘strong evidence’ drivers; protein modelling analyses were classified as ‘some evidence’ drivers.


Supplementary Table 9
Frequency of EGFR mutations and KRAS mutations in healthy lung tissue. Summaries of the proportion of patients with healthy lung tissues harbouring EGFR or KRAS mutations. Patients are stratified according to diagnosis, sex and smoking status. Proportion test P values are reported.


Supplementary Table 10
List of antibodies. Antibodies used for flow cytometry, immunohistochemical and immunofluorescence analyses of mouse tissue.
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