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Abstract

Background

Airborne fine particulate matter with diameter <2.5 μm (PM2.5), can reach the alveolar regions of the lungs, and is associated with over 4 million premature deaths per year worldwide.  However, the source-specific consequences of PM2.5 exposure remain poorly understood. A major, but unregulated source is car brake wear, which exhaust emission reduction measures have not diminished. 
Methods

We used an interdisciplinary approach to investigate the consequences of brake-wear PM2.5 exposure upon lung alveolar cellular homeostasis using diesel exhaust PM as a comparator. This involved RNA-Seq to analyse global transcriptomic changes, metabolic analyses to investigate glycolytic reprogramming, mass spectrometry to determine PM composition, and reporter assays to provide mechanistic insight into differential effects.
Results

We identified brake wear PM from copper-enriched non-asbestos organic, and ceramic brake pads as inducing the greatest oxidative stress, inflammation, and pseudohypoxic HIF activation (a pathway implicated in diseases associated with air pollution exposure, including cancer, and pulmonary fibrosis), as well as perturbation of metabolism, and metal homeostasis compared with brake wear PM from low- or semi-metallic pads, and also, importantly, diesel exhaust PM. Compositional and metal chelator analyses identified that differential effects were driven by copper. 
Conclusions 

We demonstrate here that brake-wear PM may perturb cellular homeostasis more than diesel exhaust PM. Our findings demonstrate the potential differences in effects, not only for non-exhaust vs exhaust PM, but also amongst different sources of non-exhaust PM. This has implications for our understanding of the potential health effects of road vehicle-associated PM. More broadly, our findings illustrate the importance of PM composition on potential health effects, highlighting the need for targeted legislation to protect public health.
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Background

Air pollution is the leading environmental risk factor for morbidity and mortality globally, with the World Health Organisation estimating that exposure to outdoor and indoor air pollution is associated with around 7 million premature deaths per year(1, 2). A key air pollutant is particulate matter (PM) - a complex mixture of particles and liquid droplets suspended in the air, which has diverse physical and chemical properties(1). The lungs are the primary site of PM deposition; fine PM (aerodynamic diameter < 2.5 µm; PM2.5) can deposit in the bronchioles and the alveoli, with some particles small enough to translocate into the bloodstream and elicit systemic effects(3). Out of all air pollutants, exposure to fine PM has been associated with the largest impact on human life expectancy as well as all-cause and cause-specific mortality(4). Currently, PM emissions are primarily regulated by mass concentration limits for a given size fraction (e.g. PM2.5), which assumes that all sources of these particulates exert the same biological effects. 
A major source of PM2.5  in urban areas is road vehicles. Exhaust emissions (particularly diesel exhaust PM) have been the focus of extensive research(5-7). As a consequence, exhaust emissions have decreased over time due to advances in emissions reduction technologies such as efficient diesel particulate filters(8, 9), with many governments implementing legislation changes targeting the reduction of exhaust emissions(9). However, vehicles also generate PM from the wear of the road, tyres, and brakes, collectively termed ‘non-exhaust emissions’, with brake wear contributing up to 55% by mass(10, 11). Non-exhaust emissions have increased commensurately with traffic, and now contribute more by mass than exhaust emissions to total vehicular PM2.5 in many European countries(9). This trend is predicted to increase over time as there is a shift towards heavier battery electric vehicles, which generate more of these friction-derived, non-exhaust emissions(9, 12). Currently, non-exhaust emissions are largely unregulated by legislation, meaning that there is a lack of established technologies to mitigate their release. They also tend to be more chemically heterogeneous than exhaust emissions, meaning that they may have the potential to elicit different biological effects depending on the source material(13, 14). Together this points to an urgent and unmet need to better understand the source-specific biological effects of non-exhaust emissions, and more specifically – brake wear. 
Brake-wear PM is generated via friction between the brake pad and disc, with its physicochemical properties being dependent upon the brake pad material, and is typically characterised by the presence of transition metals (including iron, copper, and zinc)(15). Brake pads are formed from a combination of fillers, binders, abrasives, lubricants, and reinforcing fibres, which impart various speed-reduction, anti-fade, and noise-reduction properties. However, the exact combination of constituent components used in a brake pad formulation is not subject to regulation, with brake pads having distinct compositions within four classes: low-metallic (LowM), limited copper content semi-metallic (SemiMxCu),  non-asbestos organic (NAO), or ceramic(16). NAO brake pads are the most commonly used pad type in the US market due to their low cost, low noise, and relatively low wear rate(17, 18). These pads were developed as a replacement for asbestos-containing brake pads, and have copper fibres added to the formulation to increase thermal conductivity, a property that would have been provided by the asbestos(17).  
Here, we characterised the consequences of automotive brake-wear PM2.5 exposure upon lung alveolar homeostasis compared to diesel exhaust PM. We focused on alveolar type-II epithelial (ATII) cells, which are a important site of PM2.5 deposition and effect. These cells play a vital role in the response to alveolar injury, in particular, acting as a progenitor pool, able to differentiate to replace damaged ATI cells(19). Repeated damage to ATII cells by PM2.5 has been linked to the initiation and progression of numerous diseases, including pulmonary fibrosis and pulmonary adenocarcinoma(20-24). Therefore, through an inter-disciplinary approach combining chemical characterisation, transcriptomics, and toxicity studies we identified brake pad type-specific effects upon ATII cells, with the greatest effects defined by PM from pads with copper enrichment. This study highlights the potential for adverse respiratory and systemic effects of specific vehicle-derived PM types. This has implications for understanding the health impacts of road vehicle emissions, even after the upcoming decarbonisation of the road vehicle fleet.  

Results

Characterisation of the alveolar responses to vehicle-derived PM

An overview of the study design is shown in Fig. 1. We studied PM2.5-0.1 (aerodynamic diameter 2.5 μm – 0.1 μm) from automotive brake-wear PM generated from four pad types (low-metallic, LowM; semi-metallic with limited copper, SemiMxCu; non-asbestos organic, NAO; and ceramic), using diesel PM2.5-0.1 as a comparator.  To investigate the biological responses to each PM type, we first exposed an alveolar type-II epithelial cell line (ATII) to PM at concentrations up to 32 µg/cm2 for 24 hours and assessed for cytotoxicity measured by lactate dehydrogenase (LDH) release. A significant concentration-dependent increase in cytotoxicity was observed following exposure to PM2.5-0.1 from NAO and ceramic brake-wear PM, and with diesel PM at 32 µg/cm2 (Fig. 2A).  As no significant increase in cytotoxicity was observed in response to any of the PM types at 8 µg/cm2, this concentration was used for subsequent experiments.
We next looked for evidence of oxidative stress following exposure to PM for 24 hours, using the reactive oxygen species (ROS)-sensitive dye dichlorofluorescein (DCF). NAO and ceramic brake-wear PM induced the greatest increase in ROS generation, while no significant effect was observed with an equivalent concentration of LowM or diesel PM (Fig. 2B). Consistent with this, analysis of antioxidant gene expression identified that haem-oxygenase-1 (HMOX1) and glutamate-cysteine ligase modifier subunit (GCLM) were significantly upregulated in response to NAO and ceramic brake-wear PM, whereas no significant change in expression was seen in response to any of the other PM types (Fig. 2C and 2D). We confirmed similar results using primary ATII cells, where NAO and ceramic brake-wear PM led to the greatest increase in both HMOX1 and GCLM expression (Fig. S1A and S1B). Together these results indicate differential cell responses to specific brake-wear PM types, with NAO and ceramic brake-wear PM inducing oxidative stress to the greatest extent. 
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Fig. 1. Overview of the study. Brake-wear PM from four different brake pad types, as well as diesel exhaust PM were collected in a laboratory setting using a high-volume cascade impactor onto foam filters. Foam filters were dried under nitrogen gas and PM was extracted using methanol. The composition of these PM were assessed using ICP-MS. Given that PM2.5-0.1 can reach the alveoli, we investigated the differential effects of the vehicle-derived PM types in a submerged culture of alveolar type-II epithelial cells. Designed using BioRender.com
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Fig.2. NAO and Ceramic brake-wear PM induce the greatest oxidative stress. ATII cells were exposed to 8, 16, and 32 µg/cm2  of the 5 different vehicle-derived PM types for 24 hours. A. LDH release was measured, with higher LDH release indicating higher cytotoxicity; LDH release was determined using a CytoTox 96® Non-Radioactive Cytotoxicity Assay kit, n = 3. B. ROS generation was assessed in ATII cells via oxidation of H2-DCF into the fluorescent DCF after 24 hours of exposure to PM; tert-Butyl hydroperoxide (TBHP) was used as a positive control for ROS induction, n = 5. C. ATII Haem Oxygenase-1 (HMOX1) expression was determined using RT-qPCR after exposure to 8 µg/cm2 of the 5 different PM types, for 2, 6 and 24 hours, n = 3 for 2 hours exposure. n = 5 for 6 and 24 hours exposure. D. ATII cell Glutamate-Cysteine Ligase Modifier Subunit (GCLM) expression was determined using RT-qPCR after exposure to 8 µg/cm2 of the 5 different PM types, for 2, 6 and 24 hours, n = 3. Data was represented as mean + SEM, and a RM one-way ANOVA test was used with a Dunnett’s post-hoc test to determine significance compared to the control. * = p ≤ 0.05, ** = p ≤ 0.01, **** = p ≤ 0.0001
Given our identification of type-specific brake-wear PM responses, we further investigated the impact of exposure of ATII cells to each PM type, using RNA-Seq as an untargeted approach to measure gene expression. Principal component analysis (PCA) identified overlap between the NAO and ceramic brake-wear PM-modulated gene expression profiles, whilst all other PM types were distinct (Fig. 3A). Differential gene expression analysis (Fig. 3B) identified that NAO and ceramic brake-wear PM induced the greatest number of differentially expressed genes (DEGs; defined by a false discovery rate-adjusted (FDR) p-value ≤ 0.05) (2212 and 2153 DEGs respectively), when compared to LowM (569 DEGs), SemiMxCu (78 DEGs) or diesel exhaust PM (767 DEGs) (Fig. 3C). 
Gene Set Variation Analysis (GSVA) (Fig. 3D and Fig. S2A-E) identified similarities between the effects of NAO and ceramic brake-wear PM. Amongst the most upregulated Hallmark pathways caused by exposure to NAO or ceramic brake-wear PM was ‘Hallmark TNFα Signaling via NFκB’ and, notably, this effect was greater than that observed with other brake-wear PM or diesel PM (Fig. 4A). This potent proinflammatory effect was confirmed by measurement of cytokine release where only NAO and ceramic brake-wear PM induced a significant increase in interleukin-6 (IL-6) and interleukin-8 (IL-8) secretion (Fig. 4B and 4C respectively). A similar trend in responses was confirmed using primary ATII cells (Fig. S3A and S3B).
Other Hallmark pathways upregulated by NAO and ceramic brake-wear PM included enrichment for ‘Hallmark Reactive Oxygen Species’ (Fig. 4D), and ‘Hallmark Hypoxia’ (Fig. 4E).  Enrichment for ‘Hallmark Reactive Oxygen Species’ is consistent with our observation that NAO and ceramic brake-wear PM caused oxidative stress (Fig. 2).  As the ‘Hallmark Hypoxia’ pathway is linked to a metabolic shift towards glycolysis, GSVA was used to interrogate glycolysis-associated genes using the Panther Glycolysis pathway (Fig. 4F). The Glycolysis Score was highest in response to NAO and ceramic brake-wear PM, driven by increased expression of a range of genes including hexokinase-2 (HK2) and pyruvate kinase M1/2 (PKM) (Fig. 4G). This shift in cellular metabolism was confirmed by Seahorse analysis which identified a significant increase in the proportion of ATP generation through glycolysis compared to oxidative phosphorylation in cells exposed to NAO brake-wear PM (Fig. 4H, and Fig. S3C). 
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Fig.3. Transcriptomic responses to PM are source-dependent, with NAO and Ceramic inducing the greatest number and magnitude of changes. ATII cells were exposed to 8 µg/cm2 of the 5 different vehicle-derived PM types for 6 hours, after which bulk RNA-Seq was conducted.  The differential gene expression package edgeR was used to make pairwise comparisons between each of the five PM types and the control (e.g. LowM vs Ctrl, SemiMxCu vs Ctrl etc…) to identify genes that were up or downregulated compared to the medium-only control. Genes with a false-discovery rate (FDR) p-value of ≤ 0.05 were considered differentially expressed. A: Biplot showing the first two principal components, demonstrating that NAO and ceramic brake-wear PM are separated on PC1. B: Heatmap of all genes that were differentially expressed in at least one of the 5 different pairwise comparisons, with hierarchical clustering of genes, generated using the ‘pheatmap’ package.  C: Number of DEGs for each PM type compared to the medium-only control. D. Bubble plot showing Gene Set Variation Analysis (GSVA) scores for the top 10 most upregulated hallmark pathways by NAO brake-wear PM. 
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Fig.4. NAO- and ceramic-derived brake-wear PM strongly induce an inflammatory response and drive glycolytic reprogramming. ATII cells and primary ATII cells were exposed to 8 µg/cm2 of the 6 different PM types for 24 hours, after which various markers of inflammation were examined. A. GSVA for Hallmark TNFα signalling via NFκB B. ATII cell IL-6 protein secretion was determined after exposure to 8 µg/cm2 of the 6 different PM types for 24 hours. Determined via ELISA. C. ATII cell IL-8 protein secretion was determined after exposure to 8 µg/cm2 of the 6 different PM types for 24 hours. Determined via ELISA.  D. GSVA for Hallmark Reactive Oxygen Species (Oxidative Stress Score).  E. GSVA for Hallmark Hypoxia. F. GSVA of Panther Glycolysis pathway. G. Heatmap visualising the expression of genes within the GSVA of Panther Glycolysis pathway. H. ATP Production Rate % from mitochondria, and from glycolysis in the medium control and NAO BWPM.  Negative control represents cells that were not exposed to PM. In A: Box contains median, upper, and lower quartiles, with whiskers representing the range. In B, C, and H: Bars represent mean +SEM.  In A-F: A RM one-way ANOVA test was used with a Dunnett’s post-hoc test. In H, the ‘*’ represents a significantly increased glycoATP production rate in NAO compared to med ctrl, determined using a two-tailed paired t-test. Statistically significant values are indicated with the star notation on the graphs. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001.
Since metal content is a key difference between brake-wear PM and diesel PM, we also investigated the metal homeostasis responses to the different sources of vehicle-derived PM. Applying GSVA to examine the “Metallothioneins bind metals” Reactome pathway, which contains genes that encode members of the metallothionein family of proteins.  We identified that all brake-wear PM types induced increased metallothionein score, with NAO and ceramic brake-wear PM causing the greatest upregulation, whilst no increase was observed in response to diesel PM (Fig. 5A and 5B). Furthermore, we identified a significant increase in metallothionein-encoding gene expression including MT1G, MT2A, MT1E, and MT1X, in response to SemiMxCu, NAO, and Ceramic brake-wear PM, with the magnitude increase being higher in response to the latter (Fig. 5C-F and Fig. S4A and S4B). This indicates that brake-wear PM can perturb cellular metal ion homeostasis, with NAO and ceramic brake-wear PM leading to the greatest effect.
In summary, this shows that brake-wear PM derived from NAO and ceramic brake pads have the greatest propensity to perturb ATII cell homeostasis. Importantly, across a range of measured endpoints, the effects of these PM were greater than diesel exhaust PM.
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Fig.5. NAO- and ceramic-derived PM were most potent at perturbing metal ion homeostasis. ATII cells and primary ATII cells were exposed to 8 µg/cm2 of the 6 different PM types for 2-24 hours, after which various markers of metal ion homeostasis were examined. A. GSVA of “Metallothioneins bind metals (Reactome)” pathway. B. Heatmap of genes within the Metallothioneins bind metals (Reactome)” pathway. C. Normalised counts for MT1G (counts per million, determined with same RNA-Seq dataset as Figure 3). D. Normalised counts for MT2A C. Normalised counts for MT1E. D. Normalised counts for MT1X. In A: Box contains median, upper, and lower quartiles, with whiskers representing the range. A RM one-way ANOVA test was used with a Dunnett’s post-hoc test. In C-F: Bars represent mean + SEM of the normalised counts, significant differences compared to the ctrl were determined using a generalised linear model with edgeR. Statistically significant values are indicated with the star notation on the graphs. ** = p ≤ 0.01, **** = p ≤ 0.0001
Compositional analysis of vehicle-derived PM

Given our identification of type-specific brake-wear PM effects, we subsequently characterised the elemental composition of each PM type using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Table S1). Hierarchical clustering identified that the different sources of vehicle-derived PM were elementally distinct (Fig. 6A). NAO and ceramic brake-wear PM had similar compositional profiles, defined by higher concentrations of certain metals, especially copper, zirconium, and titanium relative to the other tested PM types. 
Given that NAO and ceramic brake-wear PM both exerted similar biological effects and have the most similar elemental composition, we wanted to identify what elements were most uniquely enriched in these particle types and could be responsible for driving these differential effects. Therefore, we analysed the compositional data using PCA. NAO and ceramic brake-wear PM were closely associated and distinct from the other PM types (Fig. 6B). Applying a loadings plot to determine the factors responsible for driving the principal components identified that the concentration of copper was most responsible for separating PM types (Fig. 6C). Consistent with this, copper concentrations were 16-fold higher in NAO and ceramic brake-wear PM than in LowM brake-wear PM (the next most copper-enriched source), 68-fold higher than SemiMxCu, and 300-fold higher than in diesel PM (Fig. 6D). Together these analyses identify that NAO and ceramic brake-wear PM are elementally distinct from other PM types and that the enrichment of copper is the key element differentiating PM from these brake pads from other brake-wear PM types. 
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Fig.6. Different vehicle-derived PM types have distinct elemental characteristics, with NAO and ceramic BWPM differentiated by high copper content. 5 different vehicle-derived PM types were collected using a high-volume cascade impactor, after which, the whole particles were digested and analysed via ICP-MS. A. Heatmap showing element concentrations with hierarchical clustering, to group elements enriched in each bulk PM type. B. A biplot comparing the first two principal components for the bulk PM. NAO and Ceramic are separated along PC2 (circled in red). C. A loadings plot showing the top 15% of elements that are contributing to the direction of the PCs for the bulk PM. For example, high iron concentrations are shifting PC1 values higher (as in the case of SemiMxCu), or high copper concentrations are shifting PC2 values higher (as in the case of NAO and ceramic). D. Copper concentration in bulk PM demonstrating higher copper concentrations in NAO and ceramic brake-wear PM.


2

Copper-dependent effects of vehicle-derived PM

We next investigated whether the type-specific brake-wear PM effects of NAO and ceramic brake pads we had identified were a consequence of copper enrichment. We focused on NAO brake-wear PM, given NAO brake pads are widely used. ATII cells were exposed to NAO brake-wear PM, and ICP-MS was performed to determine intracellular elemental composition. Copper accumulated intracellularly in a dose-dependent manner (Fig. 7A). Importantly, copper was the only element tested that increased in a dose-dependent manner that did not reach a peak at the highest studied concentration of NAO, potentially implying a lack of effective homeostatic control. 
Having confirmed intracellular copper uptake, we then explored the consequences of exposure in the presence of different metal chelators: copper-selective tetraethylenepentamine (TEPA), iron-selective desferrioxamine (DFX), and zinc-selective N,N,N′,N′- tetrakis-(2 pyridylmethyl)ethylenediamine (TPEN). ATII cells were co-exposed to NAO brake-wear PM and the metal chelators. In the presence of copper-selective TEPA, NAO PM did not induce a significant increase in either the oxidative stress marker HMOX1 (Fig. 7B), or the metal homeostasis marker MT1G (Fig. 7C). However, these responses were still observed in the presence of either iron-selective DFX, or zinc-selective TPEN. Furthermore, exposure to NAO brake-wear PM in the presence of copper-selective TEPA also resulted in the largest abrogation of pro-inflammatory IL-6 secretion (Fig. 7D). Together, these data suggest that copper is an important driver of the detrimental effects of NAO brake-wear PM  on alveolar homeostasis. 
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Fig.7. Copper drives the observed effects of NAO brake-wear PM. ATII cells were exposed to 6 concentrations of NAO BWPM (0.5, 1, 2, 4, 8, and 16 µg/cm2) for 24 hours, after which the supernatant was harvested and the cells were washed 3 times before lysis with Chelex-100 treated MilliQ H2O. The lysates were then analysed for their elemental composition using ICP-MS, to determine the concentrations of the metals in cells after NAO BWPM exposure. A. Intracellular copper concentration following NAO BWPM exposure. n = 3. Following this, ATII cells were exposed to either metal chelators alone (TEPA 50 µM, DFX 12.5 µM, or TPEN 1 µM), NAO BWPM (8 µg/cm2) alone, or the NAO BWPM and metal chelators together (NAO + TEPA, NAO + DFX, or NAO + TPEN) for 24 hours. Following this, HMOX1 gene expression (B), MT1G gene expression (C), and IL-6 protein secretion (D) were examined. n = 4. In all cases, bars represent mean + SEM, and a RM one-way ANOVA test was used with a Dunnett’s post-hoc test to test for significance.
Pseudohypoxic HIF activation by vehicle-derived PM

We and others have previously identified that oxidative stress acting through inhibition of Factor Inhibiting HIF (FIH) can activate the key hypoxia response transcription factor, hypoxia-inducible factor (HIF) in an oxygen-independent manner, a process termed pseudohypoxic HIF activation(25-27). Within the lung, this has been proposed to promote progressive fibrosis(27). Since our transcriptomic analyses identified that NAO brake-wear PM can induce oxidative stress (Fig. 2B, C and D) as well as increase the expression of genes associated with hypoxia (Fig. 4E), we investigated whether copper-rich brake-wear PM promoted pseudohypoxic HIF activation. To test if HIF signalling was occurring in response to PM, GSVA was conducted on the RNA-Seq dataset to determine the HIF score, using a validated 15-gene signature indicative of HIF signalling(28). NAO and ceramic brake-wear PM exposure resulted in a significantly increased HIF score (Fig. 8A), with increased expression of genes including vascular endothelial growth factor A (VEGFA) and solute carrier family 2 member 1 (SLC2A1) (Fig. 8B). The HIF score showed a strong positive correlation with the oxidative stress score, suggesting that the HIF signalling could be driven by oxidative stress (r =0.90, p < 0.001; Fig. 8C). Furthermore, we identified a strong positive correlation between the concentration of copper within the different PM types, and their oxidative stress score (r = 0.89, p < 0.05; Fig. 8D). 
To investigate if FIH activity was altered in response to NAO brake-wear PM, a GAL4 DNA-binding domain upstream activation sequence (DBD-UAS) reporter system was used: HIF1α-CAD is bound to the GAL4 DBD, which binds to an UAS(27, 29). When FIH is inhibited, luciferase activity is higher (Fig. 8E). Exposure to NAO brake-wear PM induced a significant increase in luciferase activity, consistent with FIH inhibition (Fig. 8F). Next, we used a hypoxia-response element (HRE) reporter assay to determine if HIF1α is subsequently able to drive signalling via hypoxia-response elements (HREs), thereby altering the expression of hypoxia-inducible genes. With this system, increased activation of signalling through HIF1α-HRE binding results in increased luciferase activity. Exposure of ATII cells to NAO brake-wear PM induced a significant increase in luciferase activity, indicating NAO-induced increased binding of HIF transcription factor complexes to HREs (Fig. 8G). Lastly, protein concentrations of the key inducible sub-unit of HIF transcription factor complex HIF1α were assessed. Exposure of ATII cells to NAO brake-wear PM resulted in a significant increase in HIF1α stabilisation (Fig. 8H and 8I). This response was diminished by a pre-treatment with the antioxidant ascorbate, and abrogated by co-treatment with copper-selective chelator TEPA (Figure 8H and 8I).  Together these findings are consistent with copper-enriched PM promoting pseudohypoxic HIF pathway activation via copper-induced oxidative stress and inactivation of FIH.
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Fig.8. NAO BWPM induces pseudohypoxic HIF pathway activation in a copper-dependent manner. GSVA was used to interrogate a 15-gene signature indicative of HIF transcription factor signalling to generate a HIF score A. GSVA of a 15-gene set HIF score. B. Heatmap of genes within the HIF Score. C. Correlation between the HIF score and Oxidative Stress Score. D. Correlation between [Cu] and Oxidative Stress Score. E, F, and G: ATII cells were transfected with either a hypoxia response element (HRE) reporter firefly luciferase plasmid, or hypoxia-inducible factor α C-activation domain (HIFα-CAD) firefly plasmid, and both with a Renilla luciferase control plasmid using lipofectamine LTX. Cells were then exposed to 8 µg/cm2 of NAO BWPM for 24 hours and luciferase activity was determined using a Promega Dual-Luciferase® Reporter Assay System. E. The mechanism of the HIF-CAD reporter assay. F. FIH inhibition following NAO BWPM exposure was determined using a HIFα-CAD reporter. n = 3. G. HRE binding following NAO BWPM exposure was determined using an HRE reporter. The plasmid contained an HRE binding region, and increased HIF transcription factor complex binding to this HRE binding site causes increased luciferase activity. PHD inhibitor DMOG was used as a positive control. n = 3. H and I: ATII cells were exposed to NAO brake-wear PM (8 µg/cm2 ), TEPA (50 µM), NAC (10 mM), or Ascorbate (5 mM) alone for 24 hours. The cells were also exposed to NAO and TEPA together for 24 hours, with no pre-treatment, NAO + NAC and NAO + Ascorbate refer to 24-hour NAO exposure after a one-hour pre-treatment with respective agents. H. Representative HIF1α western blot showing the impact of NAO BWPM on HIF1α stabilisation, as well as the impact of copper chelator TEPA. I. Densitometric analysis of the western blots. n = 3. In F, G, and I data was represented as mean + SEM. In A: Box contains median, upper, and lower quartiles, with whiskers representing the range. In A and I, a RM one-way ANOVA test was used with a Dunnett’s post-hoc test. In C and D, a Pearson’s correlation was used. In F and G, and two-tailed paired t-test was used.
Discussion

A major source of PM in urban environments is road traffic, but much of our understanding of the toxicity of traffic-related PM relates to diesel exhaust emissions. However, non-exhaust emissions, especially from brake wear, represent an increasing component of traffic-related PM, about which there is a paucity of information. Here, we have shown that compared to diesel exhaust PM, brake-wear PM was more potent in perturbing cellular homeostasis in a manner dependent on PM copper content, associated with NAO and ceramic brake pads.  The alterations in biological pathways observed here have been linked to a range of diseases including chronic obstructive pulmonary disease (COPD), idiopathic pulmonary fibrosis (IPF), cancer, cardiovascular diseases, Alzheimer’s disease, and premature ageing (23, 24, 30-33).  However, non-exhaust emissions are only recently being considered for regulation, and these proposals do not include compositional regulation for the protection of human health(34).  
Oxidative stress is one of the key established mediators of fine PM toxicity and has been associated with the pathogenesis of multiple diseases(30, 35, 36). PM has been shown to promote the generation of ROS through various mechanisms, which can offset the oxidant-antioxidant balance(37). The endpoint of this is oxidative damage to cell membranes, proteins, and DNA leading to downstream consequences such as inflammation and cell death(38-40). We demonstrated here that on a mass basis, NAO and ceramic-derived brake-wear PM induced the greatest generation of ROS, as well as the highest magnitude increase in the expression of oxidative stress-associated genes compared to the other brake-wear PM types, and diesel PM. Other groups have identified that brake-wear PM can induce ROS generation and antioxidant responses in vitro(41-43). However, we elaborate on this by identifying the response to these PM across the whole transcriptome. Furthermore, we demonstrate that these responses are brake-pad specific, and are more potent than diesel PM.
Downstream of oxidative stress, inflammation has been identified as a key driver of PM2.5 cellular toxicity. The alveolar epithelium is one of the initial sites of fine PM deposition, and this can result in localised inflammation which has the potential to perturb epithelial barrier function(44). It has also been suggested that PM exposure can drive systemic inflammation leading to multi-organ toxicity. For example, pro-inflammatory mediators may enter the circulation and act directly on the heart leading to cardiac remodelling and disease development(45). It has been shown that those presenting with myocardial infarction were more likely to have been exposed to road traffic emissions in the previous hours(46). Using the RNA-Seq dataset generated in this study, we identified that the greatest magnitude increase in the expression of pro-inflammatory genes was seen in response to NAO and ceramic brake-wear PM. Furthermore, we demonstrated that only NAO and ceramic brake-wear PM could stimulate the release of pro-inflammatory mediators (IL-6, IL-8) following exposure of ATII cells to non-cytotoxic concentrations of PM. Previous research has demonstrated that exposure of U937 monocyte-derived macrophages to mixed brake-abrasion dust collected from a ventilation duct at a testing plant induces IL-8 release, as well as reduced macrophage phagocytic capacity(47). Moreover, our findings align with a previous murine in vivo study that demonstrated pro-inflammatory mediator release from brake-wear PM, however, the underlying mechanism has remained uncertain(48). Here, we show that copper is a key determinant of these responses. 
The main difference in elemental composition between diesel PM and brake-wear PM measured here is the enrichment of metals in the latter. Consistent with this difference, we demonstrated that all brake-wear PM types could upregulate the expression of genes encoding metallothioneins, cysteine-rich metal-chelating proteins(49). Metallothioneins are canonically described as zinc-binding proteins(50), which play an important role in regulating the intracellular free concentration of zinc(49).  When intracellular free zinc concentrations increase, zinc binds to metal regulatory transcription factor 1 (MTF1), promoting nuclear translocation and binding to promoter sequences on metallothionein genes, increasing their expression to maintain zinc homeostasis(49). In this context, it is notable that SemiMxCu-derived brake-wear PM contained more zinc than any of the other vehicle-derived PM types examined, however, NAO and ceramic brake-wear PM still induced the highest magnitude response in metallothionein gene expression. Notably, metallothioneins also bind copper in vivo, and have a well-described role in the detoxification of cadmium(51, 52). Here, we demonstrated that the metallothionein induction by NAO brake-wear PM was driven by copper, consistent with the evidence that metallothionein proteins have a higher affinity for copper than zinc(49, 53). While we have previously shown exposure to metal-rich PM from an underground railway station can cause upregulation of metallothioneins in bronchial epithelial cells(54), to our knowledge, this is the first report that brake-wear PM can perturb zinc homeostasis and induce metallothionein expression.
Exposure to PM, copper, and oxidative stress have independently been associated with the pathogenesis of chronic lung diseases(30, 55-58). However, the mechanisms of how PM and copper might drive these are poorly understood. Recent research has demonstrated that oxidative stress in fibroblasts can induce HIF pathway activation under normal oxygen conditions due to inhibition of Factor Inhibiting HIF (FIH)(27). This pseudohypoxic HIF activation underlies an increase in ‘bone-type’ (pyridinoline) collagen crosslinking which is characteristic of fibrosis and tissue stiffening – a key mechanistic driver of various lung diseases(25, 27). Moreover, pseudohypoxic HIF activation has been identified as a pathogenic mechanism in several cancers.  There is also a growing interest in understanding how PM2.5 may drive lung cancer in never-smokers through non-mutagenic mechanisms(25, 59). Given that NAO and ceramic PM induced oxidative stress, and hypoxia response genes were shown to change in our RNA-Seq data, we investigated if such vehicle-derived sources of PM could inactivate FIH. Consistent with this, the transcriptome of NAO brake-wear PM-exposed ATII cells exhibited an increased HIF score and this correlated with the oxidative stress score. A causal link was further evidenced by the finding that NAO brake-wear PM could stabilise HIF1α protein (the key inducible sub-unit of the HIF complex) in an oxidative stress- and copper-dependent manner. Finally, we demonstrated that NAO brake-wear PM caused a significant inhibition of FIH. Together these data demonstrate that NAO brake-wear PM can induce HIF signalling in an oxidative stress/copper-dependent fashion. These findings have significant implications for understanding how specific forms of non-exhaust PM, especially those containing high concentrations of copper, may contribute to the development and progression of many chronic lung diseases.
Brake wear and tyre wear are the leading sources of atmospheric copper, contributing to 47% of airborne concentrations according to the UK emissions inventory(9). Copper is often used as a tracer for brake-wear PM in epidemiological studies investigating the impact of non-exhaust emissions, with various short-term and long-term studies finding an association between PM copper and increases in morbidity/mortality(56, 60-66). Results from the Atlanta Commuters Exposures study observed acute decreases in lung function in a cohort of young adults which were positively associated with PM copper exposure during commuting, with no other metals correlating with lung function changes(63). Similarly, a retrospective panel study found that higher concentrations of copper within PM2.5 were associated with acute decreases in lung function in COPD patients(56). In support of this, we demonstrate here that NAO PM-derived copper accumulates intracellularly following exposure, and chelation of NAO PM-derived copper abrogates a range of endpoints associated with toxicity, providing a potential mechanistic explanation of these epidemiological findings. Interestingly, Selley et al conducted a similar experiment but with monocyte-derived macrophages and mixed brake-abrasion dust collected from a ventilation duct at a testing plant, as mentioned above. They however did not observe an increase in intracellular copper in a concentration-dependent manner in response to these PM. This could be due to the difference in braking materials used within the plant, or simply due to differences in uptake between monocyte-derived macrophages, and the alveolar epithelial cells used here. Figliuzzi et al exposed A549 cells to brake-wear PM derived from 4 different unspecified brake pad types. They suggested that there was an association between brake-wear copper concentration and effect, but their study used a concentration of 100 µg/ml for several of these experiments (four times higher than used in our work), and this caused marked cytotoxicity(42). Moreover, where they suggest a concentration-response effect, there is no investigation of causality.  Our findings elaborate on this by directly ascribing observed effects to the copper within the brake wear.
Legislation changes relating to non-exhaust PM in the interest of public health have not yet been implemented. However, the toxic effects on aquatic life of copper from brake-wear PM washed from roads to waterways has resulted in some US states (including California and Washington) introducing laws that restrict copper usage within brake pad formulations(67). This has in turn incentivised the development of novel brake pad types, such as the SemiMxCu brake pads examined here. Currently, there is no legislation governing non-exhaust emissions in Europe, although the proposed Euro 7 standards aim to implement changes(34) with current plans aiming to set brake-wear PM10 emissions limits to 7 mg/km/vehicle, with an aim to eventually reach 3 mg/km/vehicle(34). However, our research suggests that legislation changes specifically to reduce copper content within brake pads could also be beneficial to public health. While it is important to note that currently available copper-limited brake pads have been known to have a higher wear rate, recent advances in tribological technology have found copper-limited brake pads that utilise stainless steel particles appear to perform better than copper-containing pads, with lower wear rates(68). Widespread implementation of legislation to reduce brake pad copper content would likely further drive tribological research into developing better friction materials with reduced wear rates without the need for copper, which would lower overall exposure to toxic brake-wear PM emissions.
Limitations of the study

Given that our focus was on metals within the PM, other potentially toxic components were not considered. For example, brake-wear PM contains over 150 different organic compounds(18). Furthermore, given that only 1% of the elemental composition of diesel PM was accounted for in the analysis here, carbonaceous compounds are likely to contribute to much of the unaccounted mass. Indeed, studies have shown that diesel PM contains high concentrations of organic compounds, including mutagenic polycyclic aromatic hydrocarbons (PAHs) (69, 70). 
Brake-wear PM toxicity was assessed using 2D monocultures. Future studies could confirm these findings using a more complex 3D multi-cell co-culture that better represents particle inhalation by modelling apicobasal polarity, more realistic spatial organisation, and allowing for cell-cell interactions(71). Lastly, the concentration of PM (8 µg/cm2) used is likely higher than in vivo exposures. However, as airway lining fluid in vivo is only ~0.05 µm thick, while the in vitro exposure thickness here was ~3 mm, this could have implications for the effects of the dissolved compounds (72). Importantly, this concentration is in line with, and often lower than concentrations used for similar previous in vitro studies(42, 43, 47, 73, 74). 
Conclusions

In summary, we have demonstrated that copper is a key determinant of the ability of brake-wear PM to perturb alveolar epithelial cellular homeostasis. Importantly, copper-enriched brake-wear PM has a greater detrimental effect than diesel exhaust PM.  The perturbations caused by copper-enriched PM have the potential to contribute to the development and progression of a range of diseases, negatively impacting healthy living and lifespan.  Our results suggest that current legislation, which focuses on PM exhaust emissions, may be inadequate to mitigate the health effects of vehicle-derived PM, and that regulations also need to target not only non-exhaust PM emissions, but also specific components of PM.  
Methods

[bookmark: _Toc136522940][bookmark: _Toc146902056]PM sampling

PM2.5-0.1 (aerodynamic diameter 2.5-0.1 µm) was collected onto a polyurethane foam collection substrate using a high-volume cascade impactor (HVCI) operating at 0.9 m3 air inflow per minute.  PM was extracted from foam filters by sonication into methanol and dried under nitrogen gas. Brake-wear PM was generated from ECE low-metallic brake pads (LowM), semi-metallic brake pads with limited copper (SemiMxCu), non-asbestos organic brake pads (NAO), and ECE-NAO hybrid brake pads (Ceramic). Diesel exhaust PM was also collected. Specific methodological differences in the collection of the various PM types are described in detail in the subsequent sections.

[bookmark: _Toc136522941][bookmark: _Toc146902057]Brake-wear PM  

Brake-wear PM (PM2.5-0.1) from four different commonly used brake pad types was collected under experimental conditions at the Technical University of Ilmenau (Ilmenau, Germany) (48, 75). The HVCI was placed in a large, air-conditioned metal box containing a wheel and brake assembly rotating freely during braking motions. Air supply was reduced during particle collection to reduce particle losses. Each run contained a set sequence of braking actions to replicate city, motorway, and country road driving conditions. This was achieved by braking from different running speeds (sometimes at low speeds, sometimes to a full stop), temperatures, and forces(48, 75). 


[bookmark: _Toc136522943][bookmark: _Toc146902059]Diesel PM collection

Diesel PM was collected from a heavy-duty 12.6L incline 6-cylinder engine on a test bench (Euro III standard-compliant combustion settings) at Eindhoven University of Technology, Netherlands (76).  The engine was fuelled with commercial diesel (EN590) and ran at 1200 RPM to mimic typical motorway conditions(76). 
[bookmark: _Toc136522946][bookmark: _Toc146902061]

Preparation of PM samples

PM samples were stored as a dry powder, before being resuspended in 18.2 MΩ.cm ultrapure water to 2 mg/ml, with vortexing for one minute and sonication in an iced bath sonicator for 15 minutes. Resuspended PM  samples were then aliquoted and stored at -20 °C until use(76). 

[bookmark: _Toc146902071][bookmark: _Hlk95313334]ATII cell culture

An immortalised alveolar type-II (ATII) cell line was used in this study as previously reported(77-80). These cells have been demonstrated to express markers of ATII cells, including surfactant protein C(79). 
ATII cells(77-81) were maintained in culture in either T25 or T75 tissue culture flasks in DCCM1 (Biological Industries, Beit HaEmek, Israel) supplemented with 10% foetal bovine serum (FBS), 50 units/ml penicillin, 50 µg/ml streptomycin, and 2 mM L-Glutamine (all from Gibco, ThermoFisher, Massachusetts, USA) (hereafter referred to as complete DCCM1), and passaged twice a week using trypsin/EDTA digestion, seeding at a density of 100,000 or 300,000 cells in T25 and T75 flasks, respectively.  Cells were incubated at 37°C, 5% CO2. For exposure, ATII cells were seeded at a density of 30,000 cells in 600 µl complete DCCM1 in Nunc 24 well plates (ThermoFisher) and grown until 80-90% confluent, whereupon cells were serum starved overnight (complete DCCM1 without FBS, hereafter referred to as serum starvation DCCM1). 



Challenge of cells with PM

[bookmark: _Toc146902073]Following serum starvation, cells were exposed to 4-32 µg/cm2 (equivalent to 12.5-100 µg/ml) of PM, prepared as above, and diluted into starvation DCCM1 for 2-24 hours. In some experiments, metal chelators (TEPA 50 µM, DFX 12.5 µM, or TPEN 1 µM; all from Sigma) were added to the PM challenge. Following exposure, supernatants were harvested and centrifuged at 16,000 x g 4°C for 10 minutes, to pellet debris.  Clean supernatants were stored in Eppendorf tubes at -80°C until use. 

Primary ATII cells

[bookmark: _Toc136522958][bookmark: _Toc146902075]Primary ATII cells were extracted from macroscopically normal human lung tissue deemed surplus to clinical diagnostic requirements, obtained following video assistant thoracoscopic surgery (VATS).  Ethical approval was gained from the Southampton and South West Hampshire and the Mid and South Buckinghamshire Local Research Ethics Committees, and all subjects gave written informed consent. The isolation of primary ATII cells was performed as previously published(82, 83). 
Prior to use, primary ATII cells were seeded in 48-well plates at 172,000 cells per well in a volume of 400 µl of DCCM-1 medium supplemented with 10% newborn calf serum (NCS), penicillin (100 units/ml), streptomycin (100 µg/ml), and L-Glutamine (2 mM) (PSG) (all from Invitrogen, Massachusetts, USA). After 48 h cells were gently washed to remove non-adherent cells, and the medium was replaced with DCCM1 medium supplemented with 10% NCS and 1% PSG, this process was repeated every 48 h until day 6. After 6 days, the medium was replaced with starvation medium (DCCM1 medium supplemented with 1% PSG, 0% NCS). 24 h later, cultures were exposed to 8 µg/cm2 (25 µg/ml) PM2.5-0.1 suspended in the starvation medium for 24 hours (350 µl exposure volume). Supernatants were then harvested and processed as above.

LDH assay

Cytotoxicity of the PM exposures was assessed using a CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit (Promega, Wisconsin, USA). A representation of total cellular LDH was obtained by culturing a well of cells treated as a PM-free control, washed with PBS, and then lysed with 600 μl 1% Triton-X-100 in starvation medium. This lysate was then processed (centrifugation, storage) as described for the supernatants above. LDH assay was performed as per the manufacturer’s instructions, and an LDH standard curve was constructed using 1 in 2 serial dilutions of the total LDH lysate. Absorbance was measured at 492 nm using a MultiSkan FC spectrophotometric plate reader (ThermoFisher), and LDH release was calculated as a percentage of total cellular LDH using the standard curve. All samples were tested in duplicate.
[bookmark: _Toc136522963][bookmark: _Toc146902090]
2’, 7’-Dichlorodihydrofluoroscein diacetate (H2-DCF-DA) assay

[bookmark: _Hlk95312521]To determine ROS generation in response to PM exposures, the ROS-sensitive dye 2’, 7’-Dichlorodihydrofluoroscin diacetate (H2-DCF-DA; Sigma, New Jersey, USA) was used. ATII cells were seeded in 96-well plates at 5,000 per well in 100 µl of complete DCCM1, after 24 hours, the cells were serum-starved for 16 hours. For the assay, cells were washed twice with 150 µl of phenol red-free HBSS supplemented with Ca2+ and Mg2+ (ThermoFisher), before being loaded with H2-DCF-DA (40 µM in starvation DCCM1, 100 μl per well) for 45 minutes. Residual H2-DCF-DA dye was removed, cells were washed twice with phenol red-free HBSS supplemented with Ca2+ and Mg2+, and cells were exposed to PM as above. Fluorescence was measured using a Fluoroskan Ascent FL plate reader (Labsystems, Vantaa, Finland) (λexc = 485 nm, λem = 530 nm) after 24 hours. 100 µM tert-Butyl hydroperoxide (TBHP; Sigma) was used as a positive control. All samples were tested in duplicate.
[bookmark: _Ref127867740][bookmark: _Toc136522949][bookmark: _Toc146902078]
RNA extraction and reverse transcription

Following PM exposure, cells were washed with 1 ml sterile phosphate-buffered saline (PBS) and lysed with 300 µl RNA lysis buffer (Monarch® Total RNA Miniprep Kit, New England BioLabs, Massachusetts, USA) for 10 minutes to completely lyse cells. Lysates were stored at -80°C until further use. 
[bookmark: _Toc136522951][bookmark: _Toc146902080]RNA was extracted using a Monarch® Total RNA Miniprep Kit (New England BioLabs) following the manufacturer's protocol, using the optional on-column DNase I digest, and eluting in 50 µl of 18.2 mΩ.cm ultrapure water. RNA quantity and purity were assayed using a NanoDropTM spectrophotometer (ThermoFisher). 260/280 absorbance values of > 1.8 were considered of sufficient quality for downstream analyses. Total RNA samples were reverse transcribed to cDNA using a High-Capacity cDNA Reverse-Transcription Kit (ThermoFisher) following the manufacturer’s instructions (20 µl reaction volume) with a starting RNA concentration between 10-20 ng/µl of RNA. 
RT-qPCR

RT-qPCR was performed using TaqMan RT-qPCR gene expression assays (ThermoFisher), with ATP5B and TOP1 used as housekeeping genes, the primers used in this study are described in Table 1. Reaction mixtures were prepared using 5 μl TaqMan Fast Advanced MasterMix, 2 μl ultrapure water, and 0.5 μl cDNA. Reactions were run using a Bio-Rad CFX96 Real-Time thermal cycler, with data analysed using Bio-Rad CFX Manager Version 3.1 (Bio-Rad, California, USA). Relative fold change was calculated using the 2-ΔΔCt method(84), using a geometric mean of the housekeeping gene Ct values. All samples were tested in duplicate. 
[bookmark: _Ref146723814][bookmark: _Toc146902178]Table 1.  Primers used in this study
	Gene
	Dye
	Hs code

	ATP5B
	FAM
	Hs00969569_m1

	GCLM
	FAM
	Hs00978072_m1

	HMOX1
	FAM
	Hs01110250_m1

	MT1G
	FAM
	Hs04401199_s1

	MT2A
	FAM
	Hs02379661_g1

	TOP1
	VIC
	Hs00243257_m1



RNA-Seq and data processing 

Following PM exposure, RNA was harvested and extracted as described above, and samples were analysed by mRNA-Seq using Illumina Novaseq 6000 paired-end sequencing with 150-nucleotide read length and 20 million reads per sample (Novogene, Cambridge, UK). RNA library preparation was conducted using Novogene’s NGS RNA Library Prep Set (PT042). FASTQ raw reads were pseudoaligned to the human transcriptome (GRCh38) and quantified using kallisto(85). The resulting data were imported into R using the Bioconductor tximport package, producing gene-level estimated counts which were used downstream with edgeR for differential expression analysis(86). Data were filtered to remove lowly expressed genes using the edgeR filterByExp function which keeps genes with > 10 counts in at least 70% of samples(86). Data were normalised with the Trimmed Mean of M-values (TMM) method, and relative gene expression compared to the control was then determined using a generalised linear model (glmQLFit), once again using edgeR(86). Genes with a Benjamini-Hochberg false discovery rate (FDR) adjusted p-value of ≤ 0.05 were considered differentially expressed compared to the control. PCA was used to visualise variation within the dataset. Log2 counts-per-million (cpm) values were inputted into the PCA algorithm within the base R programming language (prcomp). The responses of genes within the Hallmark pathways were analysed using Gene Set Variation Analysis (GSVA), with log2 cpm values used as an input for the GSVA tool in R; groups were compared using a repeated-measures one-way ANOVA with a Dunnett’s post-hoc test with p ≤ 0.05 as the significance threshold(87).  Heatmaps were generated using the pheatmap package in R, with hierarchical clustering using Euclidean distance as the clustering metric and complete clustering.    

Pro-inflammatory mediator release

[bookmark: _Toc146902098]Pro-inflammatory mediator release was assessed using DuoSet® IL-6 and IL-8 ELISA kits (R&D systems, Minnesota, USA), following the manufacturer’s instructions. All samples were tested in duplicate.


Seahorse ATP-rate assay

Cells were prepared for the Seahorse ATP-rate assay as per the manufacturer’s guidance.  Briefly, ATII cells were seeded at 2,500 cells in 100 µl of DCCM1 complete medium per well in the central 6 wells of a Seahorse XF HS 8 well cell culture miniplate (Agilent Technologies, California, USA), and the next day serum-starved using DCCM1 starvation medium. On day 3, cells were challenged with 25 µg/ml PM (19 µg/cm2) in 80 µl DCCM1 starvation medium for 24 hours, following which supernatants were removed, cells were washed with Seahorse medium (Seahorse DMEM + 10 mM glucose + 1 mM pyruvate + 2 mM glutamine; Agilent Technologies), and replenished with 80 µl Seahorse medium containing 25 μg/ml (~19 µg/cm2) PM, with incubation for 1 hour at 37°C without supplementation with CO2 and no air circulation. After 1 hour, cells were washed, the PM-containing medium was replenished, and an ATP rate assay was conducted according to the manufacturer’s instructions using a Seahorse XF mini real-time metabolic analyser (Agilent Technologies, California, USA). At the end of the assay, supernatants were removed and cells were washed three times with PBS, before the addition of 20 µl of 5x Laemmli lysis buffer. Lysate protein concentration was determined using a Pierce Micro BCA™ Protein Assay Kit (ThermoFisher). Data analysis was conducted using Agilent’s Seahorse analytics software, using total protein content for normalisation of the assay results. All samples were tested in duplicate.

[bookmark: _Ref146722851][bookmark: _Ref146722931][bookmark: _Ref146732853][bookmark: _Toc146902064]PM sample preparation for ICP-MS – bulk fraction

[bookmark: _Toc146902067]PM2.5-0.1 sample suspensions were thawed, vortexed briefly to resuspend, and then sonicated in an iced water bath sonicator for 10 minutes. 5 mg of PM was then acid digested in 5 ml aqua regia (1:3 12.6 M HNO3 : 15.5 M HCl prepared from sub-boiled concentrated acids) and ~0.25 ml 27M HF (all acids from ROMIL-SpA™ concentrated acids; Romil, Cambridge, UK) in a CEM MARS6 microwave digestion system (CEM Corporation, North Carolina, USA) ramping to 200C in 15 mins and with a 15 mins hold time in 20 ml PFA MARSXpress vessels (CEM Corporation). Solutions were then evaporated to dryness on a hot plate at 130°C and further digested overnight in ~5 ml 3% HNO3 at room temperature, followed by a final evaporation and then dilution with 5 ml 3% HNO3 spiked with In, Re, and Be as internal standards. Elemental concentrations were analysed using an Agilent 8900 QQQ ICP-MS (Agilent, USA), calibrated with multi-elemental standards prepared from single-element ICP-MS standards (Inorganic Ventures, Virginia, USA). Digest blanks to assess background signal were prepared using 18.2 mΩ.cm ultrapure water instead of PM2.5-0.1. The lower limit of detection for each element was calculated as the mean of the digest blanks plus three times the standard deviation.

ICP-MS data analysis

Firstly, elemental data was represented as a heatmap generated using the pheatmap package in R, with hierarchical clustering with Euclidean distance and complete clustering used to identify elemental signatures. Following this, the dimensionality reduction technique principal component analysis (PCA) was used to visualise PM compositional differences. Bulk particle concentrations (ppm) were inputted into the PCA algorithm within the base R programming language (prcomp). Results were visualised using ggplot2(88).
[bookmark: _Toc146902066]Cell lysate sample preparation for ICP-MS 

To determine the concentration of PM elements accumulating within cells following PM exposure, ATII cells were exposed to NAO brake-wear PM (0.5, 1, 2, 4, 8, or 16 µg/cm2) for 24 hours, after which the supernatant was harvested and the cells were washed 3 times with PBS before lysis with 100 µl of Chelex®-100 treated MilliQ H2O (1.5 g of Chelex®-100 resin; Sigma added to 50 ml mΩ.cm ultrapure H2O), agitated overnight at 4°C, and then separated by centrifugation at 16,000 x g for 10 min and filtered through a 0.2 µm pore filter. 10 µl of the lysate was used to determine the cellular protein concentration within the cells using a Pierce Micro BCA™ Protein Assay Kit for normalisation of cellular elemental concentrations. 30 µl of the lysates were added to Teflon pots with 250 μl aqua regia and digested for 24 hours at room temperature, followed by evaporation at 130°C and the addition of 2 ml 3% HNO3 spiked with In, Re, and Be. The concentration of 19 different elements (As, Ba, Cd, Cu, Fe, Hf, La, Mg, Mo, Na, Nb, Nd, Ni, Sn, Sr, Ti, Yb, Zn, Zr) were determined using ICP-MS as above, and normalised to total cellular protein concentrations, measured in 10 μl lysate using a Micro BCA™ Protein Assay Kit.

[bookmark: _Toc146902094]Cell exposures and lysis of protein for western blotting

After the PM exposure, cells were washed twice in ice-cold PBS, before lysis with 50 µl of 2x Laemmli SDS sample buffer supplemented with 20 µl/ml cOmplete™ protease inhibitor (Roche, Basel, Switzerland) and 100 µl/ml PhosSTOP (Roche). Specific prolyl hydroxylase domain-containing 2 (PHD2) inhibitor IOX2 (250 µm) was used as a positive control for activation of HIF signalling. The lysates were stored at -80°C until use.

SDS-PAGE and western blotting

Lysates were probe sonicated with a Soniprep 150 machine (MSE supplies, Arizona, USA) for 3 x 10 seconds (5 µm amplitude) before total protein concentration was determined using a Pierce Micro BCA™ Protein Assay Kit (ThermoFisher). Lysates were then diluted in a sample loading buffer with 12.5% of β-mercaptoethanol as a reducing agent, to contain 20 µg of protein in a 30 µl final volume. Samples were heated to 95°C for 5 minutes, and centrifuged at 16,000 x g for 5 minutes. For SDS-PAGE, polyacrylamide stacking and separation gels (10%) were prepared using 1 mm BioRad mini-PROTEAN® hand-cast systems (Bio-Rad, Hercules, California, USA). Following this, 30 µl of each protein lysate sample was run by PAGE at a constant 100V with 0.3A limit for ~2 hours or until the dye front reached the bottom of the gel. 7 µl of protein ladder (Precision Plus Protein Kaleidoscope; Bio-Rad, Hercules, California, USA) was run in the first lane of each gel.  Following immersion in cold transfer buffer to remove salts and pre-shrink the gels, proteins were transferred to PVDF membranes at a constant 100V with a 0.3A limit for 2 hours. Following transfer, PVDF membranes were blocked in 5% milk powder in TBS-T for 1 hour. Membranes were probed for 24 h using mouse anti-human HIF1α antibody (1:1000, BD Biosciences, Wokingham, UK), or mouse anti-human β-actin antibody as a housekeeping protein (1:50,000, Merck, New Jersey, USA), followed by HRP-conjugated rabbit anti-mouse secondary antibody (1:1000, Cell Signaling Technology, USA). Proteins were visualised using Clarity Western Blotting ECL Substrate (Bio-Rad Laboratories, Watford, UK) using an Amersham Imager 600 (General Electric, Boston, USA). Details of the buffers used and gel recipes are included in the supplement.
Band densitometry was performed using ImageJ software on the raw blot images(89), with proteins of interest normalised to the housekeeping protein to account for inter-lane loading differences, and then compared to the medium control to derive a fold-change in the protein of interest. 






[bookmark: _Toc146902097]Reporter assays

[bookmark: _Toc146902101]HRE binding and FIH activity were assessed using luciferase reporter assays.  ATII cells were seeded into Nunc 24-well plates as described above. The following day, plasmids were diluted in ultrapure water to a stock concentration of 200 ng/µl, and used to transfect cells using Lipofectamine™ LTX transfection reagent according to the manufacturer's instructions, with 500 ng of plasmids total per well. Plasmids were diluted to the required final concentration in OptiMEM (Gibco, ThermoFisher, USA), and cells were cultured in 450 µl DCCM1 starvation medium without penicillin and streptomycin. For detailed reporter construct information and sources see Table S2. The HRE reporter assay was comprised of 450 ng HRE plasmid and 50 ng Renilla luciferase plasmid per well, the latter acting as a constitutively activated control(90).  For the HIF-CAD reporter assay(29) (measuring FIH activity), 225 ng GAL4-DBD-HIF1α-CAD plasmid was added along with 225 ng UAS-luciferase plasmid, and 50 ng Renilla luciferase per well. After 16 hours, the transfection medium was removed, and cells were exposed to PM in 600 µl of DCCM1 starvation medium for 24 hours.  Cells were washed once with ice-cold PBS, and harvested with passive lysis buffer (Promega, Wisconsin, USA) with gentle rocking for 15 minutes. Luciferase activity was then measured using a Dual-Luciferase® Reporter Assay System kit (Promega) according to the manufacturer's instructions.  All samples were tested in duplicate.
Statistical Analysis

Unless otherwise stated in the respective figure legends, graphs were generated using GraphPad Prism v9.5.1(GraphPad Software, Inc. California, USA.) or R studio. The Shapiro-Wilk test was used to test for normality in data sets, with p ≤ 0.05 indicating skewed data. For normally distributed data, a one-way ANOVA was conducted with a Dunnett’s post-hoc test for pairwise analyses. For skewed data, Friedman’s test was used, followed by Dunn’s post-hoc test. For normally distributed data, bars represent the mean + standard error of the mean (SEM). For skewed data (and GSVA score graphs), boxplots show the median (central line), 25th and 75th percentiles (lower and upper box limits, respectively), and whiskers represent the range. P values ≤ 0.05 were considered statistically significant. In all figures, statistically significant values are indicated : * = p ≤ 0.05, ** = P ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001, ns = not significant. In all cases, N numbers reported in the figure legends represent individual donors where primary cells are used, or independent experiments using cultures of different passages where cell line cells are used.


















References

1.	WHO. WHO global air quality guidelines. Particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide.: WHO; 2021. Report No.: 978-92-4-003422-8.
2.	Burnett R, Chen H, Szyszkowicz M, Fann N, Hubbell B, Pope CA, 3rd, et al. Global estimates of mortality associated with long-term exposure to outdoor fine particulate matter. Proc Natl Acad Sci U S A. 2018;115(38):9592-7.
3.	Miller MR, Newby DE. Air pollution and cardiovascular disease: car sick. Cardiovasc Res. 2020;116(2):279-94.
4.	Kim KH, Kabir E, Kabir S. A review on the human health impact of airborne particulate matter. Environ Int. 2015;74:136-43.
5.	Rana S, Saxena MR, Maurya RK. A review on morphology, nanostructure, chemical composition, and number concentration of diesel particulate emissions. Environ Sci Pollut Res Int. 2022;29(11):15432-89.
6.	Matsuo M, Shimada T, Uenishi R, Sasaki N, Sagai M. Diesel exhaust particle-induced cell death of cultured normal human bronchial epithelial cells. Biol Pharm Bull. 2003;26(4):438-47.
7.	Steiner S, Bisig C, Petri-Fink A, Rothen-Rutishauser B. Diesel exhaust: current knowledge of adverse effects and underlying cellular mechanisms. Arch Toxicol. 2016;90(7):1541-53.
8.	van Setten BAAL, Makkee M, Moulijn JA. Science and technology of catalytic diesel particulate filters. Catalysis Reviews. 2001;43(4):489-564.
9.	Air Quality Expert Group (AQEG). Non-exhaust emissions from road traffic. 2019.
10.	Harrison RM, Jones AM, Gietl J, Yin J, Green DC. Estimation of the contributions of brake dust, tire wear, and resuspension to nonexhaust traffic particles derived from atmospheric measurements. Environ Sci Technol. 2012;46(12):6523-9.
11.	Forest V, Pourchez J. Biological effects of brake wear particles in mammalian models: A systematic review. Sci Total Environ. 2023;905:167266.
12.	Thorpe A, Harrison RM. Sources and properties of non-exhaust particulate matter from road traffic: a review. Sci Total Environ. 2008;400(1-3):270-82.
13.	Alves CA, Vicente AMP, Calvo AI, Baumgardner D, Amato F, Querol X, et al. Physical and chemical properties of non-exhaust particles generated from wear between pavements and tyres. Atmospheric Environment. 2020;224:117252.
14.	Fussell JC, Franklin M, Green DC, Gustafsson M, Harrison RM, Hicks W, et al. A Review of Road Traffic-Derived Non-Exhaust Particles: Emissions, Physicochemical Characteristics, Health Risks, and Mitigation Measures. Environ Sci Technol. 2022;56(11):6813-35.
15.	Grigoratos T. Non-exhaust traffic related emissions. Brake and tyre wear PM. European Commission. 2014.
16.	Iijima A, Sato K, Yano K, Tago H, Kato M, Kimura H, et al. Particle size and composition distribution analysis of automotive brake abrasion dusts for the evaluation of antimony sources of airborne particulate matter. Atmospheric Environment. 2007;41(23):4908-19.
17.	Naveen Kumar AB, H.S. Goyal, Kunvar Kant Patel. THE EVOLUTION OF BRAKE FRICTION MATERIALS: A REVIEW. Materials Physics and Mechanics. 2021(47):796-815.
18.	Alves C, Evtyugina M, Vicente A, Conca E, Amato F. Organic profiles of brake wear particles. Atmospheric Research. 2021;255.
19.	Mason RJ. Biology of alveolar type II cells. Respirology. 2006;11 Suppl:S12-5.
20.	Ruaro B, Salton F, Braga L, Wade B, Confalonieri P, Volpe MC, et al. The History and Mystery of Alveolar Epithelial Type II Cells: Focus on Their Physiologic and Pathologic Role in Lung. Int J Mol Sci. 2021;22(5).
21.	Goobie GC, Carlsten C, Johannson KA, Khalil N, Marcoux V, Assayag D, et al. Association of Particulate Matter Exposure With Lung Function and Mortality Among Patients With Fibrotic Interstitial Lung Disease. JAMA Intern Med. 2022;182(12):1248-59.
22.	Yu H, Lin Y, Zhong Y, Guo X, Lin Y, Yang S, et al. Impaired AT2 to AT1 cell transition in PM2.5-induced mouse model of chronic obstructive pulmonary disease. Respir Res. 2022;23(1):70.
23.	Zhao J, Li M, Wang Z, Chen J, Zhao J, Xu Y, et al. Role of PM(2.5) in the development and progression of COPD and its mechanisms. Respir Res. 2019;20(1):120.
24.	Wang TH, Huang KY, Chen CC, Chang YH, Chen HY, Hsueh C, et al. PM2.5 promotes lung cancer progression through activation of the AhR-TMPRSS2-IL18 pathway. EMBO Mol Med. 2023;15(6):e17014.
25.	Hayashi Y, Yokota A, Harada H, Huang G. Hypoxia/pseudohypoxia-mediated activation of hypoxia-inducible factor-1alpha in cancer. Cancer Sci. 2019;110(5):1510-7.
26.	Celada L, Cubiella T, San-Juan-Guardado J, Gutierrez G, Beiguela B, Rodriguez R, et al. Pseudohypoxia in paraganglioma and pheochromocytoma is associated with an immunosuppressive phenotype. J Pathol. 2023;259(1):103-14.
27.	Brereton CJ, Yao L, Davies ER, Zhou Y, Vukmirovic M, Bell JA, et al. Pseudohypoxic HIF pathway activation dysregulates collagen structure-function in human lung fibrosis. Elife. 2022;11:e69348.
28.	Buffa FM, Harris AL, West CM, Miller CJ. Large meta-analysis of multiple cancers reveals a common, compact and highly prognostic hypoxia metagene. Br J Cancer. 2010;102(2):428-35.
29.	Coleman ML, McDonough MA, Hewitson KS, Coles C, Mecinovic J, Edelmann M, et al. Asparaginyl hydroxylation of the Notch ankyrin repeat domain by factor inhibiting hypoxia-inducible factor. J Biol Chem. 2007;282(33):24027-38.
30.	Cheresh P, Kim SJ, Tulasiram S, Kamp DW. Oxidative stress and pulmonary fibrosis. Biochim Biophys Acta. 2013;1832(7):1028-40.
31.	Iakovou E, Kourti M. A Comprehensive Overview of the Complex Role of Oxidative Stress in Aging, The Contributing Environmental Stressors and Emerging Antioxidant Therapeutic Interventions. Front Aging Neurosci. 2022;14:827900.
32.	Peters A. Ambient air pollution and Alzheimer's disease: the role of the composition of fine particles. Proc Natl Acad Sci U S A. 2023;120(3):e2220028120.
33.	Basith S, Manavalan B, Shin TH, Park CB, Lee WS, Kim J, et al. The Impact of Fine Particulate Matter 2.5 on the Cardiovascular System: A Review of the Invisible Killer. Nanomaterials (Basel). 2022;12(15).
34.	European Commission. Proposal for a Regulation of the European Parliament and the Council on type-approval of motor vehicles and engines and of systems, components and separate technical units intended for such vehicles, with respect to their emissions and battery durability (Euro 7) and repealing Regulations (EC) No 715/2007 and (EC) No 595/2009
 2022 [
35.	Xu MX, Ge CX, Qin YT, Gu TT, Lou DS, Li Q, et al. Prolonged PM2.5 exposure elevates risk of oxidative stress-driven nonalcoholic fatty liver disease by triggering increase of dyslipidemia. Free Radic Biol Med. 2019;130:542-56.
36.	Ding R, Huang L, Yan K, Sun Z, Duan J. New insight into air pollution-related cardiovascular disease: an adverse outcome pathway framework of PM2.5-associated vascular calcification. Cardiovasc Res. 2024;120(7):699-707.
37.	Pizzino G, Irrera N, Cucinotta M, Pallio G, Mannino F, Arcoraci V, et al. Oxidative Stress: Harms and Benefits for Human Health. Oxid Med Cell Longev. 2017;2017:8416763.
38.	Ayala A, Munoz MF, Arguelles S. Lipid peroxidation: production, metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxid Med Cell Longev. 2014;2014:360438.
39.	Wang Y, Tang M. PM2.5 induces ferroptosis in human endothelial cells through iron overload and redox imbalance. Environ Pollut. 2019;254(Pt A):112937.
40.	Valavanidis A, Vlachogianni T, Fiotakis C. 8-hydroxy-2' -deoxyguanosine (8-OHdG): A critical biomarker of oxidative stress and carcinogenesis. J Environ Sci Health C Environ Carcinog Ecotoxicol Rev. 2009;27(2):120-39.
41.	Gasser M, Riediker M, Mueller L, Perrenoud A, Blank F, Gehr P, et al. Toxic effects of brake wear particles on epithelial lung cells in vitro. Part Fibre Toxicol. 2009;6:30.
42.	Figliuzzi M, Tironi M, Longaretti L, Mancini A, Teoldi F, Sangalli F, et al. Copper-dependent biological effects of particulate matter produced by brake systems on lung alveolar cells. Arch Toxicol. 2020;94(9):2965-79.
43.	Puisney C, Oikonomou EK, Nowak S, Chevillot A, Casale S, Baeza-Squiban A, et al. Brake wear (nano)particle characterization and toxicity on airway epithelial cells in vitro. Environmental Science: Nano. 2018;5(4):1036-44.
44.	Hardyman MA, Wilkinson E, Martin E, Jayasekera NP, Blume C, Swindle EJ, et al. TNF-alpha-mediated bronchial barrier disruption and regulation by src-family kinase activation. J Allergy Clin Immunol. 2013;132(3):665-75 e8.
45.	Thangavel P, Park D, Lee YC. Recent Insights into Particulate Matter (PM(2.5))-Mediated Toxicity in Humans: An Overview. Int J Environ Res Public Health. 2022;19(12):19.
46.	Bhaskaran K, Hajat S, Armstrong B, Haines A, Herrett E, Wilkinson P, et al. The effects of hourly differences in air pollution on the risk of myocardial infarction: case crossover analysis of the MINAP database. BMJ. 2011;343:d5531.
47.	Selley L, Schuster L, Marbach H, Forsthuber T, Forbes B, Gant TW, et al. Brake dust exposure exacerbates inflammation and transiently compromises phagocytosis in macrophages. Metallomics. 2020;12(3):371-86.
48.	Gerlofs-Nijland ME, Bokkers BGH, Sachse H, Reijnders JJE, Gustafsson M, Boere AJF, et al. Inhalation toxicity profiles of particulate matter: a comparison between brake wear with other sources of emission. Inhal Toxicol. 2019;31(3):89-98.
49.	Ruttkay-Nedecky B, Nejdl L, Gumulec J, Zitka O, Masarik M, Eckschlager T, et al. The role of metallothionein in oxidative stress. Int J Mol Sci. 2013;14(3):6044-66.
50.	Krezel A, Maret W. The Functions of Metamorphic Metallothioneins in Zinc and Copper Metabolism. Int J Mol Sci. 2017;18(6).
51.	Hardyman JE, Tyson J, Jackson KA, Aldridge C, Cockell SJ, Wakeling LA, et al. Zinc sensing by metal-responsive transcription factor 1 (MTF1) controls metallothionein and ZnT1 expression to buffer the sensitivity of the transcriptome response to zinc. Metallomics. 2016;8(3):337-43.
52.	Nordberg M, Nordberg GF. Metallothionein and Cadmium Toxicology-Historical Review and Commentary. Biomolecules. 2022;12(3).
53.	Gunther V, Lindert U, Schaffner W. The taste of heavy metals: gene regulation by MTF-1. Biochim Biophys Acta. 2012;1823(9):1416-25.
54.	Loxham M, Woo J, Singhania A, Smithers NP, Yeomans A, Packham G, et al. Upregulation of epithelial metallothioneins by metal-rich ultrafine particulate matter from an underground railway. Metallomics. 2020;12(7):1070-82.
55.	Zhang L, Shao J, Tan SW, Ye HP, Shan XY. Association between serum copper/zinc ratio and lung cancer: A systematic review with meta-analysis. J Trace Elem Med Biol. 2022;74:127061.
56.	Zhou L, Tao Y, Li H, Niu Y, Li L, Kan H, et al. Acute effects of fine particulate matter constituents on cardiopulmonary function in a panel of COPD patients. Sci Total Environ. 2021;770:144753.
57.	Janssen R, de Brouwer B, von der Thusen JH, Wouters EFM. Copper as the most likely pathogenic divergence factor between lung fibrosis and emphysema. Med Hypotheses. 2018;120:49-54.
58.	Liu K, Hua S, Song L. PM2.5 Exposure and Asthma Development: The Key Role of Oxidative Stress. Oxid Med Cell Longev. 2022;2022:3618806.
59.	Hill W, Lim EL, Weeden CE, Lee C, Augustine M, Chen K, et al. Lung adenocarcinoma promotion by air pollutants. Nature. 2023;616(7955):159-67.
60.	Weichenthal S, Lavigne E, Traub A, Umbrio D, You H, Pollitt K, et al. Association of Sulfur, Transition Metals, and the Oxidative Potential of Outdoor PM2.5 with Acute Cardiovascular Events: A Case-Crossover Study of Canadian Adults. Environ Health Perspect. 2021;129(10):107005.
61.	Chen J, Rodopoulou S, de Hoogh K, Strak M, Andersen ZJ, Atkinson R, et al. Long-Term Exposure to Fine Particle Elemental Components and Natural and Cause-Specific Mortality-a Pooled Analysis of Eight European Cohorts within the ELAPSE Project. Environ Health Perspect. 2021;129(4):47009.
62.	Lavigne A, Freni Sterrantino A, Liverani S, Blangiardo M, de Hoogh K, Molitor J, et al. Associations between metal constituents of ambient particulate matter and mortality in England: an ecological study. BMJ Open. 2019;9(12):e030140.
63.	Golan R, Ladva C, Greenwald R, Krall JR, Raysoni AU, Kewada P, et al. Acute pulmonary and inflammatory response in young adults following a scripted car commute. Air Quality, Atmosphere & Health. 2017;11(2):123-36.
64.	Zhang Z, Weichenthal S, Kwong JC, Burnett RT, Hatzopoulou M, Jerrett M, et al. Long-term exposure to iron and copper in fine particulate air pollution and their combined impact on reactive oxygen species concentration in lung fluid: a population-based cohort study of cardiovascular disease incidence and mortality in Toronto, Canada. Int J Epidemiol. 2021;50(2):589-601.
65.	Gehring U, Beelen R, Eeftens M, Hoek G, de Hoogh K, de Jongste JC, et al. Particulate matter composition and respiratory health: the PIAMA Birth Cohort study. Epidemiology. 2015;26(3):300-9.
66.	von Ehrenstein OS, Aralis H, Cockburn M, Ritz B. In utero exposure to toxic air pollutants and risk of childhood autism. Epidemiology. 2014;25(6):851-8.
67.	Aranganathan N, Bijwe J. Development of copper-free eco-friendly brake-friction material using novel ingredients. Wear. 2016;352-353:79-91.
68.	Kalel N, Bhatt B, Darpe A, Bijwe J. Copper-free brake-pads: A break-through by selection of the right kind of stainless steel particles. Wear. 2021;464-465:203537.
69.	de Souza CV, Corrêa SM. Polycyclic aromatic hydrocarbons in diesel emission, diesel fuel and lubricant oil. Fuel. 2016;185:925-31.
70.	Patel AB, Shaikh S, Jain KR, Desai C, Madamwar D. Polycyclic Aromatic Hydrocarbons: Sources, Toxicity, and Remediation Approaches. Front Microbiol. 2020;11:562813.
71.	Hiemstra PS, Grootaers G, van der Does AM, Krul CAM, Kooter IM. Human lung epithelial cell cultures for analysis of inhaled toxicants: Lessons learned and future directions. Toxicol In Vitro. 2018;47:137-46.
72.	Frohlich E, Mercuri A, Wu S, Salar-Behzadi S. Measurements of Deposition, Lung Surface Area and Lung Fluid for Simulation of Inhaled Compounds. Front Pharmacol. 2016;7:181.
73.	Kazimirova A, Peikertova P, Barancokova M, Staruchova M, Tulinska J, Vaculik M, et al. Automotive airborne brake wear debris nanoparticles and cytokinesis-block micronucleus assay in peripheral blood lymphocytes: A pilot study. Environ Res. 2016;148:443-9.
74.	Barosova H, Chortarea S, Peikertova P, Clift MJD, Petri-Fink A, Kukutschova J, et al. Biological response of an in vitro human 3D lung cell model exposed to brake wear debris varies based on brake pad formulation. Arch Toxicol. 2018;92(7):2339-51.
75.	Sachse HA, Klaus; Ivanov, Valentin; Trautmann, Carsten; Egenhofer, Frederic. An approach to lower the particle emission of friction brakes on vehicles. Ilmenau Scientific Colloquium. 2014.
76.	Reijnders J, Boot M, de Goey P. Impact of aromaticity and cetane number on the soot-NOx trade-off in conventional and low temperature combustion. Fuel. 2016;186:24-34.
77.	Coelho MA, de Carne Trecesson S, Rana S, Zecchin D, Moore C, Molina-Arcas M, et al. Oncogenic RAS Signaling Promotes Tumor Immunoresistance by Stabilizing PD-L1 mRNA. Immunity. 2017;47(6):1083-99 e6.
78.	Molina-Arcas M, Hancock DC, Sheridan C, Kumar MS, Downward J. Coordinate direct input of both KRAS and IGF1 receptor to activation of PI3 kinase in KRAS-mutant lung cancer. Cancer Discov. 2013;3(5):548-63.
79.	Yao L, Conforti F, Hill C, Bell J, Drawater L, Li J, et al. Paracrine signalling during ZEB1-mediated epithelial-mesenchymal transition augments local myofibroblast differentiation in lung fibrosis. Cell Death Differ. 2019;26(5):943-57.
80.	Zhou Y, Hill C, Yao L, Li J, Hancock D, Downward J, et al. Quantitative Proteomic Analysis in Alveolar Type II Cells Reveals the Different Capacities of RAS and TGF-beta to Induce Epithelial-Mesenchymal Transition. Front Mol Biosci. 2021;8:595712.
81.	Kemp SJ, Thorley AJ, Gorelik J, Seckl MJ, O'Hare MJ, Arcaro A, et al. Immortalization of human alveolar epithelial cells to investigate nanoparticle uptake. Am J Respir Cell Mol Biol. 2008;39(5):591-7.
82.	Conforti F, Davies ER, Calderwood CJ, Thatcher TH, Jones MG, Smart DE, et al. The histone deacetylase inhibitor, romidepsin, as a potential treatment for pulmonary fibrosis. Oncotarget. 2017;8(30):48737-54.
83.	Witherden IR, Vanden Bon EJ, Goldstraw P, Ratcliffe C, Pastorino U, Tetley TD. Primary human alveolar type II epithelial cell chemokine release: effects of cigarette smoke and neutrophil elastase. Am J Respir Cell Mol Biol. 2004;30(4):500-9.
84.	Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 2001;25(4):402-8.
85.	Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq quantification. Nat Biotechnol. 2016;34(5):525-7.
86.	Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq: transcript-level estimates improve gene-level inferences. F1000Res. 2015;4:1521.
87.	Hanzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for microarray and RNA-seq data. BMC Bioinformatics. 2013;14:7.
88.	Wickham H. ggplot2: Elegant Graphics for Data Analysis: Springer-Verlag New York; 2016.
89.	Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat Methods. 2012;9(7):671-5.
90.	Zhao H, Wang S, Zhou Y, Ertay A, Williamson PTF, Ewing RM, et al. Integrated analysis reveals effects of bioactive ingredients from Limonium Sinense (Girard) Kuntze on hypoxia-inducible factor (HIF) activation. Front Plant Sci. 2022;13:994036.














Declarations

Ethics approval and consent to participate

Primary ATII cells were extracted from macroscopically normal human lung tissue deemed surplus to clinical diagnostic requirements, obtained following video assistant thoracoscopic surgery (VATS).  Ethical approval was gained from the Southampton and South West Hampshire and the Mid and South Buckinghamshire Local Research Ethics Committees, and all subjects gave written informed consent.
Consent for publication

Not applicable
Availability of data and materials

The raw RNA-Seq data is available via the Gene Expression Omnibus, accessible at GSEXXXX. All other data are available in the main text or the supplementary materials.
Competing interests

[bookmark: OLE_LINK1]JD has acted as a consultant for AstraZeneca, Jubilant, Theras, Roche and Vividion and has funded research agreements with Bristol Myers Squibb, Revolution Medicines and AstraZeneca.  DED. is co-founder of, shareholder in, and consultant to Synairgen Research Ltd. DED and MGJ acknowledge grants from Boehringer Ingelheim. ML is a member of the UK expert Committee on the Medical Effects of Air Pollutants (COMEAP). All other authors declare they have no competing interests.
Funding

Wessex Medical Research PhD Studentship (JGHP)
University of Southampton New Things Fund grant (JGHP)
Leverhulme Trust PhD Studentship (NHCE)
Southampton Marine and Maritime Institute PhD studentship (NHCE)
Medical Research Council Doctoral Training Programme in Translational Immunology, Inflammation and Cancer (LE)
Institute for Life Sciences PhD studentship (LE)
Academy of Medical Sciences Springboard award (ML, HVR)
Future Leader Fellowship (BB/P011365/1) and David Phillips Fellowship (BB/V004573/1) from the Biotechnology and Biological Sciences Research Council (ML)
Senior Research Fellowship from the National Institute of Health Research Southampton Biomedical Research Centre (ML)
Asthma, Allergy, and Inflammation Research Charity grant (AAIR charity) (ML)
Authors' contributions

Conceptualisation: JGHP, RBC, MGJ, DED, YW, and ML
Methodology: JGHP, LSND, JAB, SW, YW, RBC, MGJ, DED, and ML
Software: JGHP, JAB
Formal analysis: JGHP, JAB, NHCE, MJC, SW, and ML
Investigation: JGHP, LSND, NHCE, MJC, RR, FC, SW, LJE, LY, JL, and HVR
Resources: JD, MG-N, FRC, and YW
Writing – Original Draft: JGHP, MGJ, DED, and ML
Writing – Review and Editing: All authors
Supervision: RBC, MGJ, DED, and ML
Project administration: MJC, RBC, MGJ, DED, and ML
Funding Acquisition: RBC and ML
Acknowledgements

We would like to thank Professor Sir Peter J. Ratcliffe (University of Oxford) for the FIH binary reporter system and the HRE reporter system.
Authors' information 

Not applicable

Footnotes

Not applicable

2

image1.png
Figure 1

Particle collection

Particle characterisation

Diesel PM

((

I

4 pad types: -
¢ Lowsmetallic . Brake wear PM § .
e Semi-metallic L 4
o Non-asbestos organic
e Ceramic

Effects of particles upon
alveolar health





image2.png
% LDH release

Gene expression relative to control

Gene expression relative to control

20+

151

101

LDH release

%k Kk

% %k %k %k
kK Kk

Relative fluorescence (% of control)

P rﬁl’ii anf] /I | HH

ctrl 8 16 32 8 16 32 8 16 32 8 16 32 8 16 32 ug/em?
) LowM SemiMxCu NAO CeramicI Diesel

' Brake wear types '

ROS generation

300+

% **

200

100

S S o‘é‘" P S S EL&F &\q‘@@ye}o &

2 hours 6 hours 24 hours

GCLM

& ¥ &
. o & & F
S P v @
& < ‘_,0& <

2 hours 6 hours 24 hours




image3.svg
                                                                                                  Ctrl  LowM  SemiMxCu  NAO  Ceramic  Diesel  TBHP   100  200  300                                                                       Relative fluorescence (% of control)  **  **  *    A.     B.      D.      C.      Figure 2: Differential induction of oxidative stress by source    -    dependent vehicle                                            Ctrl  LowM  SemiMxCu  NAO  Ceramic  Diesel  Ctrl  LowM  SemiMxCu  NAO  Ceramic  Diesel  Ctrl  LowM  SemiMxCu  NAO  Ceramic  Diesel   0  10  20  30  40                                                                                                                                                                                             Gene expression relative to control   2 hours  6 hours  24 hours     ✱✱   ✱   ✱✱✱✱   ✱✱✱✱   ✱✱✱✱   ✱✱✱✱  HMOX1     HMOX1                                            Ctrl  LowM  SemiMxCu  NAO  Ceramic  Diesel  Ctrl  LowM  SemiMxCu  NAO  Ceramic  Diesel  Ctrl  LowM  SemiMxCu  NAO  Ceramic  Diesel   0  1  2  3  4                                                                                                                                             Gene expression relative to control   ✱✱   ✱   ✱✱✱✱   ✱✱   ✱✱   ✱✱  GCLM   2 hours  6 hours  24 hours       GCLM                                       Ctrl  8  16  32  8  16  32  8  16  32  8  16  32  8  16  32   0  5  10  15  20                                                                                                                                   % LDH release  LowM  SemiMxCu  NAO  Ceramic  Diesel   Brake wear types       **  ****  *  ****  ****    LDH release    ROS generation    µg/cm    2


image4.png
PC2, 6.5% variation

Number of DEGs vs control

20

10

o

-20

10 0 10
PC1, 16.1% variation

® Ctrl @ SemiMxCu
AO

Group ¢ LowM @

500

[ Upregulated
M Downregulated

20

Ceramic
Diesel

HALLMARK_TNFA_SIGNALING_VIA_NFKB

HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY

HALLMARK_MYC_TARGETS_V2

HALLMARK_TGF_BETA_SIGNALING

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION

HALLMARK_KRAS_SIGNALING_UP|

HALLMARK_HYPOXIA

HALLMARK_IL6_JAK_STAT3_SIGNALING

HALLMARK_HEDGEHOG_SIGNALING

°
@)
@)
@)
O
O
o
@)

HALLMARK_INFLAMMATORY_RESPONSE|

LowM SemiMxCu
I —

@)
O o
O o
O O
o 0
O O
O O
O o
O O
O O

NAO Ceramic

( I X
Q@O -
C X N©
@ OO
@00
@0 O
@O O
QOO
Q0@
@@ O

)
'2% .
“
0/@&
4

Scaled GSVA Score

025 0

@)

0.25

O
@

0.50

Diesel

o = N

A




image5.svg
                                                              - 10 0 10 20           - 20 - 10 0 10 20 PC 1 ,  16 . 1 %  variation PC 2 ,  6 . 5 %  variation  Group             Ctrl LowM SemiMxCu NAO Ceramic Diesel  A.   C.   Ctrl LowM SemiMxCu NAO Ceramic Diesel                                                                                HALLMARK _ INFLAMMATORY _ RESPONSE HALLMARK _ HEDGEHOG _ SIGNALING HALLMARK _ IL 6 _ JAK _ STAT 3 _ SIGNALING HALLMARK _ HYPOXIA HALLMARK _ KRAS _ SIGNALING _ UP HALLMARK _ EPITHELIAL _ MESENCHYMAL _ TRANSITION HALLMARK _ TGF _ BETA _ SIGNALING HALLMARK _ MYC _ TARGETS _ V 2 HALLMARK _ REACTIVE _ OXYGEN _ SPECIES _ PATHWAY HALLMARK _ TNFA _ SIGNALING _ VIA _ NFKB                  Ctrl LowM SemiMxCu NAO Ceramic Diesel  value         - 0 . 25 0 . 00 0 . 25 0 . 50         HALLMARK _ INFLAMMATORY _ RESPONSE HALLMARK _ HEDGEHOG _ SIGNALING HALLMARK _ IL 6 _ JAK _ STAT 3 _ SIGNALING HALLMARK _ HYPOXIA HALLMARK _ KRAS _ SIGNALING _ UP HALLMARK _ EPITHELIAL _ MESENCHYMAL _ TRANSITION HALLMARK _ TGF _ BETA _ SIGNALING HALLMARK _ MYC _ TARGETS _ V 2 HALLMARK _ REACTIVE _ OXYGEN _ SPECIES _ PATHWAY HALLMARK _ TNFA _ SIGNALING _ VIA _ NFKB                  Ctrl LowM SemiMxCu NAO Ceramic Diesel  value         - 0 . 25 0 . 00 0 . 25 0 . 50 Ctrl LowM SemiMxCu NAO Ceramic Diesel Scaled GSVA Score - 0.25 0.25 0.50 0 D.   B.    


image6.png
Hekek

600

B.

<

I

< ~N
(wy6d) [9-1]
% :
0
* :
L

0

A

0

5 5 3

g¥dN eln Suljeusis ANL Yew|jeH

-1.0

********
B

R
o o

(24035 ssans annepixQ)
saads uadAxQ annaeay yiew|ey

T

1

©
7

S > O @

o \55‘x .ez"o ‘\Y' 0&\ 0\06
& o4
o

(wy6d) [g-T1]

1.0

T T T
] =] 0
=] =] E

(4ayaued) a10ds sisAjodA|D

eixodAH yiewjjey

LowM SemiVixCu NAO Ceramic Diesel

Ctrl

=

O glycoATP proudction rate

[
&
e
Q
S
2 =
B
Q
3
°
o
_ 2
5 o
O o
T
2 2
€
T T 1
g % = 0O
-
. (%) @1ey uondpoid d1v
o~ - o - o
I T
T g < -
S aS~-=48Ss o Q
O Q0¥ O0X QA IS~ Qq
O < O Q
F L3RI EREILBGFES
I I
1 1 1 1
©




image7.svg
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  


image8.png
Ceramic  Diesel

NAO

LowM SemiMxCu

Ctrl

<

-~

o~ - o T Q
| . |
< s x w < w [O)
2 = = = = N c =
S S S S S S S S
[ I
0 fe
R
0,
3 ©
* (3
* .
* o}
] o,
* v
- 2.
Ok
&,
2
o b&@ D,
W %
: - /4,
: ®
T T - T
S n o 1n S

(sworoeay) 21035 uldUOIYIO||_IDAI

*kkk

0_

I 1 1
[=] (=3 (=]
(=3 o o
wn o wn
S)UNOY pasijewloN vZLN
L 3
*o
b
X
* 3
L 3
x
x
X,
X
L3
I 1 T T 1
(=} n o wn
N - -

S)UNoY pasijewioN LIW

Fedekk

300

S)UNOY PaIsIeWION XLLN

*kkk

400

300
200
100

S)UNOY Pasi|ew.oN FLIN

Figure 5




image9.svg
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           


image10.png
Diesel

[ [l
&

NAO
and
Ceramic

LowM

SemiMxCu

B. 75000

.Ceramic
c 50000
il
® @nao
c
g 25000
X I1‘5
X 1
Lr) =
I 0 05
- 0
N
O 05
&_25000 ‘ 4 1iMxCu
.LoleI I'1'5
50000 Diesel
-1e+05  0e+00 1e+05 2e+05
PC1, 87.33% variation
D' 100000
80000
—_
g_ 60000
2
'S 40000
o
Nl
20000
o_

Component loading

1.00

0.75-

0.50 1

o
N
o

0.001

A/Fe

A

PC1  PC2
Principal component

Top 15% variables




image11.svg
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              


image12.png
Gene expression relative to control

Intracellular [Cu] (pg metal/ng TC protein)

350

300

250

200

150

100

g
=)

=
n

=
=)

o
o

o
o

k%%

0 05 1 2 4 8
[NAO] (ug/cm?)

MT1G

*%k%

16

* % ok ¥

% % % %k

% %k ok

Gene expression relative to control

[IL-6] (pg/ml)

2]
o

5
o

N
o

HMOX1

> e d S O S
& .\Qg 0‘< Q“' Ny «Qg XQQ «Q‘o

x o X
F TP





image13.svg
           A.  C.  D.    B.    


image14.png
HIF Score

A B. Gt Lowi Serivixcu NAO  Ceramic Diesel C. ™3 b 100000
I2 80000 [ ]
1.0
1 3
** * % II I . | | ° E 60000
x = Wl 1 [MSGEEI- 3
I ENO1 8 0.0 == 40000
! ] TUBB6 B = 5
0.0 ALbon %72 T g .
0 O o . A4 e o
-0.5- o
o8 il | I |LoHA p <0.001
] B Peam
-1.0 T T T T T T I.I AcoT7 R 05 oo o5 o 0.4 %2 00 o2 04 06
& S & evg & 0‘?\ i |= i;?: Oxidative Stress Score OX|dat|ve&Stress Score .
¥ S £ 9 § < g o O s
# ;o5 § e 85 8
H. HIFla -
F. G. HRE reporter
Bactin ——
-1 - *k
2.0 2.0 L
* *k I *k

=
n
|
=
n
|

1
tn
|
o
tn
|

Relative luciferase activity
[y
o
]

Relative luciferase activity
(=Y
o
]

Normalised HIF1a fold change vs med ctrl
»
1

o
=)
|
o
=)
l





image15.svg
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       


