
 

 
 
 
 
 

Hill, W. et al. (2023) Lung adenocarcinoma promotion by air pollutants. Nature, 

616(7955), pp. 159-167. 

 

   

There may be differences between this version and the published version. You are 

advised to consult the publisher’s version if you wish to cite from it. 
 
 
 

https://eprints.gla.ac.uk/296557/ 
      

 
 
 
 
 

 
Deposited on: 20 April 2023 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Enlighten – Research publications by members of the University of Glasgow 

https://eprints.gla.ac.uk  

  

https://eprints.gla.ac.uk/296557/
https://eprints.gla.ac.uk/


 1 

Lung Adenocarcinoma Promotion by 1 

Air Pollutants 2 

William Hill1*, Emilia L Lim1,2*^, Clare E Weeden1*, Claudia Lee1,26,2,35**, Marcellus 3 
Augustine1,2,35**, Kezhong Chen2,3, Feng-Che Kuan4,16, Fabio Marongiu11,15, Edward J. 4 
Evans Jr.11, David A Moore1,2, Felipe S Rodrigues21, Oriol Pich1,2, Bjorn Bakker1, Hongui 5 
Cha5,2, Renelle Myers30, Febe van Maldegem8,9, Jesse Boumelha8, Selvaraju Veeriah1,2, 6 
Andrew Rowan1,2, Cristina Naceur-Lombardelli1,2, Takahiro Karasaki1,2, Monica Sivakumar2, 7 
Deborah Caswell1, Ai Nagano1,2, James Black2, Carlos Martinez Ruiz2, Min Hyung Ryu22, 8 
Ryan D Huff22, Shijia Li22, Marie-Julie Favé33, Alastair Magness1,2, Alejandro Suárez-9 
Bonnet6,7, Simon L Priestnall6,7, Margreet Lüchtenborg10,18, Katrina Lavelle10, Joanna 10 
Pethick10, Steven Hardy10, Fiona McRonald10, Meng-Hung Lin17, Clara Troccoli11, Moumita 11 
Ghosh12, York E Miller12,13, Daniel T Merrick14, Robert L Keith12,13, Maise Al Bakir1,2, Chris 12 
Bailey1,2, Mark Hill1,2, Lao H Saal19,20, Yilun Chen19,20, Anthony M George19,20, Christopher 13 
Abbosh1,2, Nnennaya Kanu1,2, Se-Hoon Lee5, Nicholas McGranahan2, Christine D Berg34, 14 
Peter Sasieni31, Richard Houlston32, Clare Turnbull32, Stephen Lam30, Philip Awadalla33, Eva 15 
Grönroos1, Julian Downward8, Tyler Jacks28,29, Christopher Carlsten22, Ilaria Malanchi21, 16 
Allan Hackshaw23, Kevin Litchfield2, the PEACE Consortium, the Lung TRACERx 17 
Consortium, James DeGregori11^, Mariam Jamal-Hanjani2,24,25^, Charles Swanton1,2,24# 18 
 19 
 20 
*Authors Contributed Equally 21 
**Authors Contributed Equally 22 
^Authors Supervised the Work 23 
#Corresponding Author 24 
 25 
1 Cancer Evolution and Genome Instability Laboratory, The Francis Crick Institute, London, 26 
UK. 27 
2 Cancer Research UK Lung Cancer Centre of Excellence, University College London 28 
Cancer Institute, London, UK. 29 
3 Department of Thoracic Surgery and Thoracic Oncology Institute, Peking University 30 
People's Hospital, Beijing, China. 31 
4 Department of Hematology and Oncology, Chang Gung Memorial Hospital, Chiayi Branch, 32 
Chiayi, Taiwan. 33 
5 Division of Hematology-Oncology, Department of Medicine, Samsung Medical Center, 34 
Sungkyunkwan University School of Medicine, Seoul, 06351, Korea. 35 
6 Dept Pathobiology & Population Sciences, The Royal Veterinary College, Hawkshead 36 
Lane, N Mymms, Hatfield, Hertfordshire, AL9 7TL 37 
7 Experimental Histopathology STP, The Francis Crick Institute. 38 
8 Oncogene Biology Laboratory, Francis Crick Institute, 1 Midland Road, London NW1 1AT, 39 
UK 40 
9 Department of Molecular Cell Biology and Immunology, Amsterdam UMC, Location 41 
VUMC, Amsterdam, The Netherlands 42 
10 National Disease Registration Service (NDRS), NHS Digital. London UK 43 
11 Department of Biochemistry and Molecular Genetics, University of Colorado Anschutz 44 
Medical Campus, Aurora, Colorado. 45 
12 Division of Pulmonary Sciences and Critical Care Medicine, Department of Medicine. 46 
13 Veterans Affairs Eastern Colorado Healthcare System, Aurora, Colorado. 47 



 2 

14 Department of Pathology, University of Colorado Anschutz Medical Campus, Aurora, 48 
Colorado. 49 
15 Department of Biomedical Sciences, University of Cagliari, Italy 50 
16 Graduate Institute of Clinical Medical Sciences, Chang-Gung University, Taoyuan, 51 
Taiwan. 52 
17 Health Information and Epidemiology Laboratory, Chang-Gung Memorial Hospital, Chiayi 53 
613016, Taiwan 54 
18 Centre for Cancer, Society & Public Health, Comprehensive Cancer Centre, School of 55 
Cancer and Pharmaceutical Sciences, King’s College London 56 
19 SAGA Diagnostics AB, Lund, Sweden 57 
20 Division of Oncology, Department of Clinical Sciences, Lund University, Lund, Sweden 58 
21 Tumour–Host Interaction Laboratory, The Francis Crick Institute, London, UK 59 
22 Department of Medicine, Division of Respiratory Medicine, Chan-Yeung Centre for 60 
Occupational and Environmental Respiratory Disease, Vancouver Coastal Health Research 61 
Institute, UBC, Vancouver, BC, Canada. 62 
23 Cancer Research UK & University College London Cancer Trials Centre, London, UK. 63 
24 Department of Medical Oncology, University College London Hospitals, London 64 
25 Cancer Metastasis Laboratory, University College London Cancer Institute, London, UK 65 
26 Agency for Science, Technology and Research, Singapore 66 
27 University College London Medical School, London, UK 67 
28 David H. Koch Institute for Integrative Cancer Research, Cambridge, MA, USA 68 
29 Department of Biology, Massachusetts Institute of Technology, Cambridge, MA, USA 69 
30 BC Cancer Research Institute, University of British Columbia, Vancouver, BC Canada 70 
31 Comprehensive Cancer Centre, King's College London, London, UK. 71 
32 Division of Genetics and Epidemiology, Institute of Cancer Research, London, UK. 72 
33 Ontario Institute for Cancer Research, Toronto, ON, Canada. 73 
34 National Cancer Institute (retired), Bethesda, Maryland. 74 
35 Cancer Research UK City of London Centre, London, UK 75 
 76 

 77 

  78 



 3 

Summary 79 

A complete understanding of how environmental carcinogenic exposures promote cancer 80 

formation is lacking. Over 70 years ago, tumour formation was proposed to occur in a two 81 

step process: an initiating step which induces mutations in normal tissue, followed by a 82 

promoter step which triggers cancer development. Recent evidence has revealed healthy 83 

human tissue contains a patchwork of clones harbouring oncogenic mutations.This led us to 84 

hypothesise that environmental particulate matter measuring <2.5μm  (PM2.5), known to be 85 

associated with lung cancer risk, might promote lung cancer by acting on pre-existing cells 86 

harbouring oncogenic mutations in normal lung tissue. Focusing upon EGFR-driven lung 87 

cancer, more common in never- or light-smokers, we observed a significant association 88 

between PM2.5 levels and the incidence of lung cancer in 371,543 individuals from UK 89 

BioBank, resident at the same address for at least 3 years, and for 32,957 EGFR-driven lung 90 

cancer cases in Public Health England, Taiwan Chang Gung Memorial Hospital, Korean 91 

Samsung Medical Centre and the British Columbia Cancer Research Centre cohort. 92 

Functional mouse models revealed that pollution causes an influx of macrophages into lung 93 

epithelium and interleukin-1� release, resulting in a progenitor-like cell state within EGFR 94 

mutant lung alveolar type II epithelial cells that fuel and promote tumorigenesis, in a process 95 

that can be attenuated with anti-interleukin-1�. Ultradeep mutational profiling of histologically 96 

normal lung tissue from 295 individuals across 3 clinical cohorts revealed oncogenic EGFR 97 

and KRAS driver mutations in 18% and 53% of normal tissue samples, respectively. These 98 

findings collectively support a tumour-promoting role for PM2.5 acting on mutant clones in 99 

normal lung tissue, providing support for public health policy initiatives to address air 100 

pollution in urban areas to reduce disease burden. 101 
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Main text 102 

Introduction 103 

Barrier organs, such as the lung, are directly impacted by exposure to environmental 104 

challenges. Accordingly, over 20 environmental and occupational agents are proven lung 105 

carcinogens (IARC, 2015), and exposure to these are of particular relevance in 106 

understanding lung cancer in the non-smoking population. Lung cancer in never smokers 107 

(LCINS) is the 8th most common cause of cancer death in the UK1 and has distinct clinical 108 

and molecular characteristics compared to lung cancer in smokers2. In particular, LCINS 109 

frequently harbour EGFR oncogenic mutations which tend to be more frequent in female 110 

patients, and in East Asian compared to Western patients3. Several plausible factors have 111 

been proposed to explain the observed sex and geographical disparities of EGFR mutant 112 

lung cancer, including germline genetics4, ethnicity, radon exposure, occupational 113 

carcinogen exposure and air pollution5. While there is a clear tobacco-associated mutational 114 

signature in lung cancer in smokers6, LCINS and EGFR-mutant lung cancers are 115 

characterized as harbouring relatively few mutations7–11 and  LCINS has no mutational 116 

signature reflecting a specific environmental exposure7 suggesting alternative mechanisms 117 

of LCINS initiation.  118 

 119 

Ambient air pollution in the form of particulate matter (PM) is categorized by size including 120 

coarse particles with an aerodynamic-mass median diameter, 2.5-10 μm, (PM10), fine 121 

particles <2.5 μm, (PM2.5) and ultrafine particles (<0.1 μm, PM0.1).  PM2.5 is of major 122 

importance given that approximately 99% of people live in areas that exceed the WHO 123 

guideline PM2.5 (<5 μg/m3). Whilst air pollution levels vary widely between countries, 124 

estimates suggest it is the world’s fourth leading cause of death, accounting for 6.7 million 125 

deaths in 2019, with communities with low socioeconomic status disproportionately exposed 126 
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to higher concentrations12. Air pollution arises from a variety of sources including fossil-fuel 127 

combustion and the burning of biomass for cooking, with particulate matter (PM) linked to 128 

multiple health effects, including chronic obstructive pulmonary disease and asthma13.  129 

 130 

Traditionally, it is thought that carcinogens cause tumours by directly inducing DNA 131 

damage14. However, recent data from Balmain and colleagues, suggest that many 132 

carcinogens do not cause a detectable DNA mutational signature in tumours following 133 

exposure 14,15.  A recent genetic analysis found that mutational signatures do not fully explain 134 

the varied geographical incidence of oesophageal cancer16, and efforts that have profiled 135 

LCINS tumour genomes failed to detect a dominant carcinogenic signal of mutations deriving 136 

from exogenous sources7,11,17–19. Furthermore, in the Sherlock study7 of lung cancer, 137 

exogeneous mutational signatures could only be identified in 3% of 232 LCINS genomes.  138 

 139 

An alternative hypothesis for how environmental agents might act is by promoting cancer 140 

development from initiated but dormant mutant cells20. In the absence of exposure to a 141 

promoting agent, DMBA-induced mutations in the skin remain dormant for most of the 142 

lifespan of the mouse but rapidly progress following treatment with inflammatory stimulus 21.  143 

In support of the presence of such pre-existing mutant cells in normal tissues in humans, 144 

sensitive deep sequencing approaches have revealed mutations in clones within normal 145 

tissue from multiple organ sites, a minority of which are known to be driver oncogenic 146 

mutations in tumours22–25.  147 

 148 

We hypothesised that air pollution might promote inflammatory changes in the normal tissue 149 

microenvironment permitting mutated clones to expand and initiate tumours. To address this, 150 

we combined epidemiological evidence with functional pre-clinical mouse cancer models, 151 

and clinical cohorts providing access to normal lung tissue, to decipher potential 152 

mechanisms of air pollution-induced lung tumour promotion and actionable targets for 153 

molecular cancer prevention (Figure 1A). 154 
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 155 

Results 156 

Frequency of EGFRm lung cancer correlates with PM2.5 levels across 157 

global datasets 158 

Our recently published analysis of the TRACERx 421 cohort revealed that despite a history 159 

of smoking, a minority of LUADs (8%) lacked evidence of smoking-mediated mutagenesis, 160 

including 6.4% of LUADs associated with >15 years of smoking26. Consistent with this 161 

analysis, 7-12% of smokers in the TRACERx 421 cohort do not have a driver SNV that can 162 

be attributed to a smoking mutation signature (SBS4/SBS92) (Extended Data Figure 1A). 163 

Taken together with work from Balmain and colleagues demonstrating that many 164 

environmental carcinogens do not lead to a detectable mutagenic signature15, the question 165 

arises as to how environmental carcinogens might facilitate cancer initiation in the absence 166 

of detectable DNA mutagenesis. In order to address this question, we studied EGFR mutant 167 

(EGFRm) lung cancer which has a high prevalence in LCINS (in England the probability of 168 

having an EGFRm tumour in a LCINS patient is 36-40%) and because of the apparent 169 

geographical disparities in its occurrence (Supplementary Table 1-3). 170 

 171 

To examine the relationship between air pollution and EGFR mutant lung cancer incidence, 172 

we used several ecological correlation analyses, acknowledging that these analyses only 173 

provide estimates of incidence. We considered data from three countries to explore different 174 

ranges of PM2.5 air pollution and ethnicities: England (92.06% Caucasian cohort; PM2.5 IQR: 175 

9.95-11.2 μg/m3), South Korea (estimated >99% Asian cohort27: PM2.5 IQR: 24.0-27.0 176 

μg/m3) and Taiwan (estimated >98% Asian cohort4; PM2.5 IQR: 24.3-38.2 μg/m3). In each 177 

country, there was a consistent relationship between PM2.5 levels (average concentration per 178 

geographical area) and estimated EGFR mutant lung cancer incidence (Figure 1B-D). The 179 
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relative rates of EGFRm lung cancer incidence (per 100,000 population), per 1ug/m3 180 

increment of PM2.5 were: England: 0.63 (p-value=0.0028), Korea: 0.71 (p-value=0.0091), 181 

Taiwan: 1.82 (p-value=4.01e-06). In addition, when we restricted the England cohort to 182 

adenocarcinoma cases, the relationship remained significant (Extended Data Figure 1B). 183 

 184 

We were not able to account for migration of individuals prior to diagnosis of lung cancer. As 185 

such, we obtained a female never-smoker, lung cancer (92% adenocarcinoma), cohort from 186 

British Columbia, Canada, where PM 2.5 cumulative exposure was individually calculated for 187 

each case via a detailed residential history from birth to current address, and input into 188 

geographical information System mapping (GIS)29. The majority of this cohort (83%) were 189 

born outside of Canada and 46.7% were EGFR positive. An analysis of 3-year, high 190 

compared with low PM 2.5 cumulative exposure and 20-year high compared with low PM2.5 191 

cumulative exposure (Methods) revealed the frequency of EGFRm in lung cancer cases was 192 

significantly higher after 3 years of high air pollution exposure. (EGFRm frequency - 3 year: 193 

High Pollution: 73%, Low Pollution: 40%, p-value=0.03). Of note, this was not observed after 194 

20 years of high vs low cumulative exposure. 20 year: High Pollution: 50%, Low Pollution: 195 

38%, p-value=0.35) (Extended Data Figure 1C). This suggests that 3 years of exposure may 196 

be sufficient for EGFRm lung cancers to arise. 197 

 198 

To explore if 3 years of cumulative PM2.5 exposure is associated with lung cancer (ICD: C33 199 

and C34) in an independent cohort, we obtained data from 407,509 UK Biobank participants 200 

(UKBB), where cancer incidence for 28 cancer types, residential location in the 3 years prior 201 

to registration, and residential outdoor PM2.5 data for the year 2010 were available.  202 

 203 

An analysis including all participants regardless of the consistency of residential location in 204 

the 3 years prior to registration demonstrated that PM2.5 (calculated at 1 μg/m3 increments) 205 

was associated with lung cancer incidence (Hazard Ratio = 1.08 (95% confidence interval 206 

1.04-1.12); raw p-value=<0.001, FDR=0.001), consistent with a previous analysis of the 207 
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UKBB data from Huang et al30 (Figure 1E; Supplementary Table S4). By contrast, lung 208 

cancer incidence was not associated with outdoor radon levels (HR = 0.96 (0.89 - 1.03); 209 

raw p-value=0.262). In addition, interaction tests between ever smoking status and PM2.5 210 

exposure suggest that smoking and high PM2.5 levels may have a combined effect on lung 211 

cancer risk (p-value=0.049). We also noted nominal significance (raw p-value<0.05; 212 

FDR>0.05) for lip and oropharyngeal cancer (HR = 1.10 (1.01-1.19); raw p-value=0.023; 213 

FDR=0.215) and mesothelioma (HR = 1.11 (1.00-1.24), raw p-value=0.048, FDR=0.339). 214 

While the estimated HRs from UKBB analyses are higher than in some population based 215 

epidemiological surveys31, this may reflect, the over-representation of wealthier, never-216 

smoker individuals in UKBB (Methods). Finally, we restricted our analysis to participants 217 

resident at the same address in the 3 years prior to registration (n=371,543) and observed 218 

that the relationship between lung cancer incidence and PM2.5 exposure remained significant 219 

(HR = 1.07 (1.03-1.11); p-value=<0.001).  220 

 221 

Collectively, these data combined with published evidence demonstrating the relationship 222 

between PM2.5 and LCINS29, are consistent with an association between the estimated 223 

incidence of EGFR mutant lung cancer and levels of PM2.5 exposure, and that at least 3 224 

years of air pollution exposure may be sufficient for this association to manifest. 225 

Air pollution promotes EGFR mutant lung cancer progression in mouse 226 

models 227 

We next used genetically engineered mouse models of lung adenocarcinoma to functionally  228 

examine if PM exposure promotes lung tumour development. We induced expression of 229 

oncogenic human EGFRL858R mutations in lung tissue using intratracheal delivery of 230 

adenoviral-Cre to mice engineered with Rosa26LSL-tTa/LSL-tdTomato; TetO-EGFRL858R alleles (ET 231 

mice). Following this, we delivered PBS control or fine PM, collected from an urban 232 

environment with certified organic and inorganic components32 at physiologically relevant 233 
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doses32. Mice were given intratracheal administration of PM or PBS control three times per 234 

week for three weeks after the induction of EGFRL858R and tumour burden was assessed at 235 

10 weeks post EGFRL858R induction (Figure 2A). In this model, rare, sporadic lung epithelial 236 

cells express oncogenic EGFR and expand to form pre-invasive neoplasia by 10 weeks 237 

(Figure 2A,B). Analysis at 10 weeks of ET mice exposed to PM revealed a significant, dose-238 

dependent increase in the number of EGFR mutant cells that had undergone clonal 239 

expansions to form neoplasia (control vs 5 μg p-value=0.047; control vs 50 μg p-240 

value=0.0007; Figure 2B). We further validated that PM is influencing epithelial cell tumour 241 

formation by targeting EGFRL858R specifically to alveolar type II (AT2) cells using adenoviral 242 

SPC-Cre and exposing mice to 50 μg of PM. Exposure to PM was sufficient to significantly 243 

increase the number of AT2 derived neoplasia (Extended Data Figure 2A). Exposure to PM 244 

before the induction of EGFR mutation in ET mice using adenoviral CMV-Cre also resulted 245 

in an increase in the number of early neoplasia (p-value=0.0241; Extended Data Figure 2B), 246 

suggesting that PM exposure before or after oncogene induction is sufficient to promote 247 

early EGFR mutant driven carcinogenesis.  248 

 249 

We observed that PM also increased the number of adenocarcinomas in the more 250 

aggressive CCSP-rtTa; TetO-EGFRL858R model of doxycycline-inducible lung 251 

adenocarcinoma (p-value=0.032; Extended Data Figure 2C), as well as the number of 252 

hyperplasia in an adenoviral-Cre Kras model of lung cancer (Rosa26LSL-tdTomato/+;KrasLSL-G12D/+ 253 

(KT); 5 μg p-value=0.048; 50 μg p-value=0.0087;Extended Data Figure 2D). Together, these 254 

data suggest that PM can promote tumour progression in both oncogenic Kras and EGFR-255 

driven models of lung adenocarcinoma.  256 

 257 

Next we explored the mechanisms by which PM might promote EGFR mutant lung 258 

tumourigenesis. Spatial analysis of clonal dynamics throughout early tumourigenesis in ET 259 

mice exposed to PM after induction of EGFRL858R (Figure 2C, see Methods), indicated that 260 

EGFR mutant cell expansion is not observed during PM exposure but manifests in the period 261 
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after PM cessation (p-value=0.0131, Figure 2D); the fraction of EGFRL858R cells that grew 262 

into clusters and the number of cells within these clusters were both significantly increased 263 

in PM exposed ET mice at 10 weeks but not at 3 weeks (p-value=0.253, Figure 2E). These 264 

data suggest PM acts in two ways to promote early tumourigenesis; by increasing the 265 

number of EGFR mutant cells with the potential to form a tumour and by elevating the 266 

proliferation rate of EGFR mutant cells within these early tumours.  267 

 268 

To test if PM promotes tumourigenesis through DNA mutagenesis within epithelial tumour 269 

cells, we performed whole genome sequencing (WGS) on tumours from ET mice exposed to 270 

50ug of air pollution (n=5), and PBS controls (n=5). We did not observe a significant 271 

increase in the number of mutations in tumours from pollution exposed mice (p-272 

value=0.304), nor enrichment in established single base substitution (SBS) signatures (p-273 

value=0.989), suggesting that short term exposure to PM does not enhance mutagenesis 274 

(Extended Data Figure 3). The majority of the mutations in tumours from pollution exposed 275 

and control mice were attributable to the ageing signature (Extended Data Figure 3). We 276 

next examined if the immune system was required for PM-enhanced EGFR mutant 277 

tumourigenesis. We crossed Rosa26LSL-tTa ;TetO-EGFRL858R mice with Rag2-/-; Il2rg-/-  mice 278 

which lack T, B, NK cells and have an altered myeloid compartment33  to generate immune-279 

deficient EGFR mutant mice upon intratracheal delivery of adenoviral Cre (Rag2-/-; Il2rg-/-280 

;Rosa26LSL-tTa/+; TetO-EGFRL858R). Unlike in the ET mice (Figure 2B), 3 weeks of exposure to 281 

PM did not result in a significant increase in neoplasia following EGFRL858R induction 282 

compared to PBS control mice, suggesting a competent immune system is required for PM-283 

enhanced EGFR mutant lung tumourigenesis (p-value=0.879; Figure 2F). 284 

 285 

The inhalation of toxic particles induces a local response in the lung which is mediated by 286 

macrophages as well as lung epithelial cells34,35. We profiled the acute myeloid response to 287 

PM in immune competent lungs harbouring EGFR mutant cells (ET mice) or control (T mice, 288 

Rosa26LSL-tdTomato/+) 24 hours after the final PM exposure.  We observed an increase in the 289 
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proportion of interstitial macrophages (IMs)(T p-value=0.0427, ET p-value=0.0335 Figure 290 

2G,) and the expression of PD-L1 upon these cells in both T and ET mice following 50µg PM 291 

exposure (T p-value=0.0309, ET p-value=0.0061; Figure 2H). Following PM exposure, there 292 

was no difference in the proportion of alveolar macrophages (AMs) in the lung (Extended 293 

Data figure 4A). There was a significant increase in neutrophils in T mice only and dendritic 294 

cells were only elevated in ET mice (Extended Data Figure 4A). Immunofluorescence 295 

staining of ET lungs with the pan-macrophage marker CD68 revealed increased density of 296 

CD68+ macrophages with PM exposure both acutely and 7 weeks post exposure (3 weeks 297 

p-value=<0.0001; 10 weeks p-value=0.0217; Figure 2I). These data suggest transient 298 

treatment with PM leads to a sustained increase of PM-associated macrophages throughout 299 

early tumorigenesis. We also observed this sustained increase in macrophages in both the 300 

doxycycline inducible EGFRL858R model and the KT model at 10 weeks post induction 301 

(Extended Data Figure 4B,C) and confirmed these were CD11b+; CD68+ interstitial 302 

macrophages (Extended Data Figure 4D). These data support the hypothesis that transient 303 

PM exposure is associated with enhanced and sustained lung macrophage infiltration, 304 

beyond the time of PM exposure. 305 

Elevated progenitor-like ability of EGFR mutant AT2 cells upon PM 306 

exposure 307 

Next, to understand how PM affects lung epithelium, we carried out RNA-seq of flow purified 308 

lung epithelia following exposure to four conditions; reporter T mice exposed to PM (T-PM) 309 

or PBS control (T), and ET mice exposed to PM (ET-PM) or PBS control (ET). Using 310 

principal components (PC) analysis we observed that PM induced significant alterations in 311 

the epithelial transcriptome from both T and ET mice, with PM accounting for 19% of the 312 

variance in differentially expressed genes (genes differentially expressed between T-PM and 313 

T display higher PC2 ranks, p-value<0.001) and EGFR mutation accounting for 38% of the 314 

variance (genes differentially expressed between ET and T display higher PC1 ranks, p-315 
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value<0.001) (Figure 3A), (Supplementary Table S5). Gene set enrichment analysis of ET 316 

mice exposed to PM compared to ET control mice revealed that IL6-JAK-STAT, 317 

inflammatory response and allograft rejection pathways were uniquely upregulated upon 318 

exposure to PM in EGFR-mutant epithelium in comparison to T mice (Figure 3B; Extended 319 

Data Figure 5A). In particular, we observed upregulation of genes  known to regulate 320 

macrophage recruitment (interleukin-1β (IL1β), GM-CSF, CCL6 and NF-Kb) and the 321 

epithelial-derived alarmin (IL33) in PM exposed mouse epithelia (Figure 3C). Lung injury 322 

models in mice can induce cell state changes within a proportion of AT2 cells, a likely cell of 323 

origin of lung adenocarcinoma36, and expand populations with a progenitor-like phenotype 324 

which mediate alveolar regeneration, and can be driven by inflammatory signals such as 325 

IL1β 37,38. Consistent with our data showing that PM can promote tumorigenesis from 326 

EGFRL858R mutant AT2 cells, we noted upregulation of genes previously associated with 327 

altered, progenitor-like AT2 cell states in PM treated mouse epithelial tissue (Figure 3C). In 328 

addition, deconvolution of single cell signals trained on mouse lung scRNA-seq of bleomycin 329 

treated mouse lungs39 identified a significantly increased Krt8+ AT2 progenitor state score 330 

only in ET mice exposed to PM (Extended Data Figure 5B) suggesting EGFRL858R mutant 331 

AT2 cells are transcriptionally reprogrammed to this progenitor cell state with PM exposure. 332 

We compared the mouse RNA-seq data to a human clinical crossover study, in which 333 

lung brushings from people who had never smoked were taken after exposure to diesel 334 

exhaust and filtered air40,41. A number of gene expression changes, significantly up-335 

regulated in mouse lung epithelium were also up-regulated in human lung epithelium 336 

(but not reaching significance in this small human cohort) after PM exposure including 337 

IL1β, IL1a markers of macrophage recruitment and ORM1 and LRG1 markers of the 338 

AT2 cell state (Extended Data Figure 5C,D). The details of each gene in this 339 

comparison are detailed in Supplementary Table S5.  340 

 341 



 13 

These results identify PM induced inflammatory pathways in mice and humans and 342 

transcriptional changes associated with lung progenitor cell states37. To test if these 343 

transcriptional changes are reflected in functional differences in epithelial cell progenitor 344 

behaviour following PM exposure, we performed a lung organoid formation assay42 in which 345 

lung epithelial cells from ET mice were isolated and grown as 3D organoids ex vivo following 346 

in vivo exposure to PM (Figure 3D). Non-recombined cells from ET mice exposed to PM did 347 

not display a significant increase in organoid formation efficiency (OFE)(p-value=0.0747; 348 

Figure 3E). In contrast, recombined, tdTomato+ EGFRL858R cells exposed to PM 349 

demonstrated a more pronounced and significant increase in OFE (p-value=0.0245; Figure 350 

3E). To validate whether specifically AT2 cells are functionally altered by PM, we flow 351 

purified AT2 cells from non-induced ET or T mice exposed to PM, according to published 352 

protocols43, and subsequently performed adenoviral-Cre recombination in vitro44 in order 353 

to express EGFRL858R and tdTomato or just the reporter control, before plating in the 354 

organoid assay (Extended Data Figure 5E). We observed significantly elevated OFE only in 355 

tdTomato+ EGFRL858R AT2 cells from mice exposed to PM in vivo (p-value=0.0043; 356 

Extended Data Figure 5F, G), consistent with our in vivo data (Extended Data Figure 2A,D) 357 

demonstrating that the AT2 cell is a PM-vulnerable lung cancer cell of origin and that 358 

reversing the order of oncogene mutation initiation and PM exposure does not appear to 359 

impact tumour initiation capacity. Immunofluorescence confirmed the organoids expressed 360 

markers of Krt8+ SPC+ AT2 progenitor states (Extended Data Figure 5H). These data 361 

suggest that the combination of in vivo exposure of AT2 cells to PM and induction of the 362 

EGFRL858R driver mutation increases AT2 cell progenitor function, a phenotype that is not 363 

seen with PM exposure or expression of EGFRL858R alone.  364 

 365 

We previously observed an enrichment of interstitial macrophages in lung epithelium 366 

following PM exposure (Figure 2I). Consistent with these data, we observed an increase in a 367 

macrophage-recruitment geneset in PM exposed mouse epithelium (figure 3C). We 368 
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hypothesised that lung macrophages, which generate inflammatory mediators when 369 

exposed to particulate matter35, might be central to the tumour promotion step.  To assess 370 

whether pollution exposed macrophages are sufficient to drive increased OFE of non-PM 371 

exposed AT2 cells, PBS-treated AT2 cells expressing EGFRL858R ex vivo were co-cultured 372 

with either in vivo exposed PM or PBS macrophages (Figure 3F). Both PM-exposed 373 

interstitial and alveolar macrophages significantly increased the OFE of EGFR mutant AT2 374 

cells (paired t-test, IMs p-value=0.0095; AMs p-value=0.0002; Figure 3G) suggesting a key 375 

mediator of PM-induced inflammation arises from macrophages. 376 

 377 

Previous reports suggest IL1β derived from lung macrophages is required for the formation 378 

of Krt8+ AT2 progenitor cells after bleomycin injury37, and we noted up-regulation of IL1β in 379 

the mouse transcriptomic data following PM exposure (figure 3C), hence we reasoned IL1β 380 

may be a key molecular mediator of this pollutant-driven cell state change. We confirmed 381 

IL1β is induced by PM using RNAscope and is predominantly arising in CD68+ 382 

macrophages (Extended Data Figure 5 I,J). Next, we explored whether treatment with IL1β 383 

is sufficient to promote expansion of EGFR mutant organoids. AT2 cells were isolated from 384 

naive ET mice, followed by oncogene activation in vitro and plated in the organoid assay 385 

with IL1β added to the media. This resulted in an expansion of organoid size, with organoids 386 

maintaining expression of Krt8+ SPC+ AT2 progenitor states (Extended Data Figure 5K). 387 

Finally, to test the requirement of IL1β for PM-mediated adenocarcinoma formation we 388 

initiated oncogene expression in the doxycycline inducible CCSP-rtTa; TetO-EGFRL858R 389 

model; then exposed them to 50 µg of PM and administered anti-IL1β or control antibody 390 

(8mg/kg/week) during this exposure period (FIgure 3H). We found that at 10 weeks post-391 

induction, EGFRL858R mutant mice treated with anti-IL1β during exposure to PM had 392 

significantly attenuated lung adenocarcinoma formation (Figure 3I). Collectively, these data 393 

suggest PM exposed macrophages are sufficient to drive a progenitor-like state in EGFR 394 

mutant AT2 cells, macrophages are a key source of IL1β in response to PM in vivo and IL1β 395 

signalling is required for the promotion of PM-mediated EGFR mutant lung adenocarcinoma. 396 
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EGFR and KRAS mutations are common in normal lung tissue 397 

If tumour development does occur via two steps as originally proposed by Berenblum45, 398 

initiation and promotion, this is contingent on histologically normal tissue cells harbouring 399 

oncogenic driver mutations20. In 15 reported studies involving deep sequencing of human 400 

histologically normal tissues from different anatomic sites (n=9380 samples from 380 401 

patients), an oncogenic EGFRL858R mutation was only reported in 1 clone from a skin 402 

microbiopsy, suggesting these mutations are rare in well-profiled organs such as the skin, 403 

oesophagus, bladder and liver. (Supplementary Table S6). Therefore, we sought evidence 404 

for EGFR driver mutations in normal lung tissue in people with lung cancer, cancers of other 405 

organ sites and individuals with no evidence of cancer, using digital droplet PCR (ddPCR) or 406 

Duplex-seq (Figure 4A, Extended Data Figure 7, Supplementary Table S7). Specifically, we 407 

only considered mutations that were distinct from those present in matched lung tumours for 408 

patients with a history of lung cancer. 409 

 410 

We selected normal lung tissue from 195 of 1346 prospectively recruited patients in 411 

TRACERx (NCT01888601), balancing the cohort for sex (Female n=96; Male n=99), EGFR 412 

mutant tumour status (EGFR mutant driver n=39; Other EGFR mutant  n=10; EGFR wt n= 413 

146), smoking status (Ever Smoked n=150; Never Smoked n=45), all within the limits of 414 

tissue availability (Figure 4A; Supplementary Table S7, Extended Data Figure 7,8A). We 415 

used ddPCR to detect the presence of 5 specific oncogenic EGFR driver mutations 416 

(Exon19del, G719S, L858R, L861Q, S768I (Klughammer et al., 2016)), and to identify 417 

possible clonal expansions in normal lung tissue. The achievable limit of detection was 418 

0.004% based on available input DNA (approximately 600ng per assay). 419 

 420 

To exclude the presence of clonal or subclonal spatially distinct EGFR mutations that may 421 

be present in the corresponding matched lung tumour, we performed multi-region deep next 422 

generation sequencing of non-small cell lung cancer (NSCLC) from the same patients 423 
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(>3000x coverage) of 19 driver genes (including EGFR) using the MiSeq platform. We 424 

sequenced 751 tumour regions from the 195 tumours (median 3 regions/tumour) with an 425 

achievable limit of detection in each tumour region of 0.966% based on a median 426 

sequencing depth per region of 3490X and a MiSeq error rate of 0.473%46. 427 

 428 

We filtered out occurrences of the same mutation in both tumour and normal tissue, 429 

potentially attributable to contamination from the primary tumour. After filtering, 38/195 (19%) 430 

patients harboured activating EGFR mutations exclusively in normal lung tissue that were 431 

not detectable in tumour tissue (Figure 4A,B). In tumours from these patients with 432 

corresponding normal tissue samples harbouring EGFR mutations, we noted clonal driver 433 

mutations in other genes: TP53, PIK3CA, KRAS, ERBB2, CDKN2A, BRAF, and AKT1. In 434 

patient CRUK267, both EGFR L858R and EGFR L861Q were detected in normal lung, but 435 

only EGFR L861Q (the less common driver mutation) was found in the tumour. These 436 

findings indicate that EGFR driver mutations can be present in normal lung tissue, even in 437 

patients where the same mutations were not selected during NSCLC tumourigenesis. 438 

 439 

To examine whether EGFR mutations exist in normal lung tissue from people who never 440 

develop lung cancer in their lifetime, we profiled 59 normal lung samples (median 3 441 

samples/patient) collected at autopsy from the PEACE (NCT03004755) study  - 19 patients 442 

who died of other cancers: Melanoma (n=12), Ovarian Cancer (n=1), Renal Cancer (n=3), 443 

Sarcoma (n=2), Mesothelioma (n=1) (Figure 4A, Supplementary Table S7, Extended Data 444 

Figure 7,8A). An EGFR driver mutation was detected in the normal lung of 16% (3/19) 445 

patients (Figure 4B). Despite spatially separated multi-region ddPCR analysis of normal 446 

tissue in 15 of the 19 patients, in patients where EGFR driver mutations were detected, they 447 

were only detected in one region. Based on the frequency of oncogenic EGFR driver 448 

mutations identified in PEACE and TRACERx normal lung samples, we estimated the 449 

mutation rate of the individual 5 EGFR mutations using Bayesian inference. (Methods) This 450 

yielded a rate of 1 in 2,035,000 (95% credible interval: 1 in 805,000 to 1 in 3,040,000). 451 
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Combining these rates to obtain an average EGFR mutation rate, allowed us to estimate that 452 

an EGFR oncogenic driver mutation would be present in 1 in 554,500 cells (or around 453 

1:600,000 cells).(Methods) 454 

 455 

We next addressed whether there was an association of oncogenic EGFR mutations within 456 

normal tissue and exposure to ambient pollution in this TRACERx cohort. Anthracosis, 457 

determined by the presence of anthracotic pigment (Extended Data Figure 8B), can act as a 458 

surrogate for exposure to ambient air pollution47. We classified anthracosis within the normal 459 

tissue lung samples with and without EGFR activating mutations (Figure 4C-D). While there 460 

was no association between the presence of an EGFR driver mutation in normal tissue and 461 

anthracosis (Figure 4C, Prop.test p-value=0.39), there was a significant association between 462 

anthracosis and elevated variant allele frequencies of EGFR driver mutations (Figure 4D, T-463 

test p-value=0.015). Although there is a trend towards enrichment of smokers in the 464 

anthracosis position group (Fisher’s exact test, p = 0.065), there are several reports47–49 that 465 

suggest that cigarette smoking is not a risk factor for anthracosis. Moreover, in our cohort 466 

the degree of anthracosis observed in never smokers and smokers does not differ; 467 

suggesting smoking is not associated with anthracosis (p-value=0.43; Extended Data Figure 468 

8C). While there are multiple environmental contributors to anthracosis47, these data suggest 469 

pollutants are not associated with the frequency of activating oncogenic mutations but rather 470 

are associated with the expansion of EGFRm clones.  471 

 472 

We sought to validate the identification of EGFRm using an independent ultra-deep 473 

sequencing platform in additional cohorts of patients (n=81) with and without cancer, 474 

addressing whether driver mutations existed at other genomic loci in EGFR and KRAS. 475 

Using Duplex-seq, we analysed an additional 48 normal lung tissue samples from the 476 

PEACE study (NCT03004755) (lung cancer n=9; other cancer n=39), and 33 normal lung 477 

tissue samples derived from the Biomarkers and Dysplastic Respiratory Epithelium 478 
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(BDRE) Study (NCT00900419, Figure 4A, Supplementary Table S7, Extended Data Figure 479 

7). The BDRE Study cohort consisted of patients with suspicious lung nodules who were 480 

referred for evaluation by navigational bronchoscopy at the site of the CT detected lesion 481 

(involved site). For each patient, a brushing from the contralateral lung, enriched for 482 

bronchial epithelial cells (>89%,50,51), was taken for research purposes and used as the 483 

source of normal tissue for Duplex-seq. From the BDRE Study cohort, we profiled normal 484 

samples from 20 patients with confirmed malignancy in the contralateral lung (lung 485 

adenocarcinoma n=10 (including 2 never smokers); lung squamous cell carcinoma n=7; 486 

other lung cancer n=2; renal cancer n=1) and normal samples from 13 people without a 487 

subsequent cancer diagnosis (including 2 never smokers).  488 

 489 

Profiling was carried out using Duplex-seq which identifies mutations within the EGFR 490 

tyrosine kinase domain exons 18, 19, 20, and 21, KRAS GTP binding domain exons 2 and 3, 491 

and loci from 29 other genes, with a limit of detection of <0.01%. Given the broader 492 

spectrum of EGFR mutations detected by Duplex-seq across several exons, we only 493 

considered mutations featured in the cancer gene census52, and further filtered mutations by 494 

evidence of driver mutation status in the literature (Supplementary Table S8). In 24 of 68 495 

cancer cases where tissue was available, we also performed Duplex-seq or MiSeq on the 496 

corresponding tumour tissue to confirm that the mutations present in normal tissue were 497 

found exclusively in the normal tissue samples. Based on the Duplex-seq data, 13/81 (16%) 498 

samples harboured an EGFR driver mutation (E709X, G719X, T725M, Exon 19 del, R765X, 499 

R776X, L858R, L861X; Figure 4E, Extended Data Figure 9A), while 43/81 (53%) samples 500 

harboured a KRAS driver mutation (G12X, G13X, Q61X; Figure 4E, Extended Data Figure 501 

9B,C). BRAF inhibitors, used to treat BRAFm melanomas, are known to promote 502 

accelerated growth of clones harbouring RAS mutations53. To exclude the possibility of 503 

BRAF inhibitor treatment confounding our analysis, we excluded all melanoma patients from 504 

analysis and this did not change the percentage of cases harbouring a KRASm 36/68 (53%). 505 

Of note, in samples from smokers from the Duplex-seq PEACE cohort, high confidence (var 506 
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count>=2) KRAS mutation VAFs were significantly higher than EGFR mutation VAFs 507 

(Extended Data Figure 9D, p-value=0.012). Moreover, in the 4 cases that harboured high 508 

confidence driver mutations in both KRAS and EGFR, VAFs of KRAS mutations were 509 

consistently higher than those in EGFR (Extended Data Figure 9D, paired t-test = 0.01513), 510 

suggesting that when KRASm clones and EGFRm clones are both present in normal lungs 511 

of smokers, KRASm clones may be more highly selected than EGFRm clones. 512 

 513 

In summary, Duplex-seq and ddPCR revealed that 54/295 (18%) of normal lung samples 514 

harboured an EGFR driver mutation, and 43/81 (53%) normal lung samples harboured a 515 

KRAS driver mutation. We note that a limitation of our profiling strategies is that we have not 516 

purified epithelial cells, the initiating cells of lung tumours, and further work would be 517 

required to pinpoint which lineages harbour these mutations. From histological analysis, 518 

AT2/AT1 cells account for on average 22% of distal lung parenchyma cells in autopsy or 519 

surgical resection lung samples, mixed with 37% endothelial cells, 37% interstitial cells and 520 

3% macrophages54. When we compared proportions of samples that harboured EGFR or 521 

KRAS mutations, no significant trends between smoking status or cancer diagnosis was 522 

observed (Supplementary Table S12). We addressed whether mutation signals could be 523 

deduced that might shed light on the preponderance of EGFRm LCINS in females. Smoking 524 

status, sex, anthracosis and age of patients in the ddPCR TRACERx cohort were entered 525 

into a multivariable model to determine which best predicted the likelihood of an EGFR 526 

mutation present in normal tissue. Female sex demonstrated the strongest association (p-527 

value=0.06; Extended Data Figure 8D). In order to address whether oncogenic mutations 528 

accumulate with the natural ageing process we examined driver mutation frequency 529 

harboured by all 31 genes (including EGFR and KRAS) in the Duplex-seq panel in the 17 530 

never smoker patients and noted a significant correlation between age and mutation count in 531 

the PEACE cohort (Figure 4F) supporting prior work25,55.  532 

 533 
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In summary, these data suggest that oncogenic mutations are present in normal tissue at 534 

low frequency and increase with age, fulfilling the initiating step of the Berenblum model. PM 535 

results in infiltration of macrophages and release of inflammatory mediators into lung 536 

epithelium, including IL1β, which augment progenitor activity of AT2 cells only if these cells 537 

harbour an activating oncogenic mutation, fulfilling Berenblum’s tumour promoter step. 538 

Discussion 539 

70 years ago, Berenblum and Shubik developed the concept of two processes involved in 540 

carcinogenesis; tumour initiation and tumour promotion, the latter involving exposure to an 541 

inflammatory but non-mutagenic agent. In the absence of a promotion phase, initiated cells 542 

remain dormant for most of the lifespan of a mouse20. Balmain and colleagues studied 543 

squamous cell carcinoma tumour development in the mouse, showing that cancer 544 

development is driven by initiated cells, harbouring DMBA-induced oncogenic mutations in 545 

histologically normal tissues, with subsequent inflammatory stimulus in the form of TPA 546 

drives tumour promotion and overt malignancy21,56. A number of risk factors have been 547 

identified for LCINS including second-hand smoke, occupational carcinogen exposure, 548 

germline genetics4 and radon exposure5. In this study, we explored the paradigm of tumour 549 

promotion driven by particulate matter in the development of lung cancer by air pollutants.  550 

 551 

Controlled human exposure studies have found acute diesel exhaust exposure can promote 552 

airway inflammation57. The IARC monographs 10558 and 10959 propose that diesel and 553 

gasoline engine exhausts, and outdoor pollution induce lung tumours via genotoxicity, 554 

induction of oxidative stress and inflammation. In our manuscript, we build on these previous 555 

studies and demonstrate that PM can promote the expansion of pre-existing mutant cells via 556 

an inflammatory axis with no detectable environmental carcinogenic DNA signature, which 557 

may be amenable to targeting to limit the risk of tumour promotion. 558 

 559 
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Extending previous findings establishing associations between air pollution and lung 560 

cancer30,31, including LCINS29, we found an association between the frequency of EGFRm 561 

lung cancer incidence and rising PM2.5 levels in cohorts from England, South Korea, Taiwan 562 

and Canada. Moreover, temporal analysis of the Canadian cohort and UKBB suggests that 3 563 

years of PM2.5 may be sufficient to increase risk of EGFRm lung cancer relationship. 564 

 565 

A limitation of our analysis of the relationship between EGFRm lung cancer and PM2.5 is its 566 

ecological nature: using aggregate data instead of participant-level data. We also 567 

acknowledge that variables associated with EGFRm status could confound our analysis 568 

because they may not be fully adjusted for. In particular, in all three within-country cohorts, 569 

and in agreement with the literature2, EGFRm was more frequent amongst females, Asians, 570 

and in lung adenocarcinoma cancer patients (Supplementary Tables 1-3). Even so, our lung 571 

cancer study cohorts were well balanced for sex, covered geographically and genetically 572 

distinct (Caucasian and Asian) populations, and our England analysis remained significant 573 

when we restricted the cohort to adenocarcinoma (Extended Data Figure 1B). Moreover, the 574 

functional animal models in this study are restricted to EGFRm and KRAS mutant lung 575 

adenocarcinoma only. 576 

 577 

Consistent with a model in which PM exposure may serve as the promoter for clonal 578 

expansions of oncogenic mutations in normal tissues this model, we find driver mutations in 579 

EGFR and KRAS in normal human lung tissue, adding to research identifying mutations 580 

within a range of histologically normal tissues22–25. These EGFR and KRAS mutations are 581 

found at similar frequencies in normal lung tissue from patients with an established diagnosis 582 

of NSCLC and from patients who do not acquire NSCLC in their lifetime.  583 

 584 

We observed that PM promotes lung cancer in mouse models and fosters an AT2 progenitor 585 

cell state in EGFR mutant cells from mice which can be replicated by incubating naïve PBS 586 

exposed AT2 cells with PM exposed macrophages. Prior work has shown that the cytokine 587 
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IL1β can promote formation and growth of progenitor AT2 cells37 and we find that blocking 588 

IL1β in vivo is sufficient to attenuate PM-mediated EGFR mutant lung adenocarcinoma. 589 

Although these mouse models will develop adenomas in the absence of PM and likely do not 590 

replicate the complex spectrum of mutations found in normal tissue of a healthy adult, they 591 

provide controlled environments to allow insight into early tumourigenesis. These results 592 

suggest that cells in normal tissue harbouring driver mutations are restrained from tumour 593 

progression but PM exposure can promote inflammation and trigger a rare population of 594 

‘dormant’ cells to adopt a progenitor cell state, expand and initiate tumourigenesis, as seen 595 

by the association of anthracosis and elevated variant allele frequency (VAF) of EGFR 596 

mutations in normal human lung tissue. The rarity of these mutations in normal tissue (we 597 

estimate 1:600,000 cells), combined with the scarcity of the AT2 population and the 598 

prolonged requirement for PM exposure in humans may begin to explain the relatively low 599 

frequency of EGFRm lung cancer at the population level and the resilience of the lung at the 600 

single cell level to cancer initiation. 601 

 602 

Our results provide additional evidence that a major risk factor for cancer development is not 603 

only the inevitable acquisition of driver mutations in normal epithelium but also mechanisms 604 

(both intrinsic and extrinsic) that promote nascent mutant cell expansion and progenitor 605 

activity.  Assuming little can be done to prevent the inexorable acquisition of oncogenic 606 

mutations in normal tissues with age, attention must be turned to addressing the 607 

mechanistic, DNA mutation-independent, causes of environmental carcinogenesis.  608 

 609 

Balmain and colleagues have demonstrated that most environmental carcinogens tested do 610 

not induce a DNA mutagenic signature;  broad approaches will be necessary to establish 611 

how these carcinogens as well as potential hormonal, environmental and germline 612 

influences might promote or restrict mutant clone expansions and contribute to tumour 613 

promotion. TRACERx has revealed that 8% of LUADs in smokers have no detectable 614 

smoking carcinogenic signature26. Further work should investigate the possibility that 615 
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tobacco exposure might promote lung cancer through non-mutagenic mechanisms. E-616 

cigarettes should also be evaluated for their potential to generate inflammatory responses in 617 

the lung necessary for the promotion step in the Berenblum model. Indeed there is an urgent 618 

need for carcinogenic assays that effectively reflect the potential for tumour promotion 619 

across different tissues and to understand tissue-specific inflammatory mediators of this 620 

process. 621 

 622 

Such efforts may guide novel screening paradigms in high-risk, under-served populations 623 

and “molecularly targeted” cancer prevention approaches to inhibit cancer initiation. It is 624 

notable that the antibody Canikumumab, against one such “promoter” target, IL1β, induced 625 

in both mouse and human following PM exposure has already been shown to reduce lung 626 

cancer incidence in the cardiovascular prevention trial, CANTOS60. 627 

 628 

In conclusion, our data suggest a mechanistic and causative link between pollution and lung 629 

cancer, first proposed by Doll and Hill in 195061, providing a public health mandate to 630 

urgently restrict particulate emissions in urban areas.  631 
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 776 
Figure 1: Exploring the association between cancer and air pollution. A) Study design. B-D) 777 
Scatter plots showing relationships between PM2.5 and estimated EGFR mutant lung cancer incidence 778 
(per 100,000 population) at the country level in England (B), Korea (C) and Taiwan (D). The blue line 779 
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indicates the robust linear regression line. E) Forest plot indicating the relationship between cancer 780 
risk and residential PM2.5 exposure levels (range: 8.17 - 21.31 μg/m3) in the UK Biobank dataset 781 
(n=407,509). Each cancer type is displayed on a different row. Both raw p-values and FDR values are 782 
provided. The color of the dots indicates the level of significance. 783 
  784 
 785 
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 786 
 787 
Figure 2: PM promotes lung tumourigenesis. A) Schematic of mouse model of lung cancer 788 
indicating induction of oncogene, followed by exposure (black lines) to particulate matter (PM) and 789 
tissue collection (red triangles). B) LEFT: Representative immunohistochemistry (IHC)  of human 790 
EGFRL858R in control and PM exposed ET mice. RIGHT: quantification of huEGFRL858R+ 791 
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neoplasia/mm2 of lung tissue (n=16 control & 5 μg group, n=15 for 50 μg group). C) Representative 792 
diagram of spatially segmented clusters in control and PM exposed ET lungs at 10 weeks, lung lobe 793 
outlined in grey and size of cluster colour is proportional to EGFRL858R cluster size. Quantification of 794 
average cluster size (D) and fraction of expanded clusters (>5 cells) (E) in PM and control mice at 3 795 
and 10 weeks. F) LEFT: Quantification of lesions in control and PM exposed Rag-/-; IL2rg-/- 796 
EGFRL858R mutant mice at 10 weeks post induction and RIGHT: representative EGFRL858R IHC. G) 797 
Proportion of interstitial macrophages (IM’s) and PDL1+ IM’s within lung tissue determined by flow 798 
cytometry in T and ET mice 24 hours after final control (blue) or PM (pink) exposure, (n=8 per group). 799 
H) Representative histogram showing PD-L1 expression within lung interstitial macrophages in T(left) 800 
and ET (right) mice in control (blue) or PM-exposed (pink) conditions. I) LEFT: Representative 801 
immunofluorescent images of CD68+ macrophages (cyan) and tdTomato+ EGFR mutant cells (red) 802 
within ET lungs exposed to control or 50 μg PM either 3 weeks (left panel) or 10 weeks (right panel) 803 
post oncogene induction. RIGHT: Quantification of CD68+ cells per mm2 of lung tissue, selecting >30 804 
random fields of view of 500 μm2 (n= 4 mice per group). Gating strategies for flow cytometry analysis 805 
provided in Extended Data Figure 6. Statistical analysis by one-way ANOVA for B, D, E, F, G & I. 806 
Scale bars 100 μm (B,F,E), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 807 
 808 
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 809 
 810 
Figure 3: Elevated progenitor-like ability of EGFRm cells upon PM exposure. A) Principal 811 
component analysis plot of RNA-seq of epithelia from recombined T and E mice either exposed to PM 812 
or control. B) Significantly enriched GSEA pathways upregulated in ET-PM lung epithelial cells 813 
compared to  ET control mice. C) Heatmap of progenitor AT2 cell state markers, inflammatory, and 814 
alarmin gene expression in all samples. The colour scale in the heatmap represents high (red) to low 815 
(blue) TPM expression z-scores; asterisks indicate significantly different gene expression between ET 816 
and ET + PM (black line). D) Schematic of epithelial organoid assay showing harvesting of lungs from 817 
mice exposed to PM or PBS followed by isolation and culture of epithelial (Epcam+) cells. E) LEFT: 818 
Representative fluorescent images of tdTomato organoids at day 14 from control ET mice or ET mice 819 
exposed to pollution in vivo and RIGHT: organoid forming efficiency (2 mice were pooled for each 820 
biological replicate for sufficient tdTomato+ cells: tdTomato- n=8 (16 mice); tdTomato+EGFR n=9 (18 821 
mice)).  F) Schematic of isolation of macrophages from mice exposed to PM or PBS and culture with 822 
naive (non-PM exposed) EGFRL858R AT2 cells. G) LEFT: Representative fluorescent images of 823 
tdTomato AT2 derived organoids co-cultured with PM or PBS exposed macrophages and RIGHT: 824 
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quantification of organoid forming efficiency of EGFR mutant AT2 cells alone or with macrophages 825 
compared to AT2 cells from the same mouse c-cultured with PM-exposed macrophages.  H) 826 
Schematic of anti-IL1β treatment treatment (black triangles) during PM exposure (black lines) and 827 
harvest (red triangle). I) LEFT: Representative H&E images of PM exposed mice treated with IgG 828 
control antibody or anti-IL1B , RIGHT: quantification of tumours (n= 8 mice per group). Statistical 829 
analysis by one-way ANOVA for F; paired-t test for G and Mann-Whitney for I. Scale bar 500 μm (F, G 830 
& I). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 831 
 832 
 833 
 834 
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 835 
Figure 4: Mutational landscapes of normal lung tissue. A) Schematic indicating normal lung tissue 836 
cohorts analysed by ddPCR and Duplex-seq. B) The counts and proportions of PEACE and 837 
TRACERx normal lung samples that harbour EGFR mutations identified using ddPCR. The EGFR 838 
mutation type is indicated by the colour of the bars. C) The count and proportion of TRACERx normal 839 
lung samples (organised according to anthracotic pigment content) that harbour EGFR mutations 840 
identified by ddPCR. The EGFR mutation type is indicated by the colour of the bars. D) Beeswarm 841 



 38 

plot indicating the variant allele frequencies of EGFR mutations, samples organized according to 842 
presence (yes) or absence (no) of anthracotic pigment. Shapes of dots indicate smoking status. E) 843 
Gene models of KRAS (top) and EGFR (bottom), where dots represent mutations identified in the 844 
Duplex-seq-PEACE and Duplex-seq-BDRE cohorts. The position of the dots correspond to the loci of 845 
the mutations while the height of the stack indicates the count of the number of mutations at a 846 
particular protein coordinate. The shape of the dot indicates the diagnosis of the patient, while the 847 
color of the dot indicates the mutation type. G) Scatter plot displaying correlation between age and 848 
number of driver mutations identified in the never smoker samples (n=17) in the Duplex-seq PEACE 849 
cohort, where the panel comprised genomic loci in 31 genes, including EGFR and KRAS. 850 

  851 



 39 

Extended Data Figure Legends 852 

Extended Data Figure 1: A) TX421 Tumours from Smokers. Barplots indicating proportion of 853 
SNVs in each tumour attributed to each SBS mutational signatures. The barplots (Top: 854 
LUAD, Bottom: LUSC) reflect the probability that clonal driver mutations in patients where 855 
smoking-related signatures have been detected are caused by different mutational 856 
processes (SBS4 and SBS92 smoking, SBS2 and SBS13 APOBEC, SBS1 and SBS5 857 
aging). Each observed driver mutation in each patient is given a mutational-signature-858 
causing probability based on the trinucleotide context and the signatures exposure of the 859 
patient (see methods), and then the probabilities are aggregated. Asterisks represent 860 
patients where the smoking-related aggregated probabilities are below 0.5.B) Correlation 861 
between PM2.5 levels and EGFRm Adenocarcinoma lung cancer incidence in England. C-D) 862 
The Canadian Lung Cancer Cohort. C) Distribution of 3 year and 20 year cumulative PM2.5 863 
exposure levels for all patients in the Canadian cohort. Red lines mark the thresholds that 864 
were used to determine Low, Intermediate and High groups that are used in (D). These are 865 
the 1st (6.77ug/m3) and 5th quintiles (7.27ug/m3) of the distribution. The full distribution is 866 
displayed in the top plot, while the bottom plot displays a narrower range of 4-10 ug/m3 (for 867 
clarity). D) Counts and frequencies of EGFRm in the Canadian Cohort, where 3 year and 20 868 
year cumulative PM2.5 exposure levels were available. Patients are grouped into high, 869 
intermediate and low groups based on thresholds established as described in (C). These 870 
groups are defined based on 3 year cumulative PM2.5 exposure data (left) and based on 20 871 
year cumulative PM2.5 exposure data (right). The bar plots display the counts and frequency 872 
of EGFRm amongst patients within each group. The frequency of EGFRm is significantly 873 
higher in the high pollution exposure group when compared to the low pollution exposure 874 
group only based on 3 year cumulative PM2.5 exposure data but not based on 20 year 875 
cumulative PM2.5 exposure data. 876 
 877 
Extended Data Figure 2: A) Schematic of PM exposure and representative IHC of ET mice 878 
induced with AT2-specific SPC-Cre exposed to PM or PBS control and quantification of 879 
neoplastic lesions (n=14 PBS, n=11 PM) B) Schematic of PM exposure followed by induction 880 
of EGFR and quantification of precancerous lesions/mm2 of lung tissue (n=9 PBS; n=8 5μg; 881 
n=11 50μg; p=0.0241). C) Schematic of PM exposure and representative H&E of a lung 882 
adenocarcinoma in a 50 μg PM exposed, doxycycline treated CCSP-rtTa; TetO-EGFRL858R 883 
mice; quantification of number of adenocarcinomas per mouse below (n = 9 per group). D) 884 
Schematic of PM exposure and representative IHC for red fluorescent protein (RFP, marks 885 
tdTomato+ cells) in Rosa26LSL-tdTomato/+;KrasLSL-G12D/+  mouse model in control or 50 μg PM 886 
exposed conditions; quantification of number of hyperplastic lesions per mouse (n= 9 887 
control, n=9 5 μg and n=12 50 μg). Scale bar 50 μm (C main, H), 20 μm (C insert), 100 μm A 888 
& D. 889 
 890 
Extended Data Figure 3: WGS analysis of tumours from mice exposed to air pollution (n=5) 891 
and those exposed to PBS controls (n=5). A) Displays mutational profiles for each tumour 892 
sample according to the mutation trinucleotide context. B) Barplots indicate the counts of 893 
mutations in each sample, where bars are colored based on the base change. C) Boxplot 894 
comparing the counts of mutations between tumours from pollution exposed mice (Pollution) 895 
and tumours from PBS exposed mice (PBS), All mutations are summarised in one plot on 896 
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the left, and are then further divided based on the base change of the mutation. D) 897 
Attribution of mutations in each tumour sample to each single base substitution (SBS) 898 
mutation signature. The shading indicates the weight of the signature within each sample. 899 
Majority of the weights have been assigned to aging related signatures (SBS40, SBS5, 900 
SBS1). 901 
 902 
Extended Data Figure 4: A) Immune cell frequencies in the lungs estimated by FACS 24 903 
hours post-exposure from tdTomato (T) and EGFR mutant (ET) mice after 50μg (red) or 904 
control (blue) (n=8 mice per group). Data are presented as the frequency among live 905 
immune cells. Representative immunofluorescent images of CD68+ macrophages (cyan) 906 
and tdTomato+ Kras mutant cells (red) within KT lungs (B) or CCSP-rtTA; TetO EGFRL858R  907 
lungs (C) exposed to control or 50 μg PM 10 weeks post oncogene induction and 908 
quantification of CD68+ cells per mm2 of lung tissue, selecting >20 random fields of view of 909 
500 μm2 (n= 3 mice per group). Scale bar 50 µm B & C, 150 µm D. 910 
 911 
Extended Data Figure 5: A) Significantly enriched GSEA pathways upregulated in T-PM lung 912 
epithelial cells compared to  T control mice. B) Progenitor-like AT2 score based on 913 
deconvolution of bulk RNA-seq of T and ET mice exposed to 50 μg PM or PBS. C) 914 
Schematic displaying experimental set-up of clinical exposure study in never-smoker 915 
volunteers initially reported in 38, crossover design with (i) and (ii) in random order separated 916 
by 4-week washout. D) Fold change (FC) of significantly upregulated genes (identified in 917 
mouse) compared to the fold change of genes changed in the clinical exposure study. With 918 
common directionality across species indicated (negative: grey background; positive: red 919 
background). E) Schematic of AT2 culture from E or ET mice exposed to 50 μg PM or PBS. 920 
F) Representative fluorescent images of tdTomato organoids at day 14 from E or ET mice 921 
exposed to pollution in vivo. G) Quantification of AT2 organoid forming efficiency. n=4 mice 922 
per group T and n=5 mice per group ET.H) Fluorescent imaging of Keratin8+ (magenta), 923 
SPC+ (blue) AT2 organoids. I) Quantification of IL1B RNAscope and representative IHC. J) 924 
Quantification of IL1β positive CD68+ cells at 3 weeks post induction in ET mice following 925 
exposure to PM and representative image of IL1B RNAscope (green) in CD68 positive (red) 926 
macrophages, arrows indicate positive macrophages. n=3 mice per group and error bar is 927 
s.d K) Representative fluorescent images of EGFR-L858R+ AT2 organoids from ET mice 928 
treated with control or IL1β in vitro. tdTomato (yellow) organoids stained with SPC (blue) and 929 
Keratin 8 (magenta). Scale bar 100μm. Quantification of organoid size with each dot 930 
representing an organoid at day 14 of control (blue) or IL1β treated (orange). n=3 mice per 931 
group. Scale bar 100 μm F; 20 μm H, I;  50 μm J, K. 932 
 933 
Extended Data Figure 6 Gating Strategy: A, B) Example of FACS gating strategy to 934 
determine frequency of (A) alveolar macrophages, interstitial macrophages, neutrophils, 935 
dendritic cells and (B) epithelial cells both tdTomato positive and negative. All samples were 936 
gated to exclude debris and doublets, followed by live cell descrimination. C) Representative 937 
picture from a tdTomato treated with PBS via i.t for 3 weeks using sort strategy for AT2 cells 938 
defined in Major et al., 2020 and macrophages defined in Choi et al., 2020. 939 
 940 
Extended Data Figure 7: CONSORT Diagrams for the normal lung tissue profiling cohorts 941 
 942 
Extended Data Figure 8: A)TRACERx and PEACE Cohort for ddPCR of 5 EGFRm. (i) 943 
Clinical information for each patient, (ii) Tumour EGFR mutation status, (iii) Normal EGFR 944 
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mutation status. B) Representative H & E images from anthracotic pigment identification in 945 
TRACERx normal tissue. C) Comparing area of normal tissue harbouring anthracotic 946 
pigment in never smokers and smokers. Each dot represents the ratio of pigmented area 947 
respective to total tissue in each anthracosis positive normal lung tissue sample. D) 948 
Regression analysis of characteristics influences EGFRm presence in normal lung tissue for 949 
ddPCR-TRACERx cohort (n=195). 950 
 951 
Extended Data Figure 9: A) Top: EGFR Mutations detected using Duplex-seq across EGFR 952 
exons 18-21 on normal lung samples from the BDRE Study. Bottom: VAFs of each EGFR 953 
mutation are displayed. B) Top: KRAS Mutations detected using Duplex-seq across KRAS 954 
exons 2-3 on normal lung samples from the BDRE Study. Bottom: VAFs of each KRAS 955 
mutation are displayed. A-B) Only cancer-related mutations annotated in the cancer gene 956 
census are displayed. Mutations with strong evidence of being a lung cancer driver mutation 957 
are indicated in red, while mutations with some evidence of being a lung cancer driver 958 
mutation are indicated in pink, all other drivers annotated in COSMIC are indicated in blue. 959 
C) VAFs of KRAS mutations across samples of different cancer types. The one patient who 960 
received BRAF inhibitor treatment is indicated in purple. D) Comparing VAFs of high 961 
confidence (var count >=2, strong evidence) driver mutations in EGFR and KRAS. TOP:  962 
Box plots summarise VAFs across samples. Mutations are grouped according to the gene 963 
harbouring the mutation and smoking status of the patient. BOTTOM: dot plots show VAFs 964 
of mutations in each sample. Where a sample has 2 mutations, they are both indicated. Dots 965 
are coloured by the gene harbouring the mutation (EGFR or KRAS) (Details of driver 966 
mutations can be found in Supplementary Table S5) 967 
 968 
 969 
  970 
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Methods 971 

1. Normal Tissue Profiling 972 

1.1) ddPCR of samples from TRACERx and PEACE studies 973 

Tumour and normal lung tissue samples 974 

This project leverages the infrastructure established by the national pan-cancer research 975 
autopsy programme (PEACE, NCT03004755) and the prospective, longitudinal cohort study 976 
(TRACERx) of non-small cell lung cancer (NCT01888601)1.  977 
 978 
To explore whether clinical disparities in never smoker lung cancer were reflected in normal 979 
lung tissue EGFR mutation status, we sought to assemble a cohort comprising TRACERx 980 
patients that were as best as possible balanced for sex (males vs females), smoking status 981 
(never smoker vs ever smoker) and EGFR mutation status in tumour samples (EGFRm vs 982 
EGFRwt). To uncover if EGFR mutations were also found in normal lung tissue from patients 983 
who never acquire a lung cancer diagnosis in their lifetimes, we also assembled a cohort of 984 
PEACE patients. 985 
 986 
Based on tissue that was available for study, our dataset consisted of 195 tumour and 195 987 
normal lung tissues from 195 TRACERx patients, and 59 normal lung tissues from 19 988 
PEACE patients (median 3 samples per patient (range 1 to 10)). 989 
 990 
In TRACERx, tumour and normal lung tissue were obtained at surgery. Normal lung tissue 991 
was collected distally from the primary tumour tissue (at least approximately 2cm apart). All 992 
tissue was initially snap-frozen and then a portion fixed and made into a FFPE block. A H&E 993 
section of each block was cut and stained and underwent pathology review. We use ‘normal’ 994 
to refer to non-malignant lung tissue. DNA was extracted from both the normal and tumor 995 
frozen tissue proximal to these sections. In PEACE, normal lung tissue was collected at 996 
post-mortem tissue harvest from patients who never acquire lung cancer in their lifetimes. 997 
Each piece of tissue collected was immediately bisected and one half snap frozen and the 998 
other fixed and then made into a FFPE block. H and E section of each block was cut and 999 
stained and underwent pathology review. DNA was then extracted from an adjacent normal 1000 
frozen tissue sample. 1001 
 1002 
All aforementioned H and E slides from tissues have undergone central pathology review. In 1003 
particular, to exclude the possibility of contamination with tumour cells, thoracic pathologists 1004 
have confirmed that all normal lung tissue samples do not contain any indication of tumour 1005 
tissue or morphologically-defined pre-invasive disease. Thoracic pathologists also identified 1006 
anthracotic pigment and reflected this in a binary score for its presence. For anthracosis 1007 
positive cases, the proportion of the tissue covered by anthracotic pigment is also noted. 1008 
 1009 
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EGFR mutation profiling in normal samples (with ddPCR) 1010 

DNA was extracted from normal lung tissue samples as previously described1. DNA 1011 
concentration was measured using Qubit, and up to 3,000 ng of DNA was fragmented to 1012 
approximately 1,500 bp using the Covaris E220 evolution Focused-ultrasonicator following 1013 
the manufacturer’s standard protocol. SAGAsafe assays2 for 5 EGFR target variant alleles 1014 
(EGFR L858R, EGFR Exon 19 del, EGFR S768I, EGFR L861Q and EGFR G719S) were 1015 
employed (SAGA Diagnostics AB). SAGAsafe is a digital PCR-based ultra-sensitive 1016 
mutation detection technology utilizing an alternative chemistry alongside a modified 1017 
thermocycling program, such that the true positive variant allele signal is enriched during a 1018 
linear phase, and signals for both the variant and the wild-type alleles are amplified during 1019 
the exponential phase. The method effectively suppresses the false positive variant allele 1020 
signal rising from the polymerase base misincorporation errors and DNA damage, making 1021 
reliable detection of rare-event mutations possible to exceedingly low limits of detection. The 1022 
assays were performed on the Bio-Rad QX200 Droplet Digital PCR System. At least 3 1023 
positive droplets were required to call a sample positive. Using control experiments 1024 
containing 265,000-381,000 copies of wild-type genome equivalents per test, the achievable 1025 
limit of detection for the five EGFR SAGAsafe assays was determined to be at least 0.004% 1026 
VAF. For each patient sample, 500ng of fragmented DNA (corresponding to ~150,000 1027 
copies of genome equivalents) was analyzed per assay across 4 reaction wells, with positive 1028 
and negative control samples included in every run.   1029 

Calculation of copy number concentration of the variant and the wild-type alleles 1030 

 1031 

 1032 

Cvi is the copy number concentration of the target (variant or wild-type allele) in the input DNA 1033 
sample 1034 

P is the number of positive droplets for the target 1035 

T is the number of total droplets analyzed 1036 

Vd is the volume a droplet (0.85×10-3 μL) 1037 

Vr is the total volume of a ddPCR reaction (20 μL) 1038 

Vi is the input volume per ddPCR reaction of the input DNA sample 1039 

 1040 

Calculation of the variant allele frequency (VAF) 1041 

 1042 
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Estimation of EGFRm rate 1043 

We considered all 5 oncogenic EGFR mutations detected via ddPCR in all TRACERx and 1044 
PEACE (253 samples in total). Using the Approximate Bayesian computation model, we 1045 
simulated ddPCR results of oncogenic EGFR mutations, and inferred a mutation rate of 1046 
4.07e-7 per mutation (confidence interval: 1.61e-7 to 6.08e-7). Considering this mutation 1047 
rate, we estimated that the frequency of identifying 1 EGFRm (of any of the 5 mutation 1048 
types) would be 1 in 2,035,000 (95% confidence interval: 1 in 805,000 to 1 in 3,040,000). If 1049 
we take the average of the 2 limits of the confidence interval, we obtain an estimate of an 1050 
EGFRm being present in 1 in 554500 cells (or around 1:600,000 cells).  1051 
 1052 

EGFR mutation profiling in corresponding tumour tissue (with MiSeq) 1053 

For each tumour region and matched germline, capture of a custom panel of genes 1054 
(including the EGFR locus) was performed on 125ng DNA  isolated  from  genomic libraries. 1055 
The TruSeq Custom Amplicon Library Preparation method was used. Following cluster 1056 
generation, samples were 100bp paired-end multiplex sequenced on the Illumina MiSeq at 1057 
the GCLP lab at University College London, as described previously1. The generated data 1058 
were aligned to the reference human genome (hg19) achieving a median sequencing depth 1059 
of 3555X (Range: 1069-13084). Mutations were called as previously described1. 1060 
 1061 
 1062 

1.2) DuplexSeq of samples from the PEACE and BDRE studies 1063 

Normal lung tissue samples 1064 

PEACE cohort samples are collected as described above. For DuplexSeq we obtained an 1065 
additional normal lung tissue from 48 PEACE patients. Here, both lung cancer and other 1066 
cancer type patients were profiled (lung cancer n=9; other cancer n=39) 1067 
 1068 
All BDRE cohort patients were enrolled under Biomarker for Dysplastic Epithelium (BDRE) 1069 
(NCT00900419). The cohort consisted of individuals recommended for CT scan based on 1070 
age, smoking history or other indications. If a suspicious nodule was detected by CT scan, a 1071 
navigational bronchoscopy was indicated. The nodule site was sampled for accurate 1072 
diagnosis. For each patient, a brushing from a remote site in a contralateral lobe was also 1073 
taken for research, as a representative sample of normal tissue and subsequently profiled 1074 
for mutations using DuplexSeq. The absence of nodules or masses detected by chest CT 1075 
scans was indicative of the non-tumor nature of these contralateral samples. Each 1076 
procedure was performed under fluoroscopic guidance with the brush advanced from the 1077 
sheath only after documentation that the working channel was in the peripheral airways. 1078 

EGFR and KRAS mutation profiling (with DuplexSeq) 1079 

Genomic DNA was extracted from brushings using Qiagen DNeasy Blood & Tissue kit 1080 
according to manufacturer’s instructions. Duplex libraries were prepared using a 1081 
commercially available kit from TwinStrand Biosciences, Inc. (Seattle, WA, USA) (CKD-1082 
00042 panel 000323), starting with 250ng of input DNA. Custom probes were designed for 1083 



 45 

targeted capture of EGFR exons 18, 19, 20 and 21, and KRAS exons 2 and 3, along with 29 1084 
other cancer genes. 1085 
 1086 
By independently capturing and sequencing the two strands of DNA for selected genomic 1087 
regions, combined with the use of a common unique molecular identifier for both strands, 1088 
DuplexSeq allows for the detection of rare mutations3,4 with a sensitivity of less than 1 in 107.  1089 
After shearing and capturing of gDNA spanning the panel, primers are ligated that allow the 1090 
two strands of DNA for each segment to be uniquely labelled and matched with its opposing 1091 
strand. These strands are then amplified and libraries were sequenced on the NovaSeq 1092 
6000 Sequencing System (Illumina Inc. San Diego, CA, USA) and sequencing data were 1093 
analyzed on the DNAnexus platform. Samples had an average number of 150,000,000 raw 1094 
reads, yielding a mean on-target duplex depth of 4500. DuplexSeq reads were processed 1095 
using an in-house pipeline adapted from Valentine et al5 and a bioinformatics pipeline 1096 
provided by TwinStrand BioSciences. Using this, we were able to identify mutations that 1097 
were present in both the involved and contralateral lung samples. 1098 
 1099 

Data Availability 1100 

The MiSeq from the TRACERx and PEACE studies generated, used or analysed during this 1101 
study are not publicly available and restrictions apply to the availability of these data. Such 1102 
MiSeq data are available through the Cancer Research UK & University College London 1103 
Cancer Trials Centre (ctc.tracerx@ucl.ac.uk) for academic non-commercial research 1104 
purposes upon reasonable request, and subject to review of a project proposal that will be 1105 
evaluated by a TRACERx data access committee, entering into an appropriate data access 1106 
agreement and subject to any applicable ethical approvals. 1107 
 1108 
The DuplexSeq data for the BDRE study were generated using a larger panel of probes that 1109 
covered ~50 kb of the genome, spanning hotspots frequently mutated in cancers. All of the 1110 
data for the EGFR and KRAS regions queried are included in this manuscript. Data for the 1111 
other regions are not publicly available and restrictions apply to the availability of these data. 1112 
Such DuplexSeq data are available through Professor James DeGregori 1113 
(James.Degregori@cuanschutz.edu) for academic non-commercial research purposes upon 1114 
reasonable request, entering into an appropriate data access agreement and subject to any 1115 
applicable ethical approvals. 1116 
 1117 

2. Epidemiological Studies 1118 

Study populations 1119 

2.1) UK Biobank dataset 1120 

Available Data 1121 
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The UK Biobank (UKBB) study comprises over 500,000 participants, aged between 37-73 1122 
who were recruited between 2006-2010. Participants provide detailed information regarding 1123 
a comprehensive set of lifestyle factors, in addition to physical measurements and biological 1124 
samples. Particulate matter air pollution levels (in 2010) are estimated for addresses within 1125 
400km of the Greater London monitoring area using a land-use regression model developed 1126 
as part of the ESCAPE study6. 1127 

Associations between PM2.5 and lung cancer incidence in the UKBB data have already been 1128 
calculated and described in7. 1129 

Imputing Missing Data 1130 

We first excluded all participants who had any cancer diagnosis pre-recruitment, alongside 1131 
those with missing particulate matter or genetic principal components data. Multiple 1132 
imputation with chained equations8 was used to impute missing smoking status (categorised 1133 
into “never”, “previous”, and “current”; <1% missing), passive smoking (weekly hours of 1134 
home tobacco exposure; 10.0% missing), pack-years of smoking(15.4% missing), BMI (<1% 1135 
missing), household income (dichotomised by >= £31,000 annually; 14.6% missing), 1136 
educational attainment (split by degree/professional qualification status; 1.31% missing) 1137 
values. In addition to these, imputation models also used the following variables to predict 1138 
values for missing data: PM2.5, age at baseline, sex, BMI, the first 15 genetic principal 1139 
components (to account for ethnicity), alongside cancer outcome and duration of follow-up. 1140 
We used predictive mean matching, logistic regression, and random forest for continuous, 1141 
binary, and categorical variables, respectively, performing a maximum of 180 iterations for 1142 
the generation of each imputed data set. This yielded 15 complete versions of the original 1143 
dataset in which the missing values have been imputed. This data set comprised 407,509 1144 
individuals and represented 27 cancer types. Each imputed dataset was independently used 1145 
in the same analysis protocol.  1146 

Cox Regression To Identify Associations Between PM2.5 & Cancer Incidence 1147 

Participants were followed up from recruitment until either date of each cancer diagnosis 1148 
(obtained through linkage to national cancer registries) or censoring, which was defined as 1149 
time of death, lost to follow-up, or the end of 2018, whichever was earlier. We created a 1150 
multivariate Cox regression model for each imputed dataset and primary cancer type with >= 1151 
100 cases (excluding non-melanoma skin cancer, and cancers restricted to one sex), and 1152 
pooled results across these models, which were consistent for each cancer type, into a 1153 
single set using Rubin’s rules8. Confidence intervals were calculated using: 1154 ݁  ௘௦௧௜௠௔௧௘೛೚೚೗೐೏ ± (ଵ.ଽ଺∗௦௧௔௡ௗ௔௥ௗ ௘௥௥௢௥೛೚೚೗೐೏). These models included the same covariates as in 1155 
the imputation model. For laryngeal alongside lip and oropharyngeal cancers, we further 1156 
corrected for alcohol consumption, excluding those participants with missing alcohol data 1157 
due to the high missingness of these variables (30.7%). Schoenfeld residuals were 1158 
examined to assess the proportional hazards assumption, with non-proportionality confirmed 1159 
using Kaplan-Meier curves for binary and categorical variables. Potential departures from 1160 
the proportional hazards assumption were noted for anal (smoking status), bladder (genetic 1161 
principal component 12), kidney (age and smoking status), and melanoma (genetic principal 1162 
component 9 and sex). We note high median (across all 15 imputations) variance inflation 1163 
factor values (VIF >= 5) for the following covariates: genetic principal component 1 (other 1164 
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and unspecified biliary tract parts), 2 (AML, follicular nodular NHL, larynx, mesothelioma, 1165 
other and unspecified biliary tract parts, peripheral and cutaneous T lymphomas, 1166 
retroperitoneum and peritoneum), and 3 (AML, follicular nodular NHL, larynx, mesothelioma, 1167 
other and unspecified biliary tract parts, peripheral and cutaneous T lymphomas). Finally, we 1168 
report FDR-corrected p-values for the PM2.5-cancer incidence association, to account for 1169 
multiple testing. 1170 

Our methods differed from those of Huang et al., in the following ways: 1171 
● We made use of the more refined cancer registry data rather than hospital diagnosis 1172 

data. In particular, some of the cancer type definitions for lung and renal cancers are 1173 
refined and updated in Supplementary Table S1. We also changed the censoring 1174 
date to the last day of 2018 instead of it being the date of last diagnosis of each 1175 
cancer type. 1176 

● To enhance the robustness of our work: 1177 
○ We excluded PM2.5-10 and PM10 (due to collinearity) and participants with any 1178 

cancer diagnosed pre-baseline 1179 
○ Used age at baseline instead of age at diagnosis 1180 
○ Included additional dependent variables (cancer diagnosis and time till end of 1181 

follow-up) in imputation models 1182 
○ Increased the number of imputations from 5 to 15 and iterations from 90 to 1183 

180 1184 
○ Augmented our multivariate analysis to better account for the effect of 1185 

smoking by categorising participants into "never", "previous", and "current" 1186 
smokers. We also controlled for the smoking intensity by including pack-years 1187 
of smoking as a continuous variable in our regression models. 1188 

Interaction test between PM2.5 and smoking 1189 

An interaction test between PM2.5 and smoking was performed for lung cancer, considering 1190 
only participants with complete covariate data in the multivariable Cox regression. 1191 

LUAD-specific analysis 1192 

We considered only participants with cancer registry histology entries that map to LUAD 1193 
(Supplementary Table S1). Imputations and all downstream modelling was performed 1194 
independently for this analysis.  1195 

Analysis taking into account migration 1196 

Since the PM2.5 data is available for each participant’s address, we assume that participant 1197 
PM2.5 exposures remain constant throughout the study period. To account for exposure 1198 
miss-classification, we additionally performed a separate analysis including only participants 1199 
who had lived at their current address for at least three years prior to baseline. All 1200 
imputations and downstream analysis was performed independently for this subgroup.  1201 

Association between radon exposure and lung cancer incidence 1202 

Radon exposure data from PHE was merged with the UKBB dataset based on home 1203 
location coordinates. Since the data from PHE had greater spatial resolution, values were 1204 
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aggregated by the mode radon potential class (breaking ties through taking the higher class 1205 
value) across all PHE coordinate values that map to each rounded coordinate in the UKBB. 1206 
Imputations and downstream analyses were performed as described above, using modal 1207 
radon exposure instead of PM2.5. 1208 

 1209 

2.1.1 Comparison of UKBB Population with General UK Population 1210 

We have provided a table (Supplementary Table S4) comparing some characteristics 1211 
between the UKBB population we studied and UK population estimates for reference. 1212 
Compared with the general population, UKBB participants consisted of fewer current 1213 
smokers, were more highly educated, had lower household income, more likely to be female, 1214 
older, White, and live in areas with lower PM2.5 levels. 1215 

2.2) Within-country datasets 1216 

2.2.1) England dataset (Public Health England) 1217 

Air pollution, lung cancer incidence and EGFR mutation status could be estimated for 20 1218 
cancer alliance regions in England. This was the geographical level at which all three factors 1219 
could be quantified. 1220 
 1221 
Air pollution: Annual PM2.5 air pollution data (μg/m3) from 2006 to 2017 was obtained at the 1222 
grid code level (1km x 1km) from DEFRA9. Radon potential (defined as the estimated 1223 
percentage of homes in an area above the radon action level) in 2011 was obtained from the 1224 
British Geological Survey at the grid code code level (UK Health Security Agency (UKHSA)-1225 
British Geological Survey (BGS). Radon data: indicative atlas of radon in Great Birtain. 1226 
https://www.bgs.ac.uk/datasets/radon-data-indicative-atlas-of-radon/ ). Postal code coordinates 1227 
were sourced from the ONS 2018 Postal Code Directory10. To link every postal code to a 1228 
grid code with pollution data, the coordinates of every postal code centroid was mapped to 1229 
those of the nearest grid code centroid using the RANN package in R. The postal codes with 1230 
pollution data were binned into 1 of 20 Cancer Alliance regions. Then, PM2.5 concentration 1231 
estimates were then aggregated to the Cancer Alliance region level and then averaged over 1232 
the period 2008 to 2017 for 2018 diagnoses, 2007 to 2016 for 2017 diagnoses and 2006 to 1233 
2018 for 2016 diagnoses - these were selected because they represented the 10 years prior 1234 
to a lung cancer diagnosis. The air pollution levels in each Cancer Alliance region were 1235 
broadly stable (within 5 μg/m3) in this time period. 1236 
 1237 
Lung cancer incidence: Data on 118,019 (2016: 39,229, 2017: 39,500, 2018: 39,290) lung 1238 
cancers (International Classification of Diseases codes C33 to C34) diagnosed in England 1239 
between 1 January 2016 and 31 December 2018 were extracted from the National Cancer 1240 
Registration Dataset (NCRD) [AV2018 in CASREF01 (end of year snapshot)], held by the 1241 
National Disease Registration and Analysis Service at Public Health England. Lung cancer 1242 
incidence for each Cancer Alliance region was calculated based on these cases. This 1243 
represented a predominantly Caucasian cohort - White: 92.06%, Asian: 1.48%, Chinese: 1244 
0.23%, Black: 1.05%, Mixed: 0.28%, Other: 0.94%, Unknown: 3.96%. 1245 
 1246 
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The age-standardised lung cancer incidence (using population counts obtained from the 1247 
Office of National Statistics 2019 (2018 mid-year estimates)) was obtained according to each 1248 
five-year age group and sex. Incidences were then combined across age and sex to yield a 1249 
single value for each alliance region. 1250 
 1251 
Lung cancer incidence = (sum(wi*xi/di)/sum(wi)) * 100000 1252 
  wi = European population standard 1253 
  di = Population Count 1254 
  xi = Case Count 1255 
 1256 
Standardised rates are standardised according to the 2013 European Standard Population. 1257 
Confidence intervals for ASR point estimates were calculated using the Dobson method. 1258 
 1259 
EGFR mutation proportion: For lung cancer diagnoses listed above, EGFR mutation 1260 
statuses were extracted from the NCRD [AT_GENE_ENGLAND table in the CAS2210 1261 
monthly snapshot], which includes data on somatic tests undertaken from 1st January 2016 1262 
to 31st December 2019. Only cases with “Overall: TS” as “a:abnormal” and “b:normal” for 1263 
EGFR were used in the calculation for EGFR mutation rate (n=25,567). The EGFR mutation 1264 
rate was calculated for each Cancer Alliance region. 1265 
 1266 
EGFR mutation rate =<# a:abnormal> / (<# a:abnormal> + <# b:normal>) 1267 
 1268 

2.2.2) South Korea dataset (Samsung Medical Center) 1269 

Air pollution, lung cancer incidence and EGFR mutation status could be estimated for 16 1270 
geographical regions in South Korea. This was the geographical level at which all three 1271 
factors could be quantified. 1272 
 1273 
Air pollution: PM2.5 air pollution data were obtained from Air Korea11 for the years 2015 to 1274 
2017 for 16 standard geographical regions across Korea. Within each of the geographical 1275 
regions, we averaged PM2.5 levels across the 2-year period prior to the year of lung cancer 1276 
diagnosis. PM2.5 levels between 2015 to 2017 were broadly stable. We were only able to 1277 
include PM2.5 data for a 2-year period for 2017 and 2018 diagnoses, as air pollution data per 1278 
Korean region was only available starting from 2015. 1279 
 1280 
Lung cancer incidence: Lung cancer incidence data were obtained from the Korean 1281 
National Cancer Center12 for the years 2017 to 2018 for 16 geographical regions across 1282 
Korea. Sex and smoking data were not available. Lung cancer incidence was obtained 1283 
separately for each year and considered independently in Pearson correlations that are 1284 
described below. 1285 
 1286 
EGFR mutation proportion: Lung cancer EGFR mutation status was obtained from 1287 
Samsung Medical Center lung cancer diagnoses for the years 2017 to 2018 for 16 1288 
geographical regions across Korea (n=2563). EGFR mutation rate was calculated as above.  1289 
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2.2.3) Taiwan dataset (Chang Gung Medical Foundation) 1290 

Air pollution, lung cancer incidence and EGFR mutation status could be estimated for 12 1291 
standard geographical regions in Taiwan. This was the geographical level at which all three 1292 
factors could be quantified. 1293 
 1294 
Air pollution: Annual PM2.5 air pollution data was obtained for 12 standard geographical 1295 
regions in Taiwan from the Environmental Protection Administration Executive Yuan R.O.C. 1296 
(Taiwan)13. PM2.5 (μg/m3) concentration estimates were available for each county in Taiwan 1297 
from 2006 to 2017. We averaged PM2.5 levels across the period (up to 10 years before a 2 1298 
year washout period) prior to the year of lung cancer diagnosis. Eg. For a diagnosis in 2017, 1299 
2006-2015 aggregated air pollution levels were used for analysis; while for a diagnosis in 1300 
2011, 2006-2009 aggregated air pollution levels were used for analysis. A 2 year washout 1301 
period was necessary to account for dramatic decreases in air pollution levels after 2013. 1302 
 1303 
Lung cancer incidence: Institutional lung cancer incidence and EGFR mutation rates for 1304 
each of 12 different counties in Taiwan were obtained from the Chang Gung Research 1305 
Database for the years 2011-2017 (n=4599). Lung cancer incidence was obtained 1306 
separately for each year and considered independently in Pearson correlations that are 1307 
described below. 1308 
 1309 
Institutional lung cancer incidence was estimated based on recorded lung cancer diagnoses 1310 
in all of Chang Gung Medical Foundation hospitals (CGMH), and the age-standardized rates 1311 
(ASR) per 100,000 were calculated using the world (WHO 2000) standard population of lung 1312 
cancer incidence. 1313 
 1314 
EGFR mutation proportion: EGFR mutation testing data were available for all of these 1315 
cases. However, only 9 counties had at least 10 cases with EGFR mutation tested per year 1316 
and comprised >5% of the total population, these were the counties that were retained for 1317 
analysis. EGFR mutation rate was calculated as above.  1318 
 1319 

Relationship between EGFRm lung cancer incidence and PM2.5 1320 

Analyses were performed separately for each of the 3 cohorts: England, South Korea, and 1321 
Taiwan. 1322 
 1323 
For each geographical region (eg. each country; the 20 cancer alliances in England), EGFR 1324 
mutant lung cancer incidence was calculated by multiplying the total lung cancer incidence 1325 
by the EGFR mutation rate (as reported as a proportion out of 1). 1326 
 1327 
EGFRm lung cancer incidence = <lung cancer incidence>*<EGFR mutation rate> 1328 
 1329 
EGFR mutant lung cancer incidence values were compared with mean PM2.5 values across 1330 
geographical regions using: 1331 

1. Pearson correlation tests 1332 
2. Weighted Pearson correlation tests (to account for number of tested cases in each 1333 

geographical region) 1334 
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3. Robust linear regression (to account for outliers) 1335 

Sensitivity analysis for England and Korea data sets 1336 

 1337 
In the England data set, there were 2 Cancer Alliance regions (South East London and 1338 
Thames Valley) with sparse data due to data unavailability (<5% of lung tumours have any 1339 
molecular testing data recorded (2016-2018)). To exclude the possibility of this confounding 1340 
our analysis, we performed a sensitivity analysis, where we excluded data from these 2 1341 
regions. Of note, the correlation between PM2.5 and EGFRm lung cancer incidence was still 1342 
significant (R=0.55; p=0.019) after these exclusions. 1343 
 1344 
Similarly, in the South Korea data set Jeju-do (2017) was excluded due to poor data 1345 
availability. The correlation between PM2.5 and EGFRm lung cancer incidence was still 1346 
significant (R=0.38; p=0.033) after this exclusion. 1347 
 1348 
However, for the sake of completion, we have reported the full data sets (including these 2 1349 
England regions and 1 South Korea region) in the main text. 1350 
 1351 

2.3) Canada Data Set (BC Cancer Research Centre, 1352 

Vancouver BC, Canada) 1353 

This data set comprises 228 female lung cancer cases that have been reported in Myers et 1354 
al 202114. These cases were seen at the Thoracic Surgery Department of the Vancouver 1355 
General Hospital or the BC Cancer Vancouver Cancer Center between November 15, 2017, 1356 
and May 31, 2019, and were prospectively invited to take part in the study. Detailed 1357 
residential histories from birth to cancer diagnosis for residences within Canada and 1358 
previous residences outside of Canada (for foreign-born immigrants) were recorded. Street 1359 
and city address or postal codes allow accurate linking of residential locations to satellite-1360 
derived PM2.5 exposure data that were available from 1996 onward. A personal PM 2.5  1361 
cumulative exposure was individually calculated via a detailed residential history from birth to 1362 
current address, and input into geographical information System mapping (GIS). By applying 1363 
high resolution (10X10 km) concentration estimates of particulate matter <2.5um from 1364 
satellite observations, chemical transport models and ground measurements to each 1365 
individual’s residential history, a cumulative exposure was estimated by taking into account 1366 
the intensity and duration of exposure and summing over all residences. EGFR mutation 1367 
status for each patient was obtained from each patients’ hospital record. 1368 

Defining pollution exposure groups 1369 

Low, Intermediate, and High air pollution groups were defined by considering quintiles of the 1370 
distribution of  PM2.5 exposure levels across the whole data set (3 year cumulative pollution 1371 
data and 20 year cumulative pollution data).  1372 
  1373 
Thresholds 1374 
Bottom quintile: 6.77ug/m3 1375 
Top quintile: 7.27ug/m3 1376 
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  1377 
PM2.5 Low: PM2.5<bottom quintile 1378 
PM2.5 Intermediate: PM2.5>bottom quintile & PM2.5<top quintile 1379 
PM2.5 High: PM2.5>top quintile 1380 

Comparing EGFRm frequencies 1381 

EGFRm frequencies were compared between high and low pollution exposure groups using 1382 
Chi-squared tests. 2 comparisons were performed: 1383 

● High vs Low Pollution (based on 3yr data) 1384 
● High vs Low Pollution (based on 20 yr data) 1385 

3. Preclinical studies 1386 

Animal Procedures 1387 

Animals were housed in ventilated cages with unlimited access to food and water. All animal 1388 
regulated procedures were approved by The Francis Crick Institute BRF Strategic Oversight 1389 
Committee, incorporating the Animal Welfare and Ethical Review Body, conforming with UK 1390 
Home Office guidelines and regulations under the Animals (Scientific Procedures) Act 1986 1391 
including Amendment Regulations 2012. 1392 
 1393 
EGFR-L858R [Tg(tet-O-EGFR∗L858R)56Hev] mice were obtained from the National Cancer 1394 
Institute Mouse Repository. Rosa26tTA and Rosa26-LSL-tdTomato mice were obtained from 1395 
Jackson laboratory. Mice were backcrossed onto a C57Bl6/J background and further 1396 
crossed to generate Rosa26LSL-tTa/LSL-tdTomato/Tet(O)EGFRL858R mice. Rosa26rtTa/TetO-1397 
EGFRL858R and Rosa26LSL-tdTomato;LSL-KrasG12D mice have been described previously15,16 . 1398 
After weaning, the mice were genotyped (Transnetyx, Memphis, USA), and placed in groups 1399 
of one to five animals in individually ventilated cages, with a 12-hour daylight cycle. Cre-1400 
mediated recombination was initiated by adenoviral CMV-Cre (Viral Vector Core, University 1401 
of Iowa, USA) delivered via intratracheal intubation (2.5x107 virus particles/50 μl) or by Ad5-1402 
SPC-Cre delivery (Viral Vector Core, University of Iowa, USA, donated by Dr. Anton Berns 1403 
from the Netherlands Cancer Institute) delivered via intratracheal instillation (2.5x108 virus 1404 
particles/50 μl).  1405 
 1406 
For exposure to fine particulate matter or control, SRM2786 from the National Institute of 1407 
Standards and Technologies (NIST, obtained from Sigma Aldrich) was resuspended in 1408 
sterile PBS using sonication and particle size distribution was confirmed using a dynamic 1409 
light scattering analyser (Zetasizer, mean particle diameter 2.8 μm). SRM2786 has certified 1410 
mass fraction values of both organic and inorganic constituents from multiple analytical 1411 
techniques and represents fine PM from a modern urban environment (Schantz et al., 2016). 1412 
Mice were briefly anesthetized using 5% isoflurane and intratracheal administration of 5 μg, 1413 
50 μg or control PBS was performed.  1414 
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 1415 

Fluorescence-activated cell sorting analysis and cell sorting 1416 

For flow cytometry analysis of immune cells, mouse lungs were minced into small pieces, 1417 
incubated with collagenase (1 mg/ml; ThermoFisher) and DNase I (50 U/ml; Life 1418 
Technologies) for 45 min at 37°C and filtered through 100 µm strainers (Falcon). Red blood 1419 
cells were lysed for 5 min using ACK buffer (Life Technologies). Cells were stained with 1420 
fixable viability dye eFluor870 (BD Horizon) for 30 min and blocked with CD16/32 antibody 1421 
(Biolegend) for 10 min. Cells were then stained with antibodies for 30 min (see 1422 
Supplementary Table S6). Intracellular staining was performed using the 1423 
Fixation/Permeabilization kit (eBioscience) according to the manufacturer’s instructions. 1424 
Samples were resuspended in FACS buffer (2% fetal calf serum in PBS) and analysed using 1425 
a BD Symphony flow cytometer. Data was analysed using FlowJo (Tree Star). 1426 
 1427 
For flow cytometry sorting of epithelial and immune cells, minced lung tissue was digested 1428 
with Liberase TM and TH (Roche Diagnostics) and DNase I (Merck Sigma-Aldrich) in HBSS 1429 
for 30 min at 37 °C in a shaker at 180 r.p.m. Samples were passed through a 100 μm filter, 1430 
centrifuged (300 x g, 5 min, 4 degrees and red blood cells lysed as above. Extracellular 1431 
antibody staining was then performed followed by incubation in DAPI (Sigma Aldrich) to label 1432 
dead cells. Sorting strategies are outlined in Extended Data 6B,C. Cell sorting was 1433 
performed on Influx, Aria Fusion or Aria III machines (BD). 1434 
 1435 

Immunohistochemistry 1436 

Mouse lungs were fixed overnight in 10% formalin and embedded in paraffin blocks. Then 1437 
4 μm tissue sections were cut, deparaffinized and rehydrated using standard methods.  1438 
Antigen retrieval was performed using pH 6.0 Citrate Buffer and incubated with the following 1439 
antibodies human EGFR L858R mutant specific (Cell Signaling: 3197, 43B2), anti-RFP 1440 
(Rockland: 600-401-379), CD11b (ab133357) and CD68 (ab283654). Primary antibodies 1441 
were detected either using biotinylated secondary antibodies, followed by HRP/DAB or with 1442 
subsequent OPAL fluorescence secondary antibodies (Akoya) . A commercial kit was used 1443 
to detect IL1b RNA transcripts by RNAscope (ACD Biotechne) following manufacturers 1444 
instructions, and staining for CD68 protein was performed afterwards and detected using 1445 
OPAL fluorescence following manufacturers protocols (Akoya). And probes visualised using 1446 
fluorescence to detect IL1b RNA and CD68 protein simultaneously. Slides were imaged 1447 
using a Leica Zeiss AxioScan.Z1 slide scanner. 1448 
 1449 
Tumour grading was carried out by two board-certified veterinary pathologists. Tumour foci 1450 
were quantified from cell coordinate data by clustering cell positions by density using the 1451 
DBSCAN algorithm, implemented in Python with the scikit-learn library17. We chose an EPS 1452 
value of 35 for DBSCAN clustering as this produced spatial clusters with excellent 1453 
concordance to visual inspection of foci in the original histological images. To assess the 1454 
fraction of clusters that had expanded, we reasoned that wild type cells may divide only once 1455 
between 3 and 10 weeks, based on the low proliferation rate of alveolar epithelial cells (Desai et al. 1456 
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2014). Since there was an average cluster size of 2 EGFR mutant cells at 3 weeks, we defined clusters 1457 
>5 cells at 10 weeks as ‘expanded clusters’ that grew above expected 1458 

Whole Genome Sequencing (WGS) 1459 

Lung tumours from control-treated mice (PBS) (n=5) and PM exposed mice(n=5) were 1460 
collected at ethical endpoint. Individual lung tumours were dissected from lung lobes and 1461 
snap frozen. Germline DNA was extracted from tail tissue. DNA was isolated and prepared 1462 
for WGS, followed by sequencing on a NovaSeq (Ilumina), to achieve target coverage of 1463 
100X for PBS and PM exposed samples, and 30X for germline samples. Sequences from all 1464 
20 samples were processed using the Nextflow (version 21.10.3) Sarek pipeline (nf-1465 
core/sarek v3.0). Briefly, sequences were aligned with BWA (0.7.17) to mm10, and 1466 
mutations were called with Mutect2 (gatk4: 4.1.8.1). Only passed mutations that were 1467 
uniquely present in each tumour were considered for analysis. Mutational signatures were 1468 
called using the DeconstructSigs R package, restricting our analysis to the common single 1469 
base substitution signatures: SBS1, SBS4, SBS5, SBS2, SBS13, SBS40, SBS92, SBS17a, 1470 
SBS17b, SBS18.  1471 

Driver mutation probability 1472 

The list of driver mutations and the mutational signature exposures are obtained from the 1473 
TRACERx 421 publication18. Only patients with detected smoking-related signatures are 1474 
considered in the analysis (TRACERx 421). Each observed clonal driver mutation is given a 1475 
probability to be caused by all active mutational signatures in the patient. This number is 1476 
derived from multiplying the mutational signatures exposures to the 96-channel profile of each 1477 
signature19. Then the value is normalised to 1, so that each driver mutation can be explained 1478 
by a fraction of active mutational signatures. The probabilities are then aggregated, giving the 1479 
overall contribution to driver mutations from each of the active mutational signatures. A patient 1480 
is defined as non-carrier of a tobacco-related driver mutation if the probability of SBS4 and 1481 
SBS92 (smoking-related signatures) is smaller than 0.5. 1482 
 1483 

RNA-Sequencing (RNA-seq) 1484 

Lung CD45−CD31−Ter119−EpCAM+ were sorted from control and PM exposed mice by 1485 
flow cytometry. Total RNA was isolated using the miRNeasy Micro Kit (Qiagen), according to 1486 
the manufacturer’s instructions. Library generation was performed using the KAPA RNA 1487 
HyperPrep with RiboErase (Roche), followed by sequencing on a HiSeq (Ilumina), to 1488 
achieve an average of 25 million reads per sample. 1489 
 1490 
The RNA-seq pipeline of nf-core framework version 3.3 was launched with Nextflow version 1491 
21.04.0  to analyse RNA sequencing data20. Raw reads in fastq files were mapped to 1492 
GRCm38 with associated ensemble transcript definitions using STAR version 2.7.6a21. BAM 1493 
files were sorted with a chromosome coordinate using samtools version 1.12 . RSEM 1494 
version 1.3.1 was used to calculate estimated read counts per gene and to quantify in a 1495 
measure of transcripts per million (TPM)22. 1496 
 1497 
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Differential expression analysis was performed using the R platform version 4.0.3 package 1498 
DESeq. filtering with the absolute value of log fold change more 1 and p-value less than 1499 
0.0523. The gene expression between treatment groups was further analysed for their 1500 
pathway enrichments using Gene Set Enrichment Analysis (GSEA). Normalisation (using z-1501 
scores) of TPM scores across the dataset was performed prior to plotting heatmaps of gene 1502 
expression.  1503 
 1504 
The AT2-like score was derived using the method described by Young et al24. Briefly, bulk 1505 
RNA-seq data from mouse models, with or without an EGFR mutation and in the presence 1506 
or absence of PM, were compared according to the degree to which they were similar to a 1507 
signature of keratin8+ AT2 transitional stem cells derived from single cell RNAseq data from 1508 
Strunz et al.25. Gene expression within genes overlapping the human and mouse genomes 1509 
was used as input, and the pseudoR2 value from the Young et al approach used as a 1510 
continuous variable in a test between the different conditions.  1511 

 1512 

Comparison of  RNA-seq data from mice to never-smokers in 1513 

COPA study 1514 

RNA sequencing was applied to 18 samples of bronchial brushings from 9 never-smokers from 1515 
the COPA study after exposure to filtered air and diesel exhaust. Salmon26 was used to estimate 1516 
transcript-level abundance from RNA-seq read data. Differential expression analysis was 1517 
performed using DESeq227. The log two fold difference in gene expression was calculated 1518 
between samples collected 24 hours after exposure to diesel exhaust and filtered air 1519 
(control), on separate occasions but from the same participants. P-values were adjusted 1520 
using the Benjamini-Hochberg method. The log two fold change of significantly differentially 1521 
expressed genes between the tdTomato control and tdTomato PM-treated mice were 1522 
compared to the log two fold change expression of the genes from COPA participants. 1523 
 1524 
The limitation of this analysis is that the mouse and human RNA-seq datasets fundamentally 1525 
differ: 1526 

● Mouse data is acquired from total lung EpCAM+ cells, containing both airway and 1527 
alveolar tissue, whilst the human data were obtained from bronchial brushings only, 1528 
hence different cell types are represented in the data. 1529 

● The pollution exposure between species differed; human participants were exposed 1530 
to diesel exhaust for 2 hours, compared to 3 weeks of PM exposure for mice. 1531 
Furthermore, the mice were kept in controlled environments, whereas a 4 week 1532 
wash-out period between exposure to filtered air and diesel exhaust in human 1533 
participants was required, where day-to-day particulate matter exposures and 1534 
lifestyle differences could not be controlled. 1535 

● Fold changes from the human data were obtained by pairwise comparisons from 1536 
each individual, while since we did not have pairwise matched data from each 1537 
mouse, the fold changes from the mouse data were derived based on aggregated 1538 
(mean) values across each condition (ie. air pollution vs control). 1539 
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● As well, the RNA-seq was performed at 2 different sequencing centres, and target 1540 
depths were different. The human data was sequenced with a target depth of 30M 1541 
reads/sample, while the mouse data was sequenced with a target depth of 25M 1542 
reads/sample. 1543 

Organoid forming assays 1544 

 1545 
Lung organoid co-culture assays have been previously described28. Briefly, tdTomato+ lung 1546 
epithelial cells (tdTomato+EpCAM+CD45−CD31−Ter119− ) were isolated by fluorescence-1547 
activated cell sorting (FACS) from control or PM exposed ET mice acutely after 3 weeks of 1548 
treatment and were resuspended in 3D organoid media consisting of DMEM/F12 with 10% 1549 
FBS, 100 U ml− 1 penicillin-streptomycin, insulin/transferrin/selenium, L-glutamine (all 1550 
GIBCO) and 1mM HEPES (in-house). 5,000-10,000 cells were mixed with a murine lung 1551 
fibroblast cell line (MLg2908, ATCC, 1:5 ratio) and resuspended in growth factor reduced  1552 
Matrigel (Corning) at a ratio of 1:1. 100 μl of this mixture was pipetted into a 24-well transwell 1553 
insert with a 0.4 μm pore (Corning).  After incubating for 30 min at 37 °C, 500 μl of organoid 1554 
media was added to the lower chamber and media changed every other day. Bright-field and 1555 
fluorescent images were acquired after 14 days using an EVOS microscope (Thermo Fisher 1556 
Scientific) and quantified using FiJi (.2.0.0-rc-69/1.52r, ImageJ). 1557 
 1558 
For ex vivo interleukin-1-beta treatment of lung alveolar type II (AT2) cells, single cell 1559 
suspensions from ET mice lungs (without in vivo Cre induction) were subject to  AT2 cell 1560 
purification as previously described (MHC Class 1561 
II+CD49flowEpCAM+CD45− − −CD31 Ter119 )24. Purified AT2 cells were incubated in vitro with 1562 
6 x 10^7 PFU/ml of Ad5-CMV-Cre in 100uL per 100,000 cells 3D organoid media for 1hr at 1563 
37 C as detailed in30. Cells were washed three times in PBS before plating as above, with 1564 
20ng/mL IL-1b added to the organoid media in the lower chamber and changed every other 1565 
day. TdTomato+ organoids were counted as above and the size analysed in FiJi. For 1566 
wholemount staining of organoids, organoids were prepared according to previous 1567 
methods31 and stained with anti-proSPC (Abcam, clone EPR19839) and anti-keratin 8 1568 
(DSHB Iowa, clone TROMA-1). 3D confocal images were acquired upon an Olympus 1569 
FV3000 and analysed in FiJI. 1570 
 1571 
For assessment of AT2 organoid formation after PM exposure, AT2 cells were isolated from 1572 
control or PM treated T and ET mice after 3 weeks, without in vivo Cre induction, followed by 1573 
Cre infection as above and 10,000 cells plated in the organoid assay as described. For co-1574 
culture of AT2 cells and macrophages, non-induced ET mice were exposed to either PBS or 1575 
PM, followed by collection at 3 weeks and isolation of both AT2 cells, interstitial and alveolar 1576 
macrophages as detailed in Choi et al32, (sorting strategies defined in Extended Data Figure 1577 
6C). AT2 cells from PBS-treated ET mice only were infected with Cre ex vivo as described 1578 
as above, before 10,000 AT2 cells were either plated with fibroblasts only, or with a 1:6 ratio 1579 
of PBS- or PM- treated macrophages as above, modified from Choi et al. tdTomato+ 1580 
organoids were quantified in all conditions. 1581 
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 1582 

Statistics and Reproducibility 1583 

Preclinical statistical analyses were performed using Prism (v.9.1.1, GraphPad Software). 1584 
Epidemiological and mutation/sequence data analysis was performed in R version 3.6.2. 1585 
Graphic display was performed in Prism and illustrative figures created with Biorender.com. 1586 
A Kolmogorov–Smirnov normality test was performed before any other statistical test. After, 1587 
if any of the comparative groups failed normality (or the number too low to estimate 1588 
normality), a nonparametric Mann–Whitney test was performed. When groups showed a 1589 
normal distribution, an unpaired two-tailed t-test was performed. When groups showed a 1590 
significant difference in the variance, we used a t-test with Welch’s correction. When 1591 
assessing statistics of three or more groups, we performed one-way analysis of variance 1592 
(ANOVA) or nonparametric Kruskal–Wallis test.  1593 
 1594 
No data were excluded. No statistical methods were used to predetermine sample size in the 1595 
mouse studies, and mice with matched sex and age were randomized into different 1596 
treatment groups. All experiments were reliably reproduced. Specifically, all in vivo 1597 
experiments, except for omics data (RNA-seq), were performed independently at least twice, 1598 
with the total number of biological replicates (independent mice) indicated in the 1599 
corresponding figure legends. 1600 
 1601 

Code Availability 1602 
Normal lung tissue processing, RNA-seq analysis and WGS analysis code available at: 1603 
https://github.com/emilialim/airpoll_cancer 1604 
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