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Methods
Cerium Dioxide Nanoparticles

Supplementary Section 1. Synthesis and Purification Method
CeO2NPs for both in vivo and in vitro exposure were provided by the University of Birmingham. The method for CeO2NP synthesis and purification has been described previously [1]. In brief, a cerium stock solution was prepared by dissolving 21.7 g of cerium nitrate hexahydrate in 100 mL deionized (DI) water, and a sodium hydroxide stock solution was prepared by dissolving 2 g of NaOH in 50 mL of DI water. Then, 8.5 mL of Ce stock solution, 5 mL of NaOH stock solution and 70 mL of DI water were mixed by magnetic stirring for 1 h followed by heating at 150 ◦C in an autoclave for 24 h. The prepared product was washed four times with DI water via centrifugation. The solids collected in the last centrifugation were redispersed in DI water. The mixture was placed in a bath of sodium chloride and ice for 3 h. After centrifugation, the white solids were removed leaving a transparent solution which was then filtered through a Millipore system to remove larger agglomerates. The solution was then dried via a vacuum pump for several hours at room temperature to produce a light-yellow powder. To create the CeO2NP stock suspensions, the particles were resuspended in DI water and dispersed via an ultrasonic bath. The suspension concentration used to achieve the required dose in the in vitro exposures (3.4 mg/mL) was ~3 times greater than that required for the in vivo exposures (1.0 mg/mL).  








Supplementary Section 2. Comparison of in vivo and in vitro CeO2NP stock suspensions
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Supplementary Figure S1. CeO2NP stock suspension primary particles. Representative TEM images of the particles in suspension for A) the in vivo stock suspension (1 mg/mL) and B) the in vitro stock suspension (3.4 mg/mL). C) shows the frequency distribution of the primary particle size measured from the TEM images with the in vivo results (N=75) in blue and the in vitro results in red (N=100). For the in vivo stock suspension, the size distribution was determined from 75 particles, randomly selected from 5 TEM images taken at either 250000X or 500000X magnification and for the in vitro stock suspension, the size distribution was determined from 100 particles randomly selected from 13 TEM images taken at a range of magnifications between 120000X and 2000000X via the image processing software ImageJ [2]. The diameter here is defined as the average length of two tangents (approximately at right angles to each other) drawn across the primary particle. The average (± standard deviation) primary particle diameter was 5.6 ± 1.1 nm for the in vivo stock and 9.9 ± 1.9 nm for the in vitro stock. 



Experimental design of in vivo animal exposure studies 
Supplementary Section 3. In vivo exposure system and aerosol characterization
The nose-only inhalation exposure system and the aerosol characteristics used are described in detail in Guo et al [3]. In brief, the CeO2NP stock suspension was aerosolised into filtered, compressed air using two constant output atomisers in parallel (model 3076, TSI Inc., Shoreview, MN, USA,) dried, charge neutralised and then passed to a custom-built nose-only exposure manifold (EMMS, Bordon, UK) [4]. The aerosol mass concentration (TEOM model 1400a, Thermo Scientific, Franklin MA, USA), number concentration (CPC model 3775, TSI Inc., Shoreview, MN, USA) and size distribution (SMPS model 3936N76, TSI Inc., Shoreview, MN, USA) were monitored in real-time throughout the exposure period, the average mass concentration for dose estimation was determined gravimetrically and the aerosol particles were captured onto TEM grids (lacey carbon film 400 mesh copper grids, S166-4, Agar Scientific Ltd., Standsted, Essex, UK) for high resolution TEM (JEOL 3000F, JEOL Inc. Tokyo, Japan) via a Mini Particle Sampler (Ecomesure, Saclay, France). The aerosol temperature, relative humidity and oxygen content were monitored and maintained throughout exposures for animal comfort. For the control exposures, Milli-Q water was used to replace the CeO2NP suspension.

In vitro/in vivo dose matching 
Supplementary Section 4. Preliminary Investigation to Determine In vitro Deposition Efficiency
To determine the deposition efficiency of the in vitro exposure system a series of preliminary sham exposures were carried out. The deposited aerosols were collected via dummy, stainless steel cell culture inserts with cellulose nitrate (CN) membrane filters (WCN, 0.8 μm pore size; Cytiva WhatmaTM, Marlborough, MA, USA) clamped at the bottom. The mass deposited in all 3 wells for each exposure run was determined via ICP-MS (details on the method described below). Seven, 30 min exposures were carried out using the CeO2NP stock suspension at aerosol concentrations ranging from 3 x 105 to 5.5 x 106 particles.cm-3 (0.8-43 mg.m3). 

The deposition efficiency (DE) was then calculated as the ratio of the deposited mass, MCeO2 (ng), to the mass delivered to the insert via the following equation

              

where Q (mL/min) is the aerosol flow rate delivered to each well, t (min) is the exposure duration and CM,ae (µg/m3) is the average aerosol mass concentration.

The DE results as a function of aerosol concentration are shown in the figure below. Excluding the lowest aerosol concentration where the average DE > 100% suggested inaccuracy in the deposited or aerosol mass calculations, the average (± standard deviation) deposition efficiency was 39 ± 10%, with a significant difference (p < 0.001) found between the exposure sets (one-way ANOVA) and a slight, negative linear trend (p < 0.01) found between the DE and aerosol concentration. No trends in consistently high or low doses were observed across the 3 wells. 


Supplementary Figure S2. Deposition efficiency as a function of aerosol number concentration. Each point represents the average of 3 wells for a single 30 min exposure, with the error bars indicating the standard deviation. 


In vitro AE-ALI exposure system and aerosol characterization
Supplementary Section 5. Dose determination via ICP-MS
The deposited dose of CeO2 was measured via CN filter membranes held at the bottom of stainless-steel “dummy” cell culture inserts in one or more of the exposure wells. It has previously been shown that for this system and CeO2NP aerosols, the mass deposited onto CN filters is equivalent to that deposited onto cells [5], although this may not be the case for all combinations of systems, filter membranes and aerosols. The mass of cerium (Ce-140) deposited can then be determined via inductively coupled plasma mass spectrometry (ICP-MS). The complete filter samples were transferred to microwave digestion vessels where 1.5 mL of HNO3, 1 mL of ultrapure water and 0.5 mL of H2O2 were added before processing in an Anton Paar Multiwave Go Plus microwave digester by ramping to 180 °C over 10 min and holding for additional 20 min. The sample digests were further diluted with ultrapure water and analysed via a Thermo Scientific iCAP Q ICP-MS instrument calibrated with mixed element standards to quantify the total mass of Ce on the sample, from which the mass of CeO2 was calculated stoichiometrically.

Supplementary Section 6. Spatial distribution visualisation via laser ablation ICP-MS
The spatial distribution of cerium (Ce-140) on the CN filter membranes or bottom of the Transwell cell culture inserts was determined via laser ablation ICP-MS via a New Wave Research NWR213 laser ablation system (Elemental Scientific Instruments, Omaha, Nebraska, USA) coupled to an iCAP Q ICPMS (Thermo Scientific, Hemel Hempstead, UK). A laser spot size of 100 μm in diameter, fluence of 3 J cm-2, scan speed of 182 μ/ms and repetition rate of 20 Hz were used. The cell gas was helium, which was run at a flow rate of 0.8 mL/min. Helium was also used as the collision gas in KED mode for both the solution and laser ablation ICP-MS. Image generation was achieved via Iolite v3 [6] within Igor Pro 6.36 (Wavemetrics Inc. Oregon, USA)

Supplementary Section 7. In vitro experiment using AE-ALI to determine the optimal conditions for bleomycin treatment
A pilot experiment was conducted using the same cellular model to establish conditions for bleomycin treatment (Supplementary Figure S3). General toxicity was assessed by measuring lactate dehydrogenase (LDH) levels in the culture medium, whereas oxidative stress and inflammatory responses were evaluated through gene expression analysis of small airway-specific markers (e.g., MUC5AC and SLC26a4) and genes responsive to oxidative stress and inflammation (e.g., HMOX1, LCN2, CXCL1, and IL-8). A bleomycin concentration of 50 µg/mL, which led to a significant increase in general toxicity and oxidative stress, was selected for subsequent exposure to CeO2 aerosol particles.
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Supplementary Figure S3 Cytotoxicity analysis of SmallAirTM at 1 day following exposure to bleomycin alone. (A) LDH release was measured in both the apical and basal media. (B) Relative LDH release in the apical and basal media was normalized to the average of LDH release in the 0 µg/mL bleomycin group. (C) Relative LDH release in the apical and basal media was normalized to that of the individual donor control (bleomycin 0 µg/mL group). The data are shown as the means ± SDs. Compared with that in the 0 µg/mL bleomycin group, the difference was statistically significant (* p < 0.05).
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Supplementary Figure S4 Expression of selected genes in SmallAirTM at at 1 day following exposure to varying concentrations of bleomycin (0, 5, and 50 µg/mL). Gene expression alterations were normalized to those of the respective controls from individual donors. The data are shown as the means ± SDs. Statistical significance between the exposed groups (bleomycin at 5 and 50 µg/mL) and the control group (bleomycin at 0 µg/mL) was assessed via paired t tests (* p < 0.05, ** p < 0.01).

Supplementary Section 8. Pathway analysis
The RNA sequencing data were processed for pathway analysis via Ingenuity Pathway Analysis (IPA) software (Qiagen, UK). The data were pre-processed to eliminate potential outliers via hierarchical clustering via Qlucore Omics Explorer software (Qlucore, Sweden). Those samples that did not cluster with the treatment groups were excluded from subsequent analysis. Differential gene expression (DEG) data were generated as input metrics for pathway analysis via Qlucore software (nominal p value <0.005). Canonical pathways were chosen within IPA to capture the cellular signalling pathways of interest. Pathways significantly associated with the input RNA sequencing DEGs were ranked by p-value. 

Supplementary Section 9. Primers used in the PCR analysis
Supplementary Table S1. Forward and reverse sequences of the primers used in the present study
	Gene
	Forward sequence (5’-3’)
	Reverse sequence (5’-3’)

	HPRT1
	TCAGGCAGTATAATCCAAAGATGGT
	AGTCTGGCTTATATCCAACACTTCG

	HMOX1
	TCACTGTGTCCCTCTCTC
	ATGGTCCTGGATGTGCTTT

	LCN2
	AGACAAAGACCCGCAAAAG
	TGGCAACCTGGAACAAAAG

	CXCL1
	AACCGAAGTCATAGCCACAC
	GTTGGATTTGTCCTGTTCAGC

	IL-8
	TTGGCAGCCTTCCTGATTTC
	AACTTCTCCACAACCCTCTG

	MUC5AC
	GGAACTGTGGGGACAGCTCTT
	GTCACATTCCTCAGCGAGGTC

	TGFB3
	CTGGATTGTGGTTCCATGCA3
	TCCCCGAATGCCTCACAT

	FN1
	GCTCAGCAAATGGTTCAG
	GTCTCTTCAGCTTCAGGTTTA

	SLC7A11
	GGGCATGTCTCTGACCATCT
	GTTCCACCCAGACTCGTACA

	TXNRD1
	TTTCCGTGCCCAAATCCAAG
	CCTGCCAAATGTCAGCTTCA




Results
In vivo and in vitro doses
Supplementary Section 10. Visualisation of in vitro dosing
The spatial distribution of CeO2NPs deposited onto the cells during in vitro exposure was visualised via laser ablation ICP-MS and TEM. While laser ablation ICP-MS shows the distribution across the entire area of the cell culture insert, TEM shows greater detail over smaller areas as well as the form in which the particles are present. The laser ablation images, an example of which is shown in Figure 3, show that the distributed of Ce-140 (assumed to be evenly distribution throughout the CeO2NPs) is uniform across the majority of the base of the cell culture insert, with only a slight decrease in concentration around the edges. Both the low- and high dose treatment resulted in similar patterns of particle distribution. It has previously been shown that the distribution is equivalent across the 3 exposure wells in the Cultex RFS [5]. The TEM images (Figure 4) show that the shape and size of the CeO2NP agglomerates deposited are the same as those observed in the aerosol samples (Figure 2) and that they are distributed evenly across the area sampled by the TEM grid (which was placed in the centre of the cell culture insert). As expected, under high-dose exposure, a greater concentration of particles were deposited than under low-dose exposure, and the shape and size of the agglomerates, however remained unchanged.
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Supplementary Figure S5. 2D (left) and 3D (right) representations of the spatial distribution of Ce-140 across the bottom of the cell culture insert during a high dose in vitro exposure, as measured via laser ablation ICP-MS. The concentration scale is in counts per second.
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Supplementary Figure S6. Example TEM images of a TEM grid placed in the centre on the bottom of a dummy cell culture insert during (A) low- and (B) high-dose exposure.

Supplementary Section 11. Biological endpoint analysis of the in vivo exposure study
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Supplementary Figure S7 Absolute numbers of macrophages and neutrophils after the inhalation of CeO2NPs or control aerosols. The data are presented as the means ± SDs (n = 5 rats per group for exposed and n = 3 for controls). * P < 0.05, ** P < 0.01, *** P < 0.001.
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Supplementary Figure S8 Representative Masson’s Trichrome-stained lung sections from rats in different control and exposure conditions.
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Supplementary Figure S9 Principal component plots. (A) Groups exposed to CeO2NPs or control aerosols for 1 week or 2 weeks. (B) Bleomycin pre-treatment groups.
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Supplementary Figure S10 Expression of selected genes related to epithelial-mesenchymal transition (EMT) in the lungs following various exposures.


Supplementary Section 12. Alternative pathway analysis via IPA
Examination of transcriptomic responses to bleomycin alone revealed 248 differentially regulated genes (DEGs)1 week after bleomycin exposure (Supplementary Figure S11A). This number was reduced to 9 genes at 2 weeks after the single bolus of bleomycin, indicating a diminished active cellular response to this toxic insult. Ingenuity pathway analysis of the 1-week DEG, revealed the most significantly upregulated pathways as those involved in DNA damage (highlighted in red in Supplementary Figure S11B). This response is consistent with the molecular mechanism of bleomycin toxicity within the lung (PMID: 18492718)

Analysis of the effects of CeO2NP aerosol exposure for 4 days beginning 24 hrs after a single bolus of bleomycin was carried out at 3 days after the final CeO2NP aerosol exposure (Supplementary Figure S11C). This resulted in 314 genes differentially regulated in the “Bleo + CeO2” group compared with the control (saline + air exposed) groups. These genes appeared to constitute the same cohort of genes originally regulated by bleomycin alone at the same time point. To investigate this further, we selected whose expression was induced by bleomycin alone with > 2-fold change and then further altered by CeO2NP aerosols in the opposite direction. This resulted in 221 genes. Pathway analysis of this cohort revealed that DNA damage pathways (highlighted in red in Supplementary Figure S11D) were the pathways most differentially regulated. These data suggest that CeO2NP aerosol exposure prevents the DNA damage signalling gene response induced by bleomycin.

Analysis of the effects of CeO2NP aerosol exposure on 8 non-consecutive (2 sets of 4 days of exposure across 2 weeks) beginning 24 hrs after a single bolus of bleomycin was carried out at 3 days after the final CeO2NP aerosol exposure (Supplementary Figure S11E). This resulted in 283 genes differentially regulated in the “Bleo + CeO2” group compared with the control (saline + air exposed) group. These genes did not overlap with bleomycin alone at the same time point. Bleomycin alone did not induce significant alterations in gene expression 2 weeks after single bolus exposure. Pathway analysis of the 283 genes revealed that immune cell and inflammatory pathway activation (highlighted in green in Supplementary Figure S11F) was the most differentially regulated pathway. These genes were very similar to those genes whose expression was altered by CeO2NP aerosol exposure alone at 2 weeks. The interpretation of thses data indicates that CeO2NP aerosol exposure is the dominant adverse factor at this time point. 




[image: ]

Supplementary Figure S11. Pathway analysis of differentially expressed genes (DEGs) in bleomycin-treated and CeO2NP-exposed lung tissue. Lung tissue was analyzed for gene expression via RNA sequencing analysis after treatment with bleomycin and CeO2NP. Those genes with a nominal p value < 0.005 for treatment versus control samples were selected for further analysis. Hierarchical clustering was used to eliminate outlier samples, and the resulting data were visualized as a heatmap (expression normalized for each gene individually the and normalized to a maximum of 1), where red represents high expression and green represents low expression of genes (A, C, E). Pathway analysis was carried out on selected gene lists as indicated in (B, D, E). DNA damage and immune cell/inflammatory-associated pathways are highlighted. 

Supplementary Section 13. Adverse effects of nanosized CeO2NP aerosols at the ALI prior to bleomycin treatment
[image: ]
Supplementary Figure S12 Cytotoxicity analysis of SmallAirTM at 1 day following various exposure conditions (IC: incubator control; SC: system control – dried H2O aerosol exposure; Bleo: bleomycin + dried H2O aerosol exposure; CeO2NP_LD: CeO2NP aerosol exposure at a low dose of 275 ± 77 ng/cm2; CeO2NP_HD: CeO2NP aerosol exposure at a high dose of 706 ± 151 ng/cm2; Bleo + CeO2NP_LD: bleomycin + CeO2NP aerosol exposure at the low dose; Bleo + CeO2NP_HD: bleomycin + CeO2NP aerosol exposure at the high dose. (A) LDH release as measured in both the apical and basal media. (B) Relative LDH release in the apical and basal media as normalized to the average of LDH release in the incubator control group. The data are shown as the means ± SDs. Compared with the system control condition, the difference was statistically significant (* p < 0.05). Compared with the condition of Bleo (bleomycin + dried H2O aerosol exposure) condition, the difference was statistically significant (# p< 0.05).
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Supplementary Figure S13 Expression of selected genes in SmallAir at 1 day following various exposures (A: Incubator control; B: System control – dried H2O aerosol exposure; C: Bleomycin + dried H2O aerosol exposure; D: CeO2NP_LD (low - 275 ± 77 ng/cm2); E: CeO2NP_HD (high - 706 ± 151 ng/cm2); F: Bleomycin + CeO2NP_LD; G: Bleomycin + CeO2NP_HD. Gene expression alterations were normalized to those of the respective controls from individual donors. The data are shown as the means ± SDs. Statistical significance was assessed via paired t tests. Compared with condition B (system control, dried H2O aerosol exposure), the difference was statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001). Compare with condition C (bleomycin + dried H2O aerosol exposure), the difference was statistically significant (# p< 0.05, ## p< 0.01). Compared with condition D/E (respective CeO2NP aerosol exposures), the difference was statistically significant ($ p< 0.05, $$ p< 0.01). 
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