Environment International 179 (2023) 108169

Contents lists available at ScienceDirect

Environment International

o %

ELSEVIER journal homepage: www.elsevier.com/locate/envint

Full length article ' :.)
Systems toxicology of complex wood combustion aerosol reveals gaseous | %&

carbonyl compounds as critical constituents

a,e
)

Marco Dilger ", Olivier Armant ™, Larissa Ramme *°, Sonja Miilhopt “, Sean C. Sapcariu
Christoph Schlager ¢, Elena Dilger, Ahmed Reda *%", Jiirgen Orasche %",

Jiirgen Schnelle-Kreis %1 Thomas M. Conlon’, Ali Onder Yildirim ®', Andrea Hartwig £
Ralf Zimmermann “%", Karsten Hiller ¢, Silvia Diabaté *", Hanns-Rudolf Paur *¢,

Carsten Weiss ™"

@ HICE — Helmholtz Virtual Institute of Complex Molecular Systems in Environmental Health — Aerosols and Health, Germany'

Y Institute of Biological and Chemical Systems, Biological Information Processing, Karlsruhe Institute of Technology, Campus North, Eggenstein-Leopoldshafen, Germany
¢ Institut de Radioprotection et de Sureté Nucléaire (IRSN), PSE-ENV/SRTE/LECO, Cadarache, Saint-Paul-lez-Durance 13115, France

4 Institute for Technical Chemistry, Karlsruhe Institute of Technology, Campus North, Eggenstein-Leopoldshafen, Germany

€ Luxembourg Centre for Systems Biomedicine, University of Luxembourg, L-4362 Esch-Belval, Luxembourg

f Institute of Applied Biosciences, Department of Food Chemistry and Toxicology, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

8 Joint Mass Spectrometry Centre, Chair of Analytical Chemistry, Institute of Chemistry, University Rostock, Germany

" Joint Mass Spectrometry Centre, CMA — Comprehensive Molecular Analytics, Helmholtz Zentrum Miinchen, Neuherberg, Germany

! Institute of Lung Health and Immunity (LHI), Comprehensive Pneumology Center (CPC), Helmholtz Zentrum Miinchen, Member of the German Center for Lung Research
(DZL), Neuherberg, Germany

ARTICLE INFO ABSTRACT

Handling Editor: Hanna Boogaard Epidemiological studies identified air pollution as one of the prime causes for human morbidity and mortality,
due to harmful effects mainly on the cardiovascular and respiratory systems. Damage to the lung leads to several

Keywords: severe diseases such as fibrosis, chronic obstructive pulmonary disease and cancer. Noxious environmental

Air pollution aerosols are comprised of a gas and particulate phase representing highly complex chemical mixtures composed

Wood smoke
Systems toxicology
Lung cells

Air-liquid interface
Carbonyl compounds

of myriads of compounds. Although some critical pollutants, foremost particulate matter (PM), could be linked to
adverse health effects, a comprehensive understanding of relevant biological mechanisms and detrimental
aerosol constituents is still lacking. Here, we employed a systems toxicology approach focusing on wood com-
bustion, an important source for air pollution, and demonstrate a key role of the gas phase, specifically carbonyls,
in driving adverse effects. Transcriptional profiling and biochemical analysis of human lung cells exposed at the
air-liquid-interface determined DNA damage and stress response, as well as perturbation of cellular metabolism,
as major key events. Connectivity mapping revealed a high similarity of gene expression signatures induced by
wood smoke and agents prompting DNA-protein crosslinks (DPCs). Indeed, various gaseous aldehydes were
detected in wood smoke, which promote DPCs, initiate similar genomic responses and are responsible for DNA
damage provoked by wood smoke. Hence, systems toxicology enables the discovery of critical constituents of
complex mixtures i.e. aerosols and highlights the role of carbonyls on top of particulate matter as an important
health hazard.

1. Introduction prime causes for premature death (Allenet al. 2011; Cohenet al. 2017;
Heft-Nealet al. 2018; Lelieveldet al. 2015). Since the Harvard Six Cities

Air pollution, ambient (outdoor) and household (indoor), represents Study (Dockeryet al. 1993), a growing number of epidemiological
the major environmental risk factor to human health and is one of the studies have linked air pollution to adverse health effects such as
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respiratory and cardiovascular morbidity and mortality (Brunekreef and
Holgate 2002; Cohenet al. 2017). However, the respective contribution
of individual pollutants to the detrimental health effects as well as their
chemical identity is poorly understood (Lelieveld and Poschl 2017;
Raaschou-Nielsenet al. 2016).

A main source of air pollution is the combustion of fossil fuels
generating complex aerosols comprised of a particle and a gas phase.
Important noxious gases in ambient air are ozone and nitrogen oxides,
which are monitored along with respirable fine particulate matter
smaller than 2.5 um (PMy5) and different exposure limits are applied
globally. Yet, combustion aerosols are comprised of myriads of com-
pounds which are present in the gas phase and/or bound to particles.
The chemical composition is highly variable and depends on many pa-
rameters such as the fuel source, combustion and environmental con-
ditions and ageing. To complicate matters even further, the biological
action of such dynamic and complex chemical mixtures is hard to
address and hence not well known.

An important source of ambient air pollution in Europe and North
America is residential heating with wood, particularly in the cold season
(Linet al. 2018; WHO 2015). Due to climate policies, especially in the
EU, biomass is touted as a renewable fuel and therefore wood combus-
tion is favored in the coming decades. Even more pronounced is the
impact of wood smoke on air pollution and human health in developing
countries where wood is a dominant residential energy source for
heating and cooking (Conibearet al. 2018; Naeheret al. 2007).Burning of
solid fuels is often inefficient and incomplete which results in high
emissions of harmful gaseous compounds and particulate matter. Be-
sides inorganic material including toxic metals, these particles contain
elemental carbon (soot) and organic compounds including hazardous
polycyclic aromatic hydrocarbons (PAHs) (Dilgeret al. 2016). The gas
phase of wood smoke mainly contains carbon monoxide, nitric and
sulfur oxides as well as volatile organic compounds. There are a number
of oxygenated organic compounds which are of toxicological concern
such as aldehydes, alcohols and phenols (WHO 2015). Even in the
emissions of modern masonry heaters and wood stoves, these substances
can be detected albeit in reduced concentrations (Czechet al. 2018).
Although some of the individual compounds are irritating, mutagenic
and carcinogenic (WHO 2012; 2015; 2016a) it remains unclear to which
extent, if any, they contribute to the overall detrimental health effects of
wood smoke. Furthermore, the possible complex interaction of these
various constituents (additive, synergistic or antagonistic) to drive
adverse effects has not been investigated. Moreover, an ever-increasing
sophisticated chemical analysis of aerosols reveals thousands of addi-
tional compounds with scarce knowledge on their biological activities
(Czechet al. 2018; Weggleret al. 2016).

Systems biology approaches including phenotypic screens are
increasingly used to uncover the mechanisms of action of mostly single
compounds and are also embraced to support systems toxicology also
known as toxicology of the 21st century (Bellet al. 2017;
Kleinstreueret al. 2014). Differential regulation of transcripts, proteins
and metabolites by chemical perturbants can be investigated at a global
scale by OMICS technologies (Viantet al. 2019; Waters and Fostel 2004).
Bioinformatic tools allow to discover individual as well as networks of
pathways which are deregulated by toxicants (Fortinoet al. 2022;
Wooet al. 2015). More and more databases are available which can be
queried for hazard assessment of single chemicals and to extrapolate
from in vitro experiments to the in vivo situation (Huanget al. 2016;
Kohonenet al. 2017). Data is also compiled by text mining tools as in
case of the Comparative Toxicogenomics Database (CTD) and potential
relationships between certain chemicals or even chemical moieties, gene
expression and human disease might be inferred (Duran-Frigolaet al.
2014; Daviset al. 2017). In the field of drug discovery, millions of gene
expression profiles for thousands of mainly pharmaceuticals at different
concentrations and time points were recorded which can be compared to
the signatures of novel compounds to deduce their mode of action via
the so-called connectivity map (CMAP) (Lambet al. 2006;

Environment International 179 (2023) 108169

Subramanianet al. 2017). Interestingly, in the field of hazard assessment
the CMAP approach has rarely been employed. Connectivity mapping
has been used as a tool to support read-across hypotheses (De
Abrewet al. 2019). In the case of chemical carcinogenesis, in vitro
transcriptomics data in human hepatocytes could indeed predict the
hepatocarcinogenic potential for a suite of compounds in humans
(Caimentet al. 2014). More recently, connectivity mapping was per-
formed to establish predictive tools for ecotoxicology exploiting zebra-
fish and fathead minnow as model organisms (Wanget al. 2016).

So far, due to the lack of appropriate exposure technology a detailed
understanding of the contribution of individual aerosol constituents to
adverse effects in the lung is still scarce. Mostly the PM fraction was
studied, which needs to be sampled and applied as suspension to bio-
logical test systems. However, such procedures often alter the physico-
chemical properties of particles and thus also their toxicological effects
(Lacroixet al. 2018; Pauret al. 2011). In the present study, the impact of
a complex aerosol i.e. wood smoke on the genomic response of human
alveolar and bronchial lung epithelial cells was explored, as the alveolar
and bronchial regions deep in the lung are the primary targets upon
inhalation.. In contrast to simplistic, conventional submerged exposure,
an improved air-liquid interface (ALI) exposure system was employed to
assess adverse effects of the complete aerosol, including the gas phase
(Mulhoptet al. 2016).Not only the effects of complete wood smoke but
also of the gas phase after removal of PM were investigated by global
mRNA-sequencing. The disturbance of affected cellular pathways pre-
dicted by bioinformatic analyses was verified by targeted analysis of
selective markers with established biochemical and metabolomic assays.
To determine the aerosol constituents dominating the molecular actions
of wood smoke, the CMAP method was applied. Intriguingly, the gene
expression signatures induced by the entire aerosol were very similar to
those provoked by the gas phase. Whereas the selective genetic finger-
print triggered by PM could be mainly ascribed to PAHs, the gas phase
more broadly initiated a DNA damage and stress response and altered
cellular metabolism. The drugs which are prioritized by connectivity
mapping, i.e. which share a similar gene expression profile with wood
smoke, act via formation of DNA-protein crosslinks (DPC). As predicted
by CMAP, wood smoke promotes DPCs and DNA damage in multiple
airway epithelial cells. Chemical analysis of the gas phase reveals
various aldehydes such as formaldehyde, which provoke similar
genomic responses, promote DPCs and are indeed responsible for DNA
damage provoked by wood smoke.

2. Methods
2.1. Materials

Materials and reagents were obtained from the following suppliers:
Roswell Park Memorial Institute medium 1640 (RPMI), RPMI 1640 with
10 mM HEPES, cell culture medium supplements, Dulbecco’s
phosphate-buffered saline (DPBS): ThermoFisher Scientific (Dreieich,
Germany); KGM medium, cell culture medium supplements: Lonza,
Koln, Germany); Transwell® inserts with a 24 mm polyester membrane
with 0.4 um pores, Transwell® inserts with a 24 mm polycarbonate
membrane, fetal bovine serum (FBS), LDH Cytotoxicity detection kit:
Sigma-Aldrich (Taufkirchen, Germany); chemicals for sodium dode-
cylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), chemicals for
transmission electron microscopy (TEM): Carl Roth (Karlsruhe, Ger-
many); peqGold Trifast total RNA preparation kit: VWR, Bruchsal,
Germany); Immobilon-P PVDF membranes: Millipore (Eschborn, Ger-
many); anti-MK2, anti-phospho p38 (Thr180/Tyr182), anti-phospho
ERK1/2 (Thr202/Tyr204), anti-phospho JNK1/2 (Thr183/Tyr185),
anti-phospho c-Jun (Ser63), and anti-phospho MK2 (Thr334): Cell Sig-
nalling (Frankfurt a.M., Germany), anti-PCNA (PC-10), anti-ERK1 (K-
23), anti-p38 (c-20), anti-Lamin B (M20): Santa Cruz (Heidelberg, Ger-
many), IRDye-700- and IRDye-800-labelled secondary antibodies: Bio-
mol (Hamburg, Germany).
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2.2. Aerosol generation and characterization

A 8 kW log wood stove (type “Toronto”, Hase Kaminofenbau GmbH,
Germany) was fired with beech logs and diluted with filtered ambient
indoor air by a factor of 10 as previously described (Mulhoptet al. 2016).
Beech logs with a humidity of less than 15 % were stored in the labo-
ratory according to DIN EN ISO 17225-5. The oven fire was started about
1 h before cell exposure to achieve a stable operating temperature.
During a 4 h cell exposure, between 5 and 7 kg firewood were burned in
5 to 6 batches with equal intervals. The aerosol in the conditioning
reactor of the exposure system has been analysed using the Scanning
Mobility Particle Sizer SMPS (Model 3934C-3 TSI Inc., Minnesota, USA)
as described (Mulhoptet al. 2016). For analysis of metals and polycyclic
aromatic hydrocarbons (PAHs), four parallel PM; 5 filter samples were
collected with a modified speciation sampler (Rupprecht & Patashnik
2300, Thermo Scientific, Waltham, USA) simultaneously and under the
same dilution ratio as the aerosol for the cell exposure. PM samples were
collected on quartz fiber filters (QFF, T293, Munktell, Sweden) and
PTFE membrane filters (PFF, Zefluor 1 pm, Pall, USA). In case of SVOC
analysis, only one quartz fiber filter was used. Carbonyl compounds
from the gas phase were trapped by derivatisation with two 2,4-dinitro-
phenylhydrazine (DNPH) cartridges (Orbo 555, Sigma-Aldrich, Ger-
many) placed in series before individual cell exposure positions.

2.3. Cells and exposure in the ALI system

Cell exposures were performed with the human alveolar epithelial
cell line A549 and the human bronchial epithelial cell line BEAS-2B,
both obtained from American Type Culture Collection (ATCC, Rock-
ville, MD). A549 cells were maintained in RPMI 1640 supplemented
with 10% (v/v) FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin
(Dilgeret al. 2016) and the BEAS-2B cells in complete KGM medium
(Diabaté et al. 2011). Further details for exposure to aerosol are
described (Mulhoptet al. 2016). Briefly, 24 h before exposure, 4 x 10°
A549 cells or 5 x 10° BEAS-2B cells were seeded on 24 mm Transwell®
inserts corresponding to a cell density of 8.6 x 10* or 1.1 x 10° cells/
cm? growth area, respectively. Cells were exposed at the ALI in Vitrocell
CF 6/3 modules for 4 h with a flow rate of 100 mL/min and a relative
humidity of 85% using HEPES supplemented RPMI 1640 medium in the
basolateral compartment. Several ALI systems use a flow rate of 5 or 10
mL/min to expose cells in a 24- or 12- well format. As such simple
systems lack the possibility to control humidification to prevent dehy-
dration of cells, the flow rate cannot be increased to e.g. 100 mL/min.
However, with increased flow rates the deposition of particles is much
more reproducible i.e. the standard deviation of the deposited mass
decreases significantly (Adamsonet al. 2013). Therefore, in our ALI
exposure system at KIT we have implemented a stable humidification to
increase the flow rate up to 100 mL/min for proper aerosol character-
ization and reproducible deposition of particles. This is a compromise
between the requirements of accurate aerosol measurements on the one
hand and of a reasonably low flow rate to ensure viability of exposed
cells on the other. That indeed cells are healthy and show no signs of
adverse effects upon exposure to clean air at this flow rate has been
demonstrated by us previously. To this end, different endpoints were
monitored such as viability (AlamarBlue, WST-1 assay, cell counts),
cytotoxicity (LDH release), genotoxicity (comet assay, alkaline un-
winding) and markers of inflammation (IL-8) in cell lines such as A549,
BEAS-2B or co-cultures of these with macrophages (Diabaté et al. 2020;
Friesenet al. 2023; Mulhoptet al. 2016; Murugadosset al. 2021; Oeder
et al. 2015) Although the flow rates in other ALI systems of 5 or 10 mL/
min are much lower compared to 100 mL/min used in our system, the
velocity of the air stream depends on the relative surface area of the
exposed cells. Calculations for the different ALI set-ups show that the
average velocity is between 2.9E and 03 to 7.4E-03 m/s for a 24- and 12-
well insert exposed to 5 mL/min, whereas it is about 3.7E-03 m/s for a 6
well insert in our system (Supplementary Table S1). In essence, the
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velocities are in a similar range when comparing the different systems.
2.4. Chemical analysis

Particle bound organic species were analyzed with the in-situ
derivatization thermal desorption method as described (Orascheet al.
2011). Dependent on particle load, filter punches of 4 to 20 mm? were
spiked with isotope-labeled standards. After derivatization, samples
were analyzed on a 60 m BPX-5 column (0.22 mm i.d., 0.25 pm film,
SGE, Australia) with a Pegasus III TOFMS (LECO, USA). The thermal
optical analysis of elemental carbon (EC) and organic carbon (OC) was
performed with the IMPROVE-A protocol using transmission correction
(Chowet al. 2011). Metal species were analyzed as described
(Orascheet al. 2012) with the exception that only inductively coupled
plasma — mass spectrometry (ICP-MS) was used. Carbonyl compounds
were determined by eluting the 2,4-dinitrophenyhydrazin (DNPH) car-
tridges with acetonitrile followed by gas chromatography — mass spec-
trometry (GC-MS) analysis as described (Redaet al. 2015). By using two
DNPH cartridges in series, sample break-through was excluded.

2.5. Transmission electron microscopy (TEM)

Wood smoke particles were deposited on TEM grids (Plano, SF162-6)
which were placed on the Transwell membranes (Panaset al. 2014)and
analysed by a transmission electron microscope (Zeiss 109 T,
Oberkochen).

2.6. mRNA sequencing and differential expression analysis

After exposure, A549 cells were directly lysed in 500 pL Trizol re-
agent and total RNA was isolated according to the manufacturer’s pro-
tocol. RNA from BEAS-2B cells was prepared from the interphase of
samples processed for metabolite determination (see below). After
removing remaining polar and organic phase from the interphase 500 pL
Trifast was added and sample preparation continued as with A549 cells.
All samples had RIN numbers > 8 (Bioanalyser 2100, Agilent). 1 g
(A549) or 0.5 ug (BEAS-2B) RNA was used for preparation of individual
libraries with TruSeq mRNA kit V2 (Illumina, San Diego, CA, USA). Size
and concentration of sequencing libraries were determined on DNA-chip
(Bioanalyser 2100, Agilent) and concentrations adjusted to 8 pM. Paired
end reads (2 x 50 nucleotides) were obtained on a Hiseq1500 using SBS
v3 kits (Illumina, San Diego, CA, USA). Cluster detection and base
calling were performed using RTAv1.13 and quality of reads were
assessed with CASAVA v1.8.1 (Illumina, San Diego, CA, USA). The mean
Phred quality score was greater than 30 for all samples. The reads were
mapped against the human genome (GRCh37) using topHat version
2.0.11(Kimet al. 2013)with the options “-r 180 —mate-std-dev 80 —b2-
sensitive -—no-novel-juncs -a 5 -p 5 -library-type fr-unstranded” and
using known exon junctions (Ensembl release 75). Gene expression was
determined by counting for each gene the number of reads that over-
lapped known genes (Ensembl release 75) with HTSeq version 0.5.3p3
(Anderset al. 2013). Differential expression was computed using the R
package DESeq2 (Anderset al. 2015). If not indicated otherwise, a
transcript was considered to be differentially regulated if the adjusted p-
value is < 0.001 and the absolute log2-fold change is > 1. 3485 and
2099 DEGs were identified for A549 and BEAS-2B, respectively. As
during the course of the project the genome annotation as well as the
mapping software were updated, we re-analyzed our RNA sequencing
data using the genome version GRCh38 and Ensembl release 108
together with STAR (Dobinet al. 2013) and confirmed the initially
identified DEG and GO terms. Sample quality control metrics are pro-
vided in Supplementary Table S2 and Supplementary Fig S1.

2.7. Bioinformatic analyses

Correlations with NextBio Datasets: datasets related to combustion
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areosols and genotoxins with diverse mode of actions were downloaded
from the NextBio database during December 2016-February 2017. The
data was used as retrieved, i.e. only significant DEG are included, but no
further filtering criteria were applied. The data were compared to the
top 2000 (by p-value) DEG after wood smoke exposure (aerosol vs
control). The intersecting set of DEG (based on gene symbols present in
both compared datasets) was used for correlation plots of the log2-fold
changes.

Correlation with cigarette smoke exposure: eight-to-ten-week-old
and twelve-month-old female C57BL/6 mice were whole-body-
exposed to active 100% mainstream cigarette smoke for 50 min twice
per day for 6 months as previously described (Conlonet al. 2020).
Twenty-four hours after the last exposure to cigarette smoke, mice were
killed. The right lung lobes were snap frozen in liquid nitrogen, ho-
mogenized and total RNA isolated and amplified using the Illumina
TotalPrep RNA Amplification kit (Ambion), and finally hybridized to
Mouse Ref-8 v2.0 Expression BeadChips (Illumina). Microarray data was
retrieved from GEO (GSE125521) using the R package ‘GEOquery’. The
retrieved data was log-transformed and probes which did not achieve a
hybridization intensity of 3 in at least 6 samples (out of 27 total) were
removed from the expression set. Analysis of DEG was performed with
all samples from the 6-month timepoint using limma (v 3.50.3) with R (v
4.1.3) using standard parameters. The intersecting set of DEG of wood
smoke and cigarette smoke, with an adjusted p-value <=0.05 in each
set, was used for plotting the correlation on the basis of identical gene
symbols. In case multiple transcripts were represented by the same gene
symbol, a single value was created by taking the mean. The top regu-
lated 2000 DEGs in A549 cells in response to wood smoke were
compared with the NextBio datasets of DEGs recorded for human
prostate cancer cells (PC-3, number of genes for comparison 8823)
exposed to camptothecin (11.4 pM, 6 h), for human spherocytic spleen
cells (TK6, number of genes for comparison 4463) exposed to formal-
dehyde (200 pM, 4 h), of A549 cells (number of genes for comparison
5116) to acrolein (1 h) and of rats (number of genes for comparison
4914) exposed to formaldehyde via nasal instillation (200 pM, 6 h). In
case of mice chronically exposed to cigarette smoke for 6 months, 1456
DEGs were compared to 7095 DEGs identified in A549 cells upon
exposure to wood smoke.

GO-Term enrichment analysis: Ensembl Gene IDs of significant DEG
were compared to a background list which consisted of all Ensembl Gene
IDs which were counted at least once in each of the sequence samples
using the web version of DAVID. Enriched GO-Terms are presented with
adjusted p-values in the figures. Percentage of regulated transcripts re-
fers to the fraction of DEG found within all Gene IDs in the background
list which belong to the respective GO-Term.

Enrichment analysis using BioJupies: raw read count data of A549
cells exposed to complete and filtered wood smoke and clean air was
uploaded to  BioJupies  (https://maayanlab.cloud/biojupies/)
(Torreet al. 2018). Aerosol exposure and air controls were selected for
DEG analysis and enrichment analysis (via Enrichr) was performed with
the upregulated DEG using the automated workflow in BioJupies
(accessible at https://amp.pharm.mssm.edu/Enrichr/enrich?dataset
=99u4g).

2.8. LDH release

LDH release was analyzed as described in detail in (Mulhoptet al.
2016). Briefly, after exposure the LDH concentration in the cell culture
medium beneath the insert membrane was determined and compared to
lysed untreated cells, which served as a reference for 100% LDH release.

2.9. H2AX foci determination
Gamma-H2A foci formation was determined by immunostaining

using the protocol described in (Kochet al. 2017) with some modifica-
tions for cells grown on insert membranes. After exposure, the cells were
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fixed by applying 4% formaldehyde/PBS directly in the Transwell in-
serts. Pieces of roughly 1 cm? were cut out and treated like cells grown
on coverslips according to the immunostaining protocol. Microscopy
slides were prepared by sandwiching membrane pieces with mounting
medium (VectaMount, Vector Laboratories) between standard glass
slides and cover slips. For each sample, 20 images were acquired using
uManager 1.4.21 (Edelsteinet al. 2014) with a Leica DM IRE2 fluores-
cence microscope [63x objective and an ORCA-ER (Hamamatsu) cam-
era]. Foci were counted automatically by the ScanR image analysis
software (Olympus, Hamburg, Germany) by detecting focal gamma-
H2AX signals within the nuclei. Selection criteria for foci (shape,
signal intensity) were adjusted between experiments to result in com-
parable foci detection.

2.10. Quantification of DNA strand breaks by alkaline unwinding

Quantification of DNA strand breaks was performed as described in
(Hartwiget al. 1996) with cells grown on Transwell inserts instead of
petri dishes but using the same reagent volumes. Briefly, DNA was un-
wound at alkaline pH for 30 min, neutralized and sonicated. Resulting
single stranded DNA (ssDNA) and double stranded DNA (dsDNA) were
separated by column chromatography and quantified. Using the cali-
bration from (Hartwiget al. 1996), the number of DNA strand breaks was
calculated based on the fraction of double-stranded DNA of exposed cells
relative to submerged control cells.

2.11. Immunoblotting

Immunoblotting was performed as described in (Dilgeret al. 2016).
Cells were harvested using 100 pL lysis buffer per insert and lysates of 3
replicates were pooled. Bands were detected by analysis of fluorescently
labelled secondary antibodies by using the Odyssey Scanner (LI-COR,
Bad-Homburg, Germany).

2.12. Stable isotope assisted metabolomics

Cells were seeded in RPMI 1640 medium without glucose or without
L-glutamine, with either 2.0 g/L U-'3Cg-Glucose (Euriso-Top, Saar-
briicken) substituted for unlabeled glucose or 300 mg/L U-'3Cs-Gluta-
mine (Campro, Berlin) substituted for unlabeled L-glutamine.
Metabolite extraction was performed as described in detail by
(Sapcariuet al. 2014). Quantification of metabolites was performed by
GC-MS as described in (Wegneret al. 2013).

2.13. Determination of DNA-Protein-Crosslinks

DPCs (DNA-Protein-Crosslinks) were analyzed with an adapted
protocol based on (Stingeleet al. 2016). All centrifugation steps were
performed by 5 min of centrifugation at 4 °C and 2000 rcf, except where
noted otherwise. After treatment, cells were washed with PBS (1.5 mL at
the basolateral side, 1 mL at the apical side) followed by harvesting in
200 pL lysis buffer (2% SDS, 20 mM Tris pH 7.5) with a cell scraper and
shock-freezing in liquid nitrogen. Directly after freezing or after over-
night storage, samples were thawed in a shaker at 55 °C and 1000 rpm
for 5 min. After sequential sonication with a probe-tip sonifier (5 pulses
with 50% duty cycle and intensity 5), proteins were precipitated with
200 pL precipitation buffer (200 mM KCl, 20 mM Tris pH 7.5) and
incubated on ice for 5 min. After 5 min centrifugation at 5 °C at
maximum speed, 150 L of the supernatant were kept for later deter-
mination of DNA concentration (=soluble DNA fraction) at 4 °C. The
pellet was washed 3 times by the following procedure: solubilization in
200 pL precipitation buffer by shaking 5 min at 55 °C, incubation on ice
for 5 min, centrifugation as before. After the last centrifugation step, the
pellet was again solubilized in 200 uL precipitation buffer at 55 °C and
proteins were digested by addition of 4 uL of 10 mg/mL Proteinase K
(p6556, Sigma-Aldrich), final concentration 0.2 mg/mL) at 55 °C in the
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shaker (1000 rpm). After 45 min, 10 pL of ultrapure BSA (50 mg/mL in
H30, VWR 422381B) were added. Samples were incubated on ice for 5
min and centrifugated for 10 min instead of 5. 150 pL of supernatant
were kept for determination of DNA concentration (=protein-bound
DNA fraction).

Supernatants with the samples for soluble and protein-bound DNA
were treated with 1.5 pL. RNAse A R5503, Sigma-Aldrich) (final con-
centration 0.2 mg/mL) for 30 min at 37 °C. DNA content was analyzed
with the picoGreen assay in the 96 well format by mixing 70 pL of
sample with 70 uL 1:100 diluted picoGreen reagent in TE buffer and
comparison with a calibration curve in the range of 0 to 2 pg/mL.
Samples for soluble DNA were diluted 1:20 with PBS, while samples of
protein-bound DNA were measured without additional dilution. Finally,
for each sample, the fraction of protein-bound DNA to total DNA was
calculated.

2.14. Statistics

The results are given as mean value + standard deviation (SD) of
independent experiments, unless explicitly differently described in the
figure legends. Statistical analysis of differential gene expression (mRNA
sequencing) was performed with DESeq2 as described above. The other
statistical analyses were performed with R version 3.2.1 (R Foundation
for Statistical Computing, Vienna, Austria) and significance values (p-
values) for normal distributed data, unless explicitly stated otherwise in
the legends, were determined using ANOVA and Dunnetts post hoc test
(from the “multicomp” package) using the control treatments as a
reference level. Non-normal distributed data were analysed by the
Kruskal-Wallis test with Dunn’s post hoc test (from the “FSA” package)
using the Benjamini & Hochberg correction. The significance values
were annotated in the figures as stated in the legends and results with p
< 0.05 were considered significant.

3. Results
3.1. Aerosol characterization

Particle size and number distribution during a typical 4 h exposure
experiment at the ALI (setup depicted in Fig. 1A and B) is shown in
Fig. 1C. High fluctuations in both size and number are due to the batch-
wise combustion of wood logs. The size distribution over the whole 4 h
experiment is bimodal, with peaks around 40 and 110 nm (Fig. 1D). TEM

A aerosol

characterization

H
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analysis of deposited particles indicates partial agglomeration of pri-
mary particles of around 40 nm in accordance with the bimodal size
distribution (Fig. 1E). The particle mass concentration was 1.16 + 0.17
mg/m°, determined gravimetrically by collecting particles on a filter
from the same line that was used for cell exposure. The collected par-
ticles had a total carbon content of 41%, divided into 34% organic
carbon (OC) and 7% elemental carbon (EC) (Fig. 1F). Further details on
the chemical analysis of particle samples, including the content of
metals and PAHs, can be found in Supplementary Tables S3 and S4. The
deposited cellular particle dose, as determined via TEM image analysis
and calibration to a fluorescent reference aerosol (Mulhoptet al. 2016)
was estimated at 0.32 = 0.02 pug/cm?. In summary, the physico-chemical
properties of PM generated by wood combustion in our experiments are
similar to those described previously (Naeheret al. 2007; Orascheet al.
2012). The particle number concentration is about 10 to 100 - fold
higher than detected in households in western countries using wood
combustion for heating (Allenet al. 2011; Molnaret al. 2005;
Wheeleret al. 2014) and are in the range found in indoor air in devel-
oping countries where wood smoke is also produced during cooking
(Balakrishnanet al. 2002; McCrackenet al. 2007). Moreover, the
deposited particle dose (—~1000/cell) is equivalent to the calculated dose
in the human lung after inhalation of heavily polluted air (Pauret al.
2011). Having established a physiological and toxicological relevant
exposure system, we could start to analyze the biological impact of wood
smoke with the additional aim to identify key pollutants.

3.2. Regulation of global gene expression is dominated by gaseous
components in wood smoke

In order to characterize the effects of wood combustion aerosols on
lung cells in an unbiased manner, we evaluated global changes in gene
expression by next generation RNA sequencing. Exposures were per-
formed at non-toxic concentrations to exclude indirect effects due to cell
death (Supplementary Fig S2). The transcriptome of human alveolar
(A549) and bronchial (BEAS-2B) epithelial cells was analyzed after ALI
exposure to clean air, complete aerosol and particle-filtered aerosol
(combustion gases). Differential expression analysis revealed over 2000
significantly regulated transcripts when A549 cells were treated with the
complete aerosol in comparison to clean air (Fig. 2A). In striking
contrast to expectations, the genomic response prompted by the gas
phase was very similar to that of the complete aerosol (Fig. 2B, D),
suggesting that gaseous combustion products of wood smoke are the
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Fig. 1. The exhaust from a log wood stove was diluted 1:10 with filtered ambient air in a dilution tunnel and is passed into the exposure system (A), where cells are
exposed homogeneously at the apical surface of a transwell membrane (B). The combustion produces a dynamic aerosol. Size and number distribution over time is
depicted (C) with a bimodal size distribution, measured with SMPS (D). TEM images of representative samples to visualize particles at different magnification (E).
Concentration of total particulates (PM), elemental (EC) and organic carbon (OC). Also, the total carbon (TC) content is calculated (F).
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Fig. 2. A549 cells were exposed to clean air, filtered aerosol or complete aerosol for 4 h and differential gene expression was analysed using next generation
sequencing. Volcano plots of the comparisons aerosol vs clean air (A), filtered aerosol (gas) vs clean air (B) and aerosol vs gas (C) are shown. Significantly deregulated
genes are depicted as green dots. Distance matrix of analysed samples confirms the high similarity in response of cells exposed to the complete aerosol and filtered
aerosol (D). The strength of correlation is indicated in the heat map by a colour code (light yellow-low correlation to dark red-high correlation). Comparison of
alveolar (A549) and bronchial cells (BEAS-2B) shows a high similarity in DEG induced by the complete aerosol (E), as well as by the combustion gases only (F). R:
Pearson correlation coefficient; purple dots: similar-regulated genes, green dots: genes regulated in the same direction yet with a different magnitude, red dots:
oppositely regulated genes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

dominant drivers of differential gene expression. Indeed, only two
genes, CYP1A1 and CYP1BI1, are specifically induced by the complete
aerosol but not in response to the gas phase alone (Fig. 2C). Hence, PM
deposited at a high dose provoke only a limited yet distinct PAH
response evidenced by upregulation of classical signature genes. These
findings are in line with the chemical analysis of particles confirming the
presence of planar PAHs (Supplementary Table S4) which are bona fide
ligands of AhR and inducers of these xenobiotic responsible genes. Also,
in BEAS-2B cells, the gas phase dominated the genomic response (Sup-
plementary Fig S3). Even though both cell types originate from distinct
areas of the lung, gene regulation induced by the complete aerosol or
only the gas phase is nearly identical in alveolar A549 and bronchial
BEAS-2B cells (Fig. 2E, F), with only very few genes regulated in
opposite directions or with a strong difference in magnitude, some of
which are depicted in (Supplementary Fig S4).

Next, we performed pathway enrichment analysis (PEA) to identify
the biological processes affected by wood smoke exposure. The list of
overrepresented gene ontology (GO) terms (Supplementary Table S5)
covers many processes and pathways of toxicological relevance e.g.
translation, transcription, DNA and RNA processing, cell cycle pro-
gression and metabolism. Specifically, exposure to wood smoke affected
various DNA damage recognition and repair pathways (Fig. 3A, Sup-
plementary Fig S5). In addition, mitogen-activated protein kinase
(MAPK) signaling, a pathway which is triggered by environmental stress
and DNA damage (Herrlichet al. 2008), seems to be affected (Fig. 3A and
Supplementary Fig. S6). Finally, energy metabolism stands out as a
central target of wood smoke intoxication (Fig. 3A and Supplementary
Fig S7).

Air pollution is a main driver of human lung disease in particular
inflammation, cancer, fibrosis and chronic obstructive pulmonary dis-
ease (COPD) (WHO 2016a). Therefore, deregulation of the DNA damage
and repair pathway upon exposure of lung cells to wood smoke would be
highly relevant, as this in vitro response is predictive for the action of
genotoxic carcinogens in vivo (Caimentet al. 2014). Also, activation of
MAPKs is of special interest as they regulate inflammation and the DNA
damage response (Herrlichet al. 2008). Although PEA indicates pertur-
bation of the aforementioned pathways most pertinent to inflammation
and carcinogenesis, no GO terms related to fibrosis or COPD were
identified. However, targeted manual analysis of the most highly
deregulated genes (Supplementary Fig S8) indeed pinpoints numerous
target genes which control epithelial-mesenchymal transition (EMT), a
process of crucial importance for fibrosis and COPD, but also metastasis
(Thiery and Sleeman 2006; Willis and Borok 2007).

More detailed bioinformatic gene set enrichment analysis via Enrichr
(Kuleshovet al. 2016) identified transcription factors (TFs) of the AP-1,
Egr, Snai and HES family by co-expression analysis (Supplementary Tab
S6) and TF gene co-occurrence (Supplementary Tab S7 and Fig S9). The
AP-1, Egr and Snai TFs are immediate early target genes responding to
cellular stress which are regulated via the MAPK cascade and are
involved in cancer progression, EMT and fibrosis (Pagel and Deindl
2012; Thiery and Sleeman 2006; Werniget al. 2017). Moreover, induc-
tion of multiple HES TFs indicates activation of the Notch pathway
which is implicated in EMT (Espinoza and Miele 2013; Thiery and
Sleeman 2006) and several lung diseases such as COPD, fibrosis and
cancer (Zonget al. 2016).

In the following, we further corroborated and validated the impact of
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Fig. 3. GO-Term enrichment analysis of differentially regulated transcripts of cells exposed to the complete aerosol compared to clean air (A). y-H2AX immuno-
staining and counterstaining with DAPI for identification of nuclei of A549 cells exposed to clean air, complete aerosol and particle-free gas phase (B) and quan-
tification of y-H2AX foci (C). Foci counts are the cumulative results from 3 experiments with 2 replicates each, with a total of at least 1300 analysed cells per
condition. For better visualization, counts per cell beyond the 99th percentile were omitted. Boxplots show the mean (coloured square), median (bold line), first and
third quartile (box) and 1.5-fold IQR (whiskers). DNA single strand breaks in A549 cells measured with alkaline unwinding (D), data from 3 experiments with 4
replicates each is shown as boxplots (C). *** = p < 0.001 according to Tukey’s HSD post hoc test for ANOVA. Activation of p38 (E), JNK (F) and ERK (G) in A549 cells
was monitored by western blotting. The phosphorylated (activated) kinase is detected by phospho-specific antibodies (p-p38, p-JNK, p-ERK1/2) and the quantified
signal is normalized to the loading control (p38, Lamin B, ERK1/2). Quantification of the relative activation is shown below (3 experiments with 2 replicates each,

mean and SD are depicted).

wood smoke on the selected pathways identified by PEA.

3.3. Biochemical validation of perturbed pathways indicated by
transcriptomics

First, we assessed the potential of wood smoke to provoke DNA
damage in human lung cells.

Induction of DNA double-strand breaks (DSBs) by the complete
aerosol or simply the gas phase is evidenced by increased immuno-
staining for gamma-H2AX (Fig. 3B,C and Supplementary Fig S10-13), a
well-established marker for the detection of DSBs (Rogakouet al. 1998)
and which occured at a magnitude comparable to treatment with
micromolar concentrations of the anticancer drug etoposide (Supple-
mentary Fig S14). Furthermore, the gas phase prompted, similar to HoO5
(Supplementary Fig S15), a clear increase of DNA single-strand breaks
(SSBs) as monitored by the alkaline unwinding assay (Fig. 3D).

Next, the induction of the MAPK pathway in response to wood smoke
exposure was investigated. As predicted by PEA, all three members of
the MAPK family (p38, JNK and ERK) and some of their substrates,
specifically the AP-1 TF c-Jun, (Fig S16) were activated after treatment
with either the complete aerosol or the gas phase (Fig. 3E).

Finally, wood smoke altered gene expression ascribed to the GO
terms “glycolysis” and “oxidative phosphorylation”. As differences in
transcript levels encoding various enzymes do not necessarily predict
metabolic activity (Heidenet al. 2009; ter Kuile and Westerhoff 2001)
we investigated metabolic changes in more detail by stable isotope
assisted metabolomics. As already observed for the transcriptomic and

signaling responses above, A549 and BEAS-2B cells reacted very similar
to the treatment with aerosol or particle-free gas phase concerning
metabolic changes (Fig. 4A-C). However, the levels of citrate and lactate
were changed divergently in the two cell lines. In summary, oxidative
metabolism via the TCA cycle is suppressed by wood smoke exposure
(Fig. 4A). Also, specifically in the lung cancer cell line A549, lactate is
increased upon aerosol treatment indicative of enhanced glycolysis. A
switch in cellular metabolism towards a dampened TCA cycle and
enhanced glycolysis is reminiscent of the Warburg effect, which refers to
the altered metabolism of cancer cells to adapt to limitations in oxygen
supply and foster tumor growth. Interestingly, succinate accumulation,
which has been linked to tumorigenesis (Kinget al. 2006),is also
observed after aerosol intoxication (Fig. 4A-C).

3.4. Connectivity mapping suggests DNA-protein crosslinking agents as
main drivers of differential gene expression

As the gas phase of the wood combustion aerosol is responsible for
the observed changes in gene expression, we wanted to elucidate the
chemical constituent(s) initiating the adverse response. Testing indi-
vidual chemicals or even various mixtures thereof with respect to their
effects on gene expression seemed to be tedious and not feasible, as the
gas phase is a complex mixture of several hundreds of compounds
(Naeheret al. 2007). Therefore, we preferred a chemical-genetic
approach i.e. connectivity mapping to compare the gene expression
profile (GEP) induced by wood smoke with over 7000 GEPs provoked by
more than 1300 of selected pharmaceuticals with a known mode of
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Fig. 4. Overview of qualitative changes in TCA metabolite concentrations after treatment with wood smoke aerosol (A). The number of C atoms (C,) in the shown
metabolites is indicated by the different colours. Metabolite concentrations, relative to controls, of A549 (B) and BEAS-2B (C) cells after exposure to filtered and
complete aerosol. Shown are the median (bold line), range from first to third quartile (box) and 1.5-fold IQR (whiskers) of the means from 6 experiments with 3

replicate samples each.

action. CMAP analysis revealed a high similarity in the transcriptome
response upon treatment with wood smoke (i.e. the gas phase) and DNA-
protein crosslinking (DPC) agents. Specifically, several topoisomerase
inhibitors (camptothecin, irinotecan, mitoxantrone) or azacitidine,
which lead to covalent entrapment of their target enzymes i.e. topo-
isomerase and DNA methyltransferases, respectively, to DNA, ranked
highest and shared the most similar gene expression signatures (Fig. 5A).
Interestingly, other anticancer drugs acting also as genotoxins, yet by a
different mechanism, elicit clearly distinguishable transcriptome re-
sponses compared to those induced by DPC agents. This suggests that
DPC might be the decisive event prompting a highly selective pattern of
gene expression (Supplementary Fig S17). Thus, we performed a tar-
geted analysis of DPC chemicals in the gas phase of wood smoke
focusing on carbonyls as potential lead candidates. Carbonyls react with
free amino groups in proteins and DNA bases, which may result in
protein—protein and DNA-protein crosslinks (DPCs) (Kawanishiet al.
2014).

3.5. Aldehydes act as the main DPC and genotoxic agents in the gas phase
of wood smoke

Indeed, various carbonyls (e.g. formaldehyde (FA), acetaldehyde or
acrolein) could be identified in the gas phase (Fig. 5B). To test our hy-
pothesis that DPC originating from carbonyls in wood smoke are
dominating the transcriptome response, we compared the top 2000 up-
or downregulated genes with GEPs induced by known DPC agents. As
already predicted by CMAP (Fig. 5A), camptothecin (Fig. 5C) also
deregulated 1088 out of the 2000 genes targeted by wood smoke
(overlap 54%) with a similarity in response, i.e. percentage of genes
regulated in the same direction, of 91 %. Even more important, indi-
vidual carbonyls assessed in different cell lines in vitro, such as FA
(overlap 28%, similarity 93%) and acrolein (overlap 41%, similarity
92%), affected a large fraction of the most strongly regulated genes
responding to wood smoke and the direction of the response (up or
down) was highly similar (Fig. 5 D, E). Intranasal instillation of FA in
rats still provoked a GEP including many of the target genes identified
for wood smoke in human lung cells (overlap 24%, similarity 59%).
Thus, a large proportion of the genes deregulated by wood smoke is as
well affected by DPC agents in vitro and in vivo, suggesting that DPCs
are key events to drive the toxicogenomic response after exposure to
wood smoke. Another complex aerosol derived from biomass combus-
tion comprised of multiple toxicants including aldehydes is cigarette
smoke, which has been linked to several human diseases particularly

affecting the lung. Therefore, we compared changes in GEPs provoked
by acute exposure to wood smoke with those recently identified in mice
chronically exposed to cigarette smoke (Conlonet al. 2020). Interest-
ingly, 36 % of all the genes impacted by cigarette smoke in the murine
lung after 6 months of exposure were also influenced by wood smoke in
human cells after a few hours with a similarity in response of about 73%
(Fig. 5G).

Finally, we wanted to verify the induction of DPC by wood smoke
postulated by CMAP. Indeed, wood smoke (complete aerosol or the gas
phase) promotes protein—protein as well as DNA-protein crosslinks
similar to FA (Fig. 6 A,B and Fig S18, Fig S19) (Montaneret al. 2007).
DPCs lead to replication stress and subsequently to increased DNA
damage signaling evidenced by increased gamma-H2AX phosphoryla-
tion after treatment of cells with wood smoke or FA (Fig. 6C, Fig 520).
Having established that wood smoke promotes DNA damage by pro-
voking DPC, we set out to prove an essential role of aldehydes to trigger
this molecular initiating event. Therefore, we quantitatively removed
carbonyls from the exposure aerosol by DNPH-loaded trapping car-
tridges and demonstrated, that indeed the remaining gas phase no
longer induced DPCs and gamma-H2AX foci (6B,C and Fig S21).

4. Discussion

Our transcriptome and biochemical analysis in two human lung cell
lines exposed at the air-liquid interface could identify, for the first time,
key pathways involved in lung diseases driven by air pollution. Mech-
anistically, exposure to wood smoke provokes stress signaling and a
DNA damage response which are specifically related to genotoxicity, a
known key event to promote carcinogenesis.

Hence, toxicogenomics combined with connectivity mapping en-
ables the discovery of critical constituents of complex mixtures i.e.
aerosols and highlights the role of carbonyls on top of particulate matter
as important global health hazards. Thus, instead of exclusively relying
on high-end techniques to monitor the ever-increasing chemical
complexity of aerosols as a targeted approach to pinpoint known haz-
ardous compounds without evidence of their biological impact, we
advocate systems toxicology as a complementary strategy. The unbiased
and simultaneous interrogation of all cellular pathways allows the
effect-based identification of key toxicants amongst plenty of com-
pounds by virtue of transcriptional profiling and similarity analysis, an
approach which seems promising to clarify mechanisms of action for
chemical mixtures in general and in the presented case those most
pertinent to the field of air pollution. The development of an advanced
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Fig. 5. Connectivity mapping reveals a high similarity of DEGs induced by wood smoke and DNA-protein crosslinking agents highlighted in bold (A). Carbonyl
concentrations (means + SEM of 8 samples from 2 independent 4 h combustion experiments) in the generated wood smoke determined by GC-MS (B). Note the
different scale for the most prominent aldehydes shown in the left panel. Comparison of top regulated DEGs of A549 cells in response to wood smoke to DEGs
recorded for in vitro exposure of human prostate cancer cells (PC-3) to camptothecin (C), of human spherocytic spleen cells (TK6) to formaldehyde (D) and of A549
cells to acrolein (E). Comparison to DEGs obtained from in vivo exposure of rats (nasal epithelium) to formaldehyde (F) and of mice (lung) exposed chronically to
cigarette smoke (G). Numbers in quadrants indicate genes which are regulated in the same direction (depicted in green: lower left, downregulated; upper right,
upregulated) or show opposite regulation (depicted in black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 6. Protein crosslinking (PCNA trimer for-
mation) in A549 and BEAS-2B cells after exposure
to complete wood smoke (aerosol) or only the gas
phase for 4 h (A). A covalent protein-protein
crosslink is evidenced by a shift of the molecular
weight from 31 kDa of the PCNA monomer to 93
kDa of the PCNA trimer which is visualized by
western blotting. DNA-protein-crosslinking in
A549 cells exposed to the gas phase and the
carbonyl-stripped gas phase (B), shown are the
individual values, relative to the mean of con-
trols, of at least 10 samples per condition from 4
independent experiments (dots) as well as their
median (bold line), first and third quartiles (box)
and 1.5-fold IQR (whiskers). Number of y-H2AX
foci per cell after immunostaining of A549 and
BEAS-2B cells, exposed to clean air and particle-
free gas phase, each with and without stripping
of carbonyls (C). Counts are the cumulative re-
sults from 2 experiments with 1 or 2 replicates

0- ' ' ' each, from a total of at least 1100 analysed cells
(5\" & L o per condition. Counts per cell beyond the 99th
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0.01 according to Tukey’s HSD post hoc test for
ANOVA.
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ALI system enabled us to interrogate the biological impact of a complex
combustion derived aerosol on human lung cells employing OMICS
analysis coupled with a suite of follow-up assays to validate the toxicity
pathways predicted by computational tools. Worldwide millions of
people are exposed daily to wood smoke, a main pollutant of ambient
but also household air, and the health of many of them is potentially
affected (Stoneret al. 2021). The premature death of millions of people
per year has been linked to air pollution mainly due to respiratory and
cardiovascular diseases. Specifically, in low and middle income coun-
tries, combustion of solid fuels such as wood for heating, cooking and
lighting leads to high indoor air pollution impacting the health of
particularly children and women(Stoneret al. 2021; WHO 2016b). Thus,
it is surprising how little we know about key event relationships

coupling certain key air pollutants or a mixture thereof present in wood
smoke to molecular initiating events resulting in an adverse outcome. So
far, the focus has been primarily on particulate matter (PM) which can
be detected, quantified and sampled effectively. Chemical analysis of
PM identified many toxicants including soot, PAHs, metals and others
which most likely contribute to the enhanced morbidity and mortality
associated with exposure to PM evidenced by epidemiological studies
(WHO 2015; 2016a). Sampling of PM from polluted air allows direct
administration of PM to biological test systems in vitro but also in vivo
and therefore quite a few experimental studies have been performed to
interrogate the underlying mechanism of action. Rather than directly
causing toxicity, wood smoke particles serve as carriers of toxic com-
pounds such as PAHs to cause cellular damage (Dilgeret al. 2016; WHO
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2012). Based on this intensive amount of research on the health impact
of PM, reduction of PM in ambient air has been recommended to
minimize health risks. However, as the chemical composition of wood
smoke not only includes PM but also the gas phase as well as semi-
volatile compounds adsorbed to PM, there is an urgent need to not
only unravel the complexity of systems perturbations provoked by wood
smoke but also to identify additional key pollutants. Such knowledge
should provide a basis to understand mechanisms of toxicity and allow
the identification of critical constituents driving toxicity with the aim of
mitigating the negative impact of one of the most abundant noxious
aerosols (WHO 2015; 2016a).

In an interdisciplinary effort involving engineers, chemists, bi-
ologists and toxicologists we have developed an ALI exposure system to
assess initially the biological effects of (nano)particles (Panaset al. 2014)
to then also administer more complex combustion aerosols by directly
linking our system to the aerosol source such as a wood stove or even a
ship engine (Oeder et al. 2015). Here we went further and removed the
particulate phase from the aerosol and thus were able to discriminate
between particle and gas phase effects. Against our expectations, wood
smoke particles triggered a very distinct response by upregulating only a
few target genes of AhR which serves as a sensor of PAHs. The domi-
nating response was due to volatile compounds, which is highly relevant
for the risk assessment of combustion derived aerosols, as so far gas
phase constituents are hardly considered as potential hazards and are
often not accounted for in experimental designs. Obviously, part of the
reason why the gas phase has been poorly investigated are technical
reasons as in conventional submerged in vitro studies this could not be
addressed. However, employing our advanced ALI technology combined
with transcriptomics we were able to pinpoint the important role of the
gas phase in the adverse response to wood smoke. Still, we were con-
fronted with the problem that the gas phase is comprised of thousands of
different compounds and thus represents a complicated mixture. The
typical approach to identify toxic chemicals would be to perform in
depth chemical analysis and based on available knowledge select can-
didates for individual toxicity testing. Indeed, safety assessment of
chemicals in general relies on a case by case concept, meaning that every
single compound is studied individually. This is one of the major road
blocks in chemical safety, as this is not only time consuming and will
take many years or decades, but also ignores the more realistic exposure
to mixtures (Caporaleet al. 2022). In fact, mixture components might act
additively via the same mode of action but also synergistically or
additionally could antagonize each other. Hence, we did not pursue a
chemistry driven analysis, but instead used a biology informed approach
to reversely guide identification of possible candidates which could be
connected to the observed biological perturbations. To this end we
checked the utility of CMAP which again is designed to link individual
chemicals, but not mixtures, and more specifically mostly drugs and
small molecules but also genetic interference with specific GEPs and
human disease. Similarity profiling of GEPs deregulated by wood smoke
and its gas phase with those recorded for many drugs in different human
cell lines suggested a high correlation with the activity of DPC inducing
anticancer drugs. As carbonyls like FA and acetaldehyde are prominent
in the gas phase and are known DPC agents (Grafstromet al. 1983) and
classified as human carcinogens (Baanet al. 2009), we assumed that
these could be the essential drivers for such a transcriptional profile. In
support of this hypothesis, the GEPs after exposure to wood smoke were
very similar to those obtained upon treatment with carbonyls in vitro
and in vivo. More direct evidence that wood smoke can potently lead to
DPCs and subsequently to DNA damage was provided by targeted
biochemical assays. Bioinformatic analysis of the transcriptome data
already posited genotoxicity as one of the main key events and was
therefore in line with our direct validation of DPC activity of wood
smoke. As DPC is a key event upstream of several processes involved in
the DNA damage response and repair but also in case of unsuccessful
repair gives rise to mutations which may lead to cancer, we removed
carbonyls from the gas phase and were able to show their causative role
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in genotoxicity. Interestingly, also in another toxic aerosol derived from
biomass combustion, i.e. tobacco smoke, aldehydes are found at high
concentrations and have been shown to induce DNA lesions in mice and
humans (Wenget al. 2018). The enhanced genotoxicity of and vulnera-
bility to aldehydes due to genetic predisposition (Antonowiczet al. 2021;
Tanet al. 2017) warrants a concept of personalized environmental
medicine, including the assessment of individual exposure levels to
chemicals, aka the personalized exposome (Jianget al. 2018). Clearly,
hazard assessment of complex combustion aerosols as presented here
needs to be accompanied by detailed risk assessment considering
dosimetry and regioselective deposition of key pollutants, such as al-
dehydes, in the lung to eventually define critical thresholds of exposure
(Hartwiget al. 2020; Rietjenset al. 2022).

Further development of the CMAP approach could entail integration
of metabolomics and proteomics data to also consider such similarity in
perturbation profiles of chemicals and mixtures in addition to GEPs.
Moreover, systematic analysis of multi-omics profiles induced by
chemicals, their mixtures as well as emerging pollutants in relevant
biological models including ALI systems should be performed, to widen
the data base of CMAP and broaden its impact also in the field of
environmental medicine and chemical safety.

Finally, in order to reduce the global health burden linked to air
pollution, emission rate targets not only need to focus on PM but should
consider constituents of the gas phase such as aldehydes. Clearly, this is
just the beginning to explore the complexity of entire combustion
aerosols and highlights the relevance of the gas phase. However, the
discrete effects of the other phases i.e. PM or the intermediate phase i.e.
volatile compounds adsorbed to PM, deserve further attention as well.
By building special ALI exposure devices PM could be deposited at
enhanced levels, e.g. by electrostatic fields or the gas phase could be
removed by denuders, and in this way a more detailed view of the
contribution of different constituents of wood smoke or in general of
ambient air pollution might be obtained. Also, other endpoints apart
from genotoxicity have to be addressed such as respiratory infections
and long-term consequences manifested in chronic pulmonary disease
such as fibrosis or chronic obstructive pulmonary lung disease
(Conlonet al. 2020). An even bigger challenge is to mimic extrapulmo-
nary effects of air pollution in vitro. Although microphysiological sys-
tems exist to combine different organ-on-a-chip, the exposure of lung
cells at the ALI with a simultaneous coupling to other organ-on-a-chip
units has not yet been achieved (Yanget al. 2021). Clearly, advanced
co-culture models have to be further established and exposed for weeks
to months, and perturbation profiles need to be compared to in vivo
studies designed to study these types of chronic disease, in order to infer
critical chemical constituents but also toxicity pathways. Only such a
mechanistic understanding of the health effects will allow regulation of
critical emissions based on scientific evidence, and thus mitigate health
risks and the global burden of disease associated with air pollution.
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