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Abstract

Gestational exposure to air pollution is associated with negative outcomes in newborns and
children. In a previous study, we demonstrated a synergistic negative effect of pre- and postnatal
exposure to PM5 5 on lung development in mice. However, the means by which air pollution
affects development of the lung have not yet been identified.

In this study, we exposed pregnant BALB/c mice and their offspring to concentrated urban PM; g
(from S&o Paulo, Brazil; target dose 600 pg/m3 for 1 h daily). Exposure was started on embryonic
day 5.5 (E5.5, time of placental implantation). Lung tissue of fetuses and offspring was submitted
to stereological and transcriptomic analyses at E14.5 (pseudoglandular stage of lung
development), E18.5 (saccular stage) and P40 (postnatal day 40, alveolarized lung). Additionally,
lung function and cellularity of bronchoalveolar lavage (BAL) fluid were studied in offspring
animals at P40.
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Compared to control animals that were exposed to filtered air throughout gestation and postnatal
life, PM-exposed mice exhibited higher lung elastance and a lower alveolar number at P40 whilst
the total lung volume and cellularity of BAL fluid were not affected. Glandular and saccular
structures of fetal lungs were not altered upon gestational exposure; transcriptomic signatures,
however, showed changes related to DNA damage and its regulation, inflammation and regulation
of cell proliferation. A differential expression was validated at E14.5 for the candidates Sox8,
Angptl4and Gasl.

Our data substantiate the /n utero biomolecular effect of gestational exposure to air pollution and
provide first-time stereological evidence that pre- and early life-postnatal exposure compromise
lung development, leading to a reduced number of alveoli and an impairment of lung function in
the adult mouse.
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1. Introduction

According to the World Health Organization, about 3 million deaths were attributable to
effects of ambient air pollution worldwide in 2012. With growing population, urbanization
and industrialization, pollution of ambient air constitutes an increasing health risk,
particularly in developing and low-income regions (World Health Organization, 2016).

Amongst other air pollutants such as ozone and NO,, particulate matter (PM) is the pollutant
whose ambient air levels are most commonly used to assess air quality and air pollution-
related health risks (Burnett et al., 2014; World Health Organization, 2016). Its composition
is highly heterogeneous and variable, depending on the location and sources (both natural
and human-made) of particle emission. PM deposits along the respiratory system dependent
on the aerodynamic diameter of contained particles (Kelly and Fussell, 2012). The fraction
with an aerodynamic diameter of 2.5 um and lower (PM> 5) is considered small enough to
reach alveolar spaces, with ultrafine particles (<0.1 pm) being able to cross the air/blood
barrier.

Exposure to PM has frequently been linked to respiratory and cardiovascular morbidity and
mortality (Feng et al., 2016), alongside a possible involvement in the development of
diabetes mellitus and neurological diseases (Calderon-Garciduenas et al., 2016). Moreover,
maternal exposure to PM during pregnancy has been linked to adverse birth outcomes (Feng
etal., 2016; Li et al., 2017; Siddika et al., 2016; Teng et al., 2016; Veras et al., 2016) and
was demonstrated to increase susceptibility to respiratory infections and cause lung function
deficits in early childhood (Jedrychowski et al., 2010; Jedrychowski et al., 2013; Korten et
al., 2016; Vieira, 2015), as shown for other pollutants (Morales et al., 2015). The rapid
growth during organ development, involving morphological changes with complex
regulation of proliferation and differentiation, is thought to predispose for susceptibility to
environmental influences during the intrauterine and early-life period (Veras et al., 2016;
Wright and Brunst, 2013).
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During pregnancy, air pollutants might cause a systemic effect in the mother that
subsequently impacts the fetus or could, once blood-borne, act directly on placenta and fetus
(Soto et al., 2017; Veras et al., 2008). Plausible biological mechanisms include oxidative
stress, inflammation, DNA damage as well as coagulative and hemodynamic changes in the
mother (Hertz-Picciotto et al., 2008; Kannan et al., 2006; Veras et al., 2016). However,
animal model studies on this field are scarce and the developmental effect of intrauterine
exposure remains experimentally poorly defined. Similarly, the mechanisms by which
prenatal exposure to air pollution impairs lung development are not yet understood.

Based on previous findings indicating that pre- and postnatal exposure of mice to urban-level
air pollution synergistically affect lung development (Mauad et al., 2008), we hypothesized
that prenatal exposure to PM, 5 causes changes in the development of the mouse lung that
are already perceptive /n utero, leading to altered lung structure and function during later
life. We presumed that analysis of the fetal lung transcriptome provides novel insights into
the underlying processes mediating PM-associated developmental changes and damage.

In this study, we exposed pregnant mice and their offspring to concentrated urban PM5 5
(concentrated ambient particles, CAP). In a comprehensive approach, we studied lung
stereology and the lung transcriptome at pre- and postnatal time points. In addition, we
assessed lung function and cellularity at an early-life stage and characterized the
composition of particulate matter at our site.

2. Methods

2.1. Animals

Pregnant BALB/c mice were provided by the animal facility of the University of Sdo Paulo
School of Medicine, where breeding of BALB/c mice is conducted on a continuous basis.
Pregnant mice were continuously sourced throughout the study period. Using the presence
of a vaginal plug as indicator, the first light cycle after nightly mating was defined as
embryonic day 0.5 (E0.5). Apart from the daily periods of exposure, mice were housed in
polypropylene cages in an environment with constant room temperature (22 °C), filtered air
and a 12 h/12 h light/dark cycle. Free access to diet (Nuvital, Colombo, PR, Brazil) and
water was granted. This study was approved by the Institutional Review Board for
Experimental Studies of the School of Medicine of Sdo Paulo, Brazil (approval number
072/12). All animals received care in accordance with guidelines published by the National
Research Council (USA) (National Research Council, 2011) with appropriate attention
given to the alleviation of animals’ distress and discomfort.

2.2. Study design

A total of 22 pregnant mice was randomly assigned to a CAP-exposed and a control group
(exposed to filtered air). Exposure to CAP was started at embryonic day 5.5 (E5.5), after
implantation of the embryo (Cross et al., 1994), and was continued in offspring after birth
(Fig. 1). In part, pregnant mice were sacrificed and fetal lung tissue was submitted to
stereological and microarray analysis at E14.5 (pseudoglandular stage of lung development)
and E18.5 (saccular stage). Naturally-born offspring (14 exposed, 19 control mice) was kept
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until P40 (postnatal day 40, terminated lung alveolarization) and underwent lung function
testing as well as bronchoalveolar lavage. As at prenatal time points, lung tissue of the
offspring was submitted to stereological and microarray analysis. Detailed information about
the number of fetuses retrieved at prenatal time points and about litter sizes of offspring can
be found in Supplementary Tables S1 and S2.

2.3. Exposure setup

The animal exposure took place during the dry season from August to November 2012.

As previously described, we used an ambient particle concentrator developed at the Harvard
School of Public Health (HAPC) (Sioutas et al., 1995; Yoshizaki et al., 2016). This system
uses a series of virtual impactors to concentrate fine ambient particles with an aerodynamic
diameter <2.5 um (PM, 5) from ambient air and is located on the campus of the University
of S&o Paulo School of Medicine (23°33718.1"S 46°4015.0”W, http://www.inaira.org/br/
intoxicacao/concentrador.shtml). Air pollution at this site has previously been characterized
as emission from mainly vehicular sources (Andrade et al., 2012; CETESB, 2012; de
Miranda et al., 2012). During the period of animal exposure, we assessed the metal
elemental composition and black carbon (BC) concentration of ambient air PM 5 (for
methods and results, please refer to the supplement). The polycyclic aromatic hydrocarbon
content of PM5, 5 at our site was studied in July 2012, results were previously published
elsewhere (Yoshizaki et al., 2016).

Animals were placed in temperature- and humidity-controlled exposure chambers, either
connected to the CAP-stream derived from the HAPC (exposed group) or to a clean air
supply provided using a high-efficiency particulate air filter (control group). The impactor
setup of the HAPC creates a very light vacuum in the exposure chamber (Sioutas et al.,
1995) (in our facility about —18 mmHg in relation to the surrounding atmospheric pressure)
that itself could possibly influence lung physiology in mice. To account for this bias, the
atmospheric pressure inside the CAP-exposure chamber and the clean-air chamber were
regulated to be identical.

Mass concentrations of generated CAP were measured using an airborne particulate monitor
(two-wavelength nephelometer DataRam DR-4000, Thermo Fisher Scientific, Waltham,
MA, USA). Our target dose of CAP-exposure was 600 pgem=3 for 1 h daily, equivalent to
the WHO guideline value for 24-h mean PM, 5 concentration (25 pgem=3) (World Health
Organization, 2005). To ensure the best possible constancy in delivered CAP dose from day
to day, the exposure time was proportionally adjusted to the HAPC-derived CAP
concentration at the start of each exposure. For alleviation of animals’ discomfort, the
maximum daily exposure time was limited to 120 min. Daily lengths of stay in the exposure
chambers were the same for exposed and control mice. The animals received their last
exposure on the day before their respective sacrifice.

The concentration of CAP derived from the HAPC is subject to continuous fluctuations and
short-term alterations based on changes in environmental conditions. To approximate the
effective daily CAP delivery, we calculated £, the mean of the CAP concentrations measured
at the start and end of each exposure. Knowing the respective exposure time £, we calculated
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the proportion of our target dose and the CAP dose every mouse /received on their
respective exposure day d. We calculated the exposure efficacy £ over the respective number
of exposure days 77 with the following formula:

1 dd
nzll

id=1

A hypothetical exposure perfectly matching our target CAP concentration P7= 600 pgem™3
and target exposure time #7=1 h would herewith result in an exposure efficacy of 1.

2.4. Lung function testing

At P40, offspring mice (7= 13 in exposure, 7= 15 in control group) were deeply
anesthetized by intraperitoneal injection of thiopental (70 mgekg™), tracheotomized and
connected to a flexiVent small animal ventilation device (SCIREQ, Montral, QC, Canada).
Before starting mechanical ventilation, they were paralyzed by intraperitoneal injection of
pancuronium bromide (1 mgekg™1). Animals were ventilated with a tidal volume of 10
mLekg ! at a breathing frequency of 120 breathsemin~1. With single frequency forced
oscillation maneuvers at a sinusoidal frequency of 2.5 Hz, we measured the dynamic
resistance R and the dynamic elastance £ (single compartment model). Input impedance of
the respiratory system was measured applying oscillatory volume perturbations composed of
the sum of 13 sinusoidal frequencies from 1 to 20.5 Hz (broadband forced oscillation
technique). Based on the impedance, the Newtonian resistance (R, reflecting the resistance
of airways), tissue damping (G) and tissue elastance (H) were calculated using the constant
phase model (Bates, 2009; Gomes et al., 2000; Hantos et al., 1992).

2.5. Bronchoalveolar lavage (BAL)

Following lung function measurements, offspring animals were exsanguinated via the
inferior vena cava. The right main bronchus was ligated and before BAL, the right lung was
removed and stored for later RNA preparation (see below). Remaining left lungs were
washed with 0.5 mL of sterile physiological saline for three times. Collected BAL fluids
were centrifuged at 900 g for 8 min at 5 °C, supernatants were discarded and cell pellets
were resuspended in 1 mL of physiological saline. A total cell count was performed using a
Neubauer chamber (Carl Roth, Karlsruhe, Germany). Subsequently, cytocentrifuge slides
were prepared and stained with Diff-Quik® (Medion Diagnostics, Dindingen, Switzerland).
We performed differential cell counts by microscopic slide examination considering
macrophages, lymphocytes, neutrophils, eosinophils and respiratory epithelial cells
according to standard morphological criteria; 300 cells per slide were counted (7= 9 in
exposure, 7= 17 in control group).

2.6. Lung tissue collection

At E14.5 and E18.5, pregnant dams were anesthetized by isoflurane and subsequently
euthanized by intraperitoneal injection of thiopental (200 mgekg™1). Following
exsanguination via the inferior vena cava, fetuses were retrieved. For microarray analysis,
fetal lungs were dissected under stereomicroscopic view, snap frozen in liquid nitrogen and
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subsequently stored at —80 °C. Right lungs of P40 offspring (see above) were frozen and
stored similarly.

2.7. Stereology

Whole E14.5 fetuses and dissected E18.5 lungs were fixed in 4% phosphate-buffered
paraformaldehyde (PFA) for 24 h and embedded in paraffin. One 5 um thick section was
prepared and stained with H.E. for every 200 um of tissue. We used digital scans of the
slides (scanner: Pannoramic SCAN, 3DHistech, Budapest, Hungary) and the publically
available software ImageJ (developed at the National Institute of Mental Health, Bethesda,
MD, USA) for stereological analysis (exposure group: 7= 6 at E14.5, n=5 at E18.5; control
group: n=5at E14.5, n=4 at E18.5). Total lung volume was determined according to the
Cavalieri principle (Hsia et al., 2010) superimposing a point grid on the digitized slides. We
measured the relative volumes of lung compartments (E14.5: epithelial tubes, blood vessels,
mesenchymal stroma; E18.5: airways, blood vessels, mesenchymal stroma, saccules) by
point counting. We further used a cycloid grid to determine the surface area of saccules at
E18.5. Absolute volumes of lung compartments were calculated multiplying relative
volumes with total lung volumes.

Left lungs of offspring mice were inflated with 4 mL of PFA (equivalent to a pressure of ca.
20 cmH,0) after BAL, ligated and placed in PFA for 24 h. Fixed lungs were embedded in
agar and cut into 2 mm thick slices in a vertical, uniform and random manner (Knust et al.,
2009). A point grid was used to determine lung volumes (Cavalieri principle). Subsequently,
agar slices were embedded in paraffin and 5 um H.E.-stained sections were prepared. We
used the newCAST stereology software (Visiopharm, Hoersholm, Denmark), coupled to an
optical microscope (Eclipse Ni, Nikon, Tokyo, Japan), for determination of relative lung
volumes and surface areas (airways, blood vessels, alveolar septa/spaces). Central airways
and vessels were not considered in our analysis; for volume fractions, we did not
differentiate between alveolar ducts and alveoli. Digitized scans of pairs of consecutive
slices were used to perform an alveolar count based on the Euler characteristic (Hyde et al.,
2004; Knust et al., 2009) (n=5 per group: 3 males, 2 females in exposed; 1 male and 4
females in control group). In short, this method is based on counting fusions or separations
of alveolar septal segments between a reference and a consecutive look-up section as a
surrogate to count alveolar openings within a certain lung volume defined by the slice
thickness and the analyzed frame area (for more information see Knust et al., 2009). Per
animal, 3 pairs of consecutive slices were examined. In turn, a total of 4-6 disectors (frame
size 11410.1 um?) per slice pair was analyzed. Mean alveolar volumes and alveolar number
densities were calculated with the derived alveolar numbers and the previously determined
total alveolar/whole lung volumes.

2.8. Statistical analysis

For statistical evaluation of results (except microarray and qPCR analysis) as well as data
visualization, SPSS® version 15.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 7
(GraphPad Software, La Jolla, CA, USA) were used. Data was found to be normally
distributed. Results were considered statistically significant at p < 0.05 (Student’s rtest).
Data is reported as mean + standard deviation (SD).
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2.9. Extraction of total RNA

Total RNA was extracted from tissue samples (7= 4 in E14.5 and E18.5 subgroups, 7=5in
P40 subgroups) using the RNeasy Mini Kit (Qiagen, Hilden, Germany), following
manufacturer’s instructions. RNA purity and integrity were determined by
spectrophotometry (NanoDrop 1000, Thermo Fisher Scientific) and capillary electrophoresis
(Bioanalyzer 2100, RNA 6000 Nano Kit, Agilent Technologies, Santa Clara, CA, USA). An
Aogo/Aggp ratio between 1.8 and 2.1 and a RNA Integrity Number (RIN) > 7 were our RNA
quality thresholds for subsequent microarray analysis.

2.10. Microarray analysis

100 ng of total RNA from each sample was amplified with the Ambion WT Expression Kit
(Life Technologies, Carlsbad, CA, USA) and hybridized to the GeneChip Mouse Gene 2.0
ST array (Affymetrix, Santa Clara, CA, USA), following manufacturer’s standard protocols.
Hybridized arrays were washed and stained using the GeneChip Hybridization Wash and
Stain Kit with a Fluidics Station 450 (standard protocols, using the AGCC Fluidics Control)
and scanned with a GeneChip Scanner 3000 7G (standard settings, AGCC Scan Control,
Affymetrix). The expression data of this experiment have been deposited in NCBI’s Gene
Expression Omnibus, accessible through GEO series accession number GSE104656 (https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104656).

Output CEL-files were imported to the Affymetrix Expression Console software for
summarization, background correction and normalization of expression data. The default
Robust Multi-Array Analysis (RMA) algorithm was applied at gene level. Annotation of
transcript clusters within the software was based on the most recent annotation data available
(release 36). On-chip controls were removed from the data set, only main design transcript
clusters were included in subsequent analyses. Processed expression data was imported to
the TM4 MultiExperiment Viewer (MeV) version 4.9 (Saeed et al., 2003) (available at http://
mev.tm4.org), differentially expressed genes (DEGSs) were identified at a cutoff p= 0.01 (%
test).

2.11. Interpretation of results

For Venn diagram creation we used an online tool provided by the group of Bioinformatics
& Evolutionary Genomics at the Ghent University (http://bioinformatics.psb.ugent.be/
webtools/Venn). Enrichment analyses were carried out through publically available online
tools using official gene symbols as provided by the Affymetrix annotation data as gene
identifiers for data upload.

With Enrichr (http://amp.pharm.mssm.edu/Enrichr) (Kuleshov et al., 2016), we used the
following library builds as reference libraries: KEGG 2016, BioCarta 2016, WikiPathways
2016, Reactome 2016, Panther 2016, GO (Biological Process, Cellular Component and
Molecular Function) 2017, MGl Mammalian Phenotype 2017 and Jensen DISEASES.
Enrichment results were explored using output tables ranked by Enrichr’s combined score,
considering pathways/terms enriched at p < 0.05 and to a lesser extent those in the upper list
that were ranked higher than at least one other pathway/term enriched at p < 0.05.
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We used the Functional Annotation Tool of DAVID (https://david.ncifcrf.gov, version 6.8)
(Huang da et al., 2009) to retrieve comparative information about enrichment of KEGG and
BioCarta pathways at standard settings (cutoff EASE p = 0.1, minimum count = 2, standard
background for Mus musculus).

Reactome pathway analysis was also performed via the official online platform (http://
reactome.org, database version 60) (Fabregat et al., 2016) using the analysis tool with the
projection to human option enabled. Results were explored focusing on over-represented
pathways with p < 0.05. The PANTHER pathway database (version 3.4.1, PANTHER
version 11.1) was used for analysis of DEG lists through the Gene List Analysis tool
(PANTHER Over-representation Test) on the official website (http://pantherdb.org) (Mi et
al., 2017) (cutoff p=0.05). We supplied a custom background gene list for analysis,
containing all genes included in the Mouse Gene 2.0 ST microarray’s main design. This
custom background was further used in GO term enrichment with GORILLA (http://cbl-
gorilla.cs.technion.ac.il, database update 06/17/17) (Eden et al., 2009) at a significance
cutoff p=0.001.

2.12. gPCR validation

We used quantitative real-time PCR (gPCR) to validate the differential expression of six
possible candidate genes at E14.5. Per sample, 1000 ng of total RNA underwent reverse
transcription to cDNA using the High-Capacity RNA-to-cDNA Kit (Thermo Fisher
Scientific), according to manufacturer’s instructions. PCR was performed using TagMan
Gene Expression Assays (FAM-labeled MGB probes) for the following genes: GasZ (growth
arrest specific 1, Mm01700206_g1), Sox8 (SRY-box 8, MmM00803422_m1), Muc4 (mucin 4,
MmO00466886_m1), Cdknlc (cyclin-dependent kinase inhibitor 1C, Mm01272135_g1),
Csnk1d (casein kinase 1, delta, Mm00503623 _m1) and Angptl/4 (angiopoetin-like 4,
MmO00480431_m1). The StepOnePlus RT-PCR system and the Tag-Man Fast Advanced
Master Mix (Thermo Fisher Scientific) were used according to manufacturer’s protocols.
Each sample was run in triplicate, Actb (actin, beta, MmM00607939 s1) and Rp/13a
(ribosomal protein L13A, MmM01612986_gH) were used as endogenous reference genes.

Fold changes were calculated with the comparative C; method (2-2ACt). We tested for
statistical significance with Mann-Whitney U'tests using SPSS version 18.0 (IBM Corp.,
Armonk, NY, USA). Results were considered statistically significant at p < 0.05.

3. Results

3.1. Animal exposure

The calculated mean exposure efficacy during the exposure period (78 days) was 1.10

+ 0.22. This shows that the CAP-exposed animals effectively received a slightly higher dose
than targeted, equivalent to a mean 24-h PM 5 exposure to 27.5 ugem=3. On 11 days within
the whole exposure period (78 days in total), it was not possible to perform an exposure to
CAP due to high relative air humidity and the consequential insufficient CAP concentration
derived from the HAPC. The metal element composition and black carbon content of PM; g
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specified at our site are shown in Supplementary Table S3. Data about the content of
polycyclic aromatic hydrocarbons has been published previously (Yoshizaki et al., 2016).

3.2. Lung function testing

We observed a statistically significant increase of tissue elastance (32.44 + 8.10 vs. 27.08
+5.20 cmH,0°mL~1, p=0.04) in mice pre- and postnatally exposed to CAP, compared to
control animals (Table 1). The dynamic lung elastance was also increased (34.31 £ 7.77 vs.
29.68 + 4.16 cmH,0°mL~1) with a strong statistical tendency (o = 0.06). The effect of
exposure to CAP on elastance parameters was observed in both male and female animals
(see Supplementary Tables S4 and S5). Parameters reflecting the resistance (dynamic
resistance, Newtonian resistance and tissue damping) were not affected by exposure to CAP.
Though not a primary endpoint of our study and not observed in female animals, exposed
male mice showed a lower body weight at P40 than male controls (20.1 + 1.6 vs. 23.1 £ 1.5
g, p=0.006).

3.3. Bronchoalveolar lavage

We observed no significant differences between the exposed and the control group animals
in cellularity of BAL fluid (see Supplementary Table S6).

3.4. Stereology

We did not observe a difference in stereological parameters of the developing lung between
the CAP-exposed and the control group at E14.5 and E18.5 (Supplementary Tables S7 and
S8).

At P40 (alveolarized lung), however, exposed animals had a significantly decreased number
of alveoli (in 106 alveoli: 0.91 + 0.38 vs. 1.51 + 0.22, p= 0.02). Accordingly, the alveolar
number density (in 103 alveoli per mm? lung: 9.73 + 2.09 vs. 13.73 + 1.08, p = 0.02) was
reduced and the mean alveolar volume (in 103 pm3: 53.7 + 10.0 vs. 39.2 + 4.2, p= 0.02) was
increased. Total lung volumes, alveolar surface areas and surface densities were not
significantly decreased in the exposed group (Table 2, Fig. 2A-F).

3.5. Transcription microarray analysis

At E14.5, 329 genes were differentially expressed (112 down-regulated, 217 up-regulated).
At E18.5 and P40, the numbers of DEGs were 319 (209 down, 110 up) and 249 (151 down,
98 up), respectively. The overall expression changes were found to be comparatively low,
only 1.8% of all DEGs amongst the three time points exhibited log, fold changes of an
absolute value > 1. A total of 6 genes were found to be regulated both at E14.5 and E18.5
but exhibited opposite fold changes at the respective time points. Three genes were
differentially expressed at both E14.5 and P40, but not at E18.5 (Supplementary Fig. S1,
Supplementary Tables S9 and S10).

Enrichment analyses of E14.5 DEGs resulted in terms related to DNA metabolism and
damage repair, sSiRNA and miRNA metabolism, chemokine and G protein signaling, nuclear
receptor transcription pathway as well as Wnt and cadherin signaling. “Respiratory distress”
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“lung disease” appeared on top of the list of enriched terms in the Jensen DISEASES library.

At E18.5, enrichment results included terms related to MAP kinase and phosphatidylinositol
signaling, cytokine/interleukin signaling, T cell and Toll-like receptor signaling as well as
regulation of cell proliferation/apoptosis. Enriched MGI Phenotype terms were highly
related to inflammation and immune response.

DEGs at P40 were found to be enriched in terms related to steroid/cholesterol biosynthesis
and metabolism, phosphatidylinositol and calcium signaling, amino acid and lipid
metabolism, SREBP (sterol regulatory element-binding protein) signaling, actin skeleton
regulation and oxidative stress. Full lists of enrichment results can be found in the data
supplement.

The six DEGs at E14.5 that had been chosen for validation (Gas1, Sox8, Muc4, Cdknlc,
Csnkl1d, Angptl4) showed qPCR fold changes concordant to the microarray results (Table
3). Whereas Csnkl1dhad an even smaller FC in qPCR (close to 0), the other five genes
showed larger fold changes than in the microarray analysis. All six genes underwent gPCR
in E18.5 and P40 samples as well, confirming that differential expression was observed at
E14.5 only (data not shown). However, the gPCR results showed a statistically significant
expression difference (down-regulation) only for Sox8 (log, FC = -1.84, p=0.02) and
Angptl4 (log, FC = -0.49, p=0.02). GasI exhibited a statistical tendency for being down-
regulated (logo FC = —0.84, p= 0.08). The time course of expression (based on microarray
data) of Gas1, Sox8and Angpti4is depicted in Fig. 3.

4. Discussion

In this study, we present for the first time stereological evidence that pre- and early postnatal

exposure to urban, vehicle-derived PM, 5 leads to a decrease in alveolar number, resulting in

enlarged alveolar spaces and increased lung elastance at an early stage of life. We further
demonstrated transcriptional changes in the fetal lung linked to DNA damage and regulation
inflammation and cell proliferation upon gestational exposure to PM, 5. These findings
imply not only that exposure to PM5 5 during lung development disturbs the alveolarization
process and alters physiological properties, but also that the lung /n uterois susceptible to
gestational exposure at the molecular level, possibly causing or promoting PM-associated
effects during later life.

l

In contrast to our previous study (Mauad et al., 2008), here we implemented an experimental

setup exposing animals to concentrated ambient particles for a specified time per day
(pulsed exposure), rather than keeping them exposed to ambient pollution levels for 24 h.
This allowed us to better control the delivered pollutant dose since the concentration of
ambient particles could partly compensate for environmental conditions that lowered
ambient particle levels. Thereby, we established an exposure setup with more constancy and
higher delivered particle doses. At the same time, by keeping the mice in a dedicated
environment separated from the surroundings, we could ensure that the animals were not
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open to disturbing environmental influences such as noise or temperature fluctuations that
were present in the former 24 h-exposition setup (Mauad et al., 2008).

To which extent pulsed and continuous exposures are equivalent to each other regarding the
elicited biological responses, cannot be evaluated definitively at this point. A pulsed
(experimental) exposure to high pollutant levels over a short period of time may lead to
physiological changes different from those caused by a long-time (e.g. life-long) exposure to
continuous, lower levels of pollutants. This could potentially explain the lack of change in
BAL-cellularity upon CAP-exposure observed in our study. Dependent on the pattern of
exposure, differential molecular mechanisms may be involved in causing developmental
damage. However, the increase in lung elastance at P40 upon pre- and postnatal pulsed
exposure to PM5 5 found in this study matches the alteration of pressure/volume curves upon
continuous 24 h-exposure shown in our previous work (Mauad et al., 2008). So far, other
groups had investigated air pollutant-related lung elastance changes in adult mice only
(Mazzoli-Rocha et al., 2016; Thevenot et al., 2013).

There were no significant stereological alterations in the saccular structures of distal fetal
lungs. In young adult mice, however, PM, s-exposure induced an important decrease in the
absolute number of alveoli, with increased alveolar sizes, without significant changes of the
alveolar surface density. There were no changes in airways or vessel volumes. These data
indicate that PM, s-exposure affects mainly alveolarization. For ozone, it had been
previously demonstrated that exposure of infant Rhesus monkeys during the early postnatal
period affects the development of distal airways and the appearance and timing of alveolar
growth and maturation (Fanucchi et al., 2006).

At P40, mice lungs are regarded to as having just finished secondary septation and
microvascular maturation (Schittny, 2017), entering adulthood. It has been shown that the
overall number of alveoli physiologically continues to increase together with the lung
volume beyond P40, without an alteration of alveolar size and density (Pozarska et al.,
2017). Hence, the observed change in alveolar structure at P40 could possibly persist during
later life since the alveolarization process itself had been terminated. However, evidence
from our data is not conclusive as we did not investigate later time points. A recent study
demonstrated that exposure to PM5 5 and 0zone increases the risk of development of an
Asthma-COPD overlap syndrome in adult asthmatics (To et al., 2016). Whether (prenatal)
exposure to air pollution of children causes changes in alveolar structure and thereby
impacts their adult respiratory health remains to be investigated.

A study in the ENVIRONAGE birth cohort analyzed the transcriptome of cord blood cells of
newborns and showed that chronic exposure to PM5 5 during gestation is associated with
altered expression of genes related to DNA damage in newborns of both sexes, amongst
other abnormalities (Winckelmans et al., 2017). So far, several mouse studies have focused
on effects of maternal exposure to cigarette smoke (CS) on the fetus” and the offspring’s
lung. Adverse effects on lung function (Drummond et al., 2017) and morphology (Noel et
al., 2017) have been shown and synergistic effects between pre- and postnatal exposure have
been identified. A recent study provided first insights into CS-related transcriptional
alterations in the fetal lung (Unachukwu et al., 2017). Regarding ambient air pollution,
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however, we yet remain the first to provide evidence of an effect of prenatal and early-life
postnatal exposure to particulate matter on lung development.

Our results indicate that exposure to PMs 5 alters gene transcription differentially in the
developing lung at distinct developmental stages. The developmental stages themselves,
each requiring a unique “program” for cell proliferation, differentiation and function, as well
as the different ways of exposure before and after birth (transplacental and transpulmonary)
possibly contribute to this finding. DEGs during the prenatal period were linked to DNA
damage and regulation, inflammation as well as cell proliferation. This is consistent with the
hypotheses that the effect exerted by maternal exposure to PM> 5 on the developing fetus
may be mediated by both a systemic (inflammatory) response of the dam as well as a blood/
placenta-mediated effect of particles on the fetus possibly leading to DNA damage in a
fetus-specific response (Veras et al., 2016). DEGs at P40, on the other hand, can be seen in
the picture of an alveolarized lung that was exposed to PM, 5 throughout development and
might be affected by means of oxidative stress and inflammation.

Upon exposure to PM, 5, we found altered expression levels of genes that might be of
interest in the setting of lung development. Particularly in the case of Sox&, but also in most
of the other candidates studied, we observed a larger fold change in gPCR results than in
microarray analysis. Compression of fold changes, especially for lower expressed genes, is a
common feature of microarray experiments (Choe et al., 2005; Dallas et al., 2005).

Sox8, SRY (sex determining region Y)-box 8, has been shown to play a role in primary sex
determination and neural development (She and Yang, 2015; Weider and Wegner, 2017) and
has also been linked to non-small cell lung cancer (Xie et al., 2014). At E14.5, it is
expressed in the epithelial buds of distal airways (Eurexpress atlas) (Diez-Roux et al., 2011).
Information about its role during lung development remain highly scarce compared to the
better studied role of the related SoxE group member Sox9which has been shown to be a
regulator in branching lung morphogenesis and differentiation of respiratory epithelial
progenitors (Chang et al., 2013; Rockich et al., 2013; Ustiyan et al., 2016), being linked to
Whnt/B-catenin as well as Kras signaling (Caprioli et al., 2015; Rockich et al., 2013; Ustiyan
et al., 2016). Sox8-deficient mice exhibit reduced body weight starting at postnatal week 3
(Sock et al., 2001). Our data indicate a lower, but nevertheless present expression of Sox8
(and Sox10) in fetal lung tissue with less over-time regulation than Sox9 (Fig. 3). This
matches information retrievable from recent expression databases such as the Lung Gene
Expression Analysis (LGEA) Web Portal (Du et al., 2017), the LungMAP database (Ardini-
Poleske et al., 2017) and the EMBL-EBI Expression Atlas (Petryszak et al., 2016).

The role in developmental processes of Angpt/4, angiopoietin-like 4, is poorly studied.
Angptl4 has been shown to exhibit a plethora of different capacities, being involved in lipid
metabolism, wound healing, regulation of reactive oxygen species, inflammation,
tumorigenesis and regulation of vascular integrity/leakiness (La Paglia et al., 2017; Zhu et
al., 2012; Zhu et al., 2016). The Angptl4 protein is subject to proteolytic cleavage with
different functions attributed to the N- and C-terminal regions and possible differential
processing between tissues (Dijk and Kersten, 2014). ANGPTL4 is expressed in human
airway smooth muscle cells and its induction has been shown to be regulated through PKC
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and MAPK pathways (Stapleton et al., 2010). In the E14.5 lung, it is predominantly
expressed in the subepithelial mesenchyme (Eurexpress atlas). Its role in angiogenesis still
remains controversial and seems to depend on the tissue in question (Guo et al., 2014).

Growth-arrest-specific 1 (GasZ) is known to be a regulator of cell proliferation, inducing cell
arrest and mediating apoptosis. It plays a role in embryonal differentiation and has been
shown to be a positive regulator of the Sonic hedgehog pathway (Rosti et al., 2015; Segovia
and Zarco, 2014). During lung development, it is strongly expressed in the developing
bronchioles (Lee et al., 2001) and, analogue to our microarray data, shows a slight
downregulation over the course of development in the aforementioned databases.

A limitation to our study is the restricted number of animals that could be exposed in
parallel due to the complex and time-intensive exposure setup. This did neither allow us to
implement a cross-over between study groups at birth of the offspring, nor to expose the
dams (and males) before mating. Furthermore, it limited the number of biological samples
per group which particularly requires a careful interpretation of the transcriptomic data.

Generally speaking, the small fold changes might further implicate a low biological impact
of the found differential gene expression. Assuming that air pollution does not exert its
effects via a single specific pathway but rather via a complex interplay of alterations at
several biological levels (genetic, epigenetic, transcriptional, translational and
posttranslational changes to the point of alteration and regulation of proteins steering
complex processes such as cell growth, differentiation and intra- or intercellular signaling)
this seems explicable. Similarly, transcriptional micro-array analysis can only reflect a part
of the whole picture of cellular processes and regulation. Besides, our whole-lung
transcriptomic approach might have missed detecting transcriptional alterations only present
in single non-abundant cell types due to a dilution effect on the RNA level. Whilst the time
point P40 was essential in this study to assess the consequences of developmental exposure
at an early-life stage, microarray data from P40 does not allow to draw conclusions about
foregone biomolecular processes during alveolarization.

We did not separately analyze male and female animals for stereology. Male mice are known
to have a higher number of alveoli than females, most likely based on a higher total lung
volume rather than higher alveolar density (Pozarska et al., 2017). In fact, more lungs of
male animals were analyzed in the exposed group than in the control group. However, at this
early-life stage we did not observe a difference in lung volumes between groups and, taking
into account that the alveolar number densities were significantly altered upon CAP-
exposure, this suggests that the found differences in alveolar parameters are not caused by
differences in male-to-female ratios between the groups.

Previous data indicates that pre- and postnatal exposure to PM, s account for developmental
changes synergistically (Mauad et al., 2008). In addition to the mild transcriptomic changes
found in fetal lungs upon maternal exposure, epigenetic alterations could further be
responsible for the demonstrated impairment of lung development in early postnatal life
(Traboulsi et al., 2017). Future larger-scale animal studies will be required to further
decipher the pathophysiology of pollution-related developmental damage.
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5. Conclusion

Intrauterine and early postnatal exposure to urban, vehicle-derived PM, 5 decreases the
number of alveoli and affects lung function, associated with development- and
inflammation-related transcriptomic changes in fetal lung tissue. Our findings emphasize the
importance of making efforts to reduce the global burden of ambient air pollution in order to
improve lung health of generations to come.
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Fig. 1.
Study design. The number of animals submitted to the respective analyses is specified in
parentheses.
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Fig. 2.

Lung tissue from CAP-exposed (A, C, E) and control animals (B, D, F) at E14.5

(pseudoglandular stage, A, B), E18.5 (saccular stage, C, D) and P40 (alveolarized lung, E,
F). H.E.-staining, all images taken at same magnification. E: budding epithelial tube, L:

liver, H: heart (myocardium), Br: bronchiole, S: saccule, AD: alveolar duct. Alveoli appear
enlarged in the CAP-exposed group at P40.
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Median-adjusted and log,-transformed expression (transcription microarray) of Gasl,
Angptl4and Sox 8as well as the SoxE family members Sox9and SoxI0in lungs of CAP-
exposed and control mice. Error bars show SD, dotted lines represent quartiles of the overall

distribution of expression values in the experiment.
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Table 1

Lung function (flexiVent) of exposed and control mice at P40.

Parameter Mean = SD p
Exposed Control

Weight (@ 199+16 20.7+25 0.34
R (cmH,O-smL™Y) 0.83+0.15 0.76+0.14 0.20
E (cmH,O-mL™1) 3431+7.77 29.68+4.16 0.06
Ry (cmH,0-smL™)  0.30+0.10 0.28 +£0.09 0.61
G (cmH,OmL™)  598+1.91 596+1.06 0.97
H (cmH,O-mL™1) 3244 +8.10 27.08+520 0.04*

R: dynamic resistance, E: dynamic elastance, Rpn: Newtonian resistance, G: tissue damping, H: tissue elastance.
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Stereological measures of lungs of pre-/postnatally exposed mice and controls at P40.

Table 2

Parameter Mean + SD p
Exposed Control
Animal weight (g) 19.4+16 185+1.0 0.32
Lung volume (mm3) 92+28 109 + 10 0.22
vol/wt ratio (mm3.g1) 47+13 59+07 0.11
Np of alveoli (103 mm™3) 9.73+2.09 13.73+1.08 0.005**
N of alveoli (10%) 0.91+0.38 1.51+0.22 0.02*
V of alveoli (10% im?) 537+100 39.2+42  0.02*
Vs of alveoli (%) 50.8 £5.0 535+26 0.33
V; of alveolar septa (%) 395+2.3 36.3+£3.2 0.11
Vs of airways (%) 6.7+25 74+29 0.68
Vs of vessels (%) 29+16 28+1.2 0.88
V; of alveoli (mm3) 475+17.1 58.5+ 6.6 0.22
V, of alveolar septa (mm?3) 359+9.6 39.8+55 0.46
V, of airways (mm3) 59+24 8.1+34 0.26
V, of vessels (mm?3) 25+13 30+13 0.56
Sp of alveolar septa (mm™)  192.5+40.3 219.8+243 0.23
Sp of airways (mm™1) 185+7.1 16.7+15 0.59
Sp of vessels (mm™) 456+134 61.1+456 049
S of alveolar septa (cm?) 1845+86.7 241.2+40.1 0.22
Sa of airways (cm?) 158 +5.4 18.3+3.0 0.39
S of vessels (cm?) 428+215 67.7+52.7 0.36

ND: number density, N: total number, V: mean volume, Vf: volume fraction, Vt: total volume, Sp: surface density, SA: surface area.
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Microarray and gPCR fold changes of candidate genes at E14.5.

Table 3

DEG Microarray gPCR
log, FC p log,FC p

Gasl -0.67 0.005 -0.84 0.08
Sox8 -0.55 0.004 -1.84 0.02*
Mucd 0.43 0.006 0.86 0.25
Cdknlc -0.48 0.005 -0.60 0.15
Csnkld  0.12 0.004 0.03 0.56
Angptl4  -0.41 0.006 -0.49 0.02*
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