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Abstract 33 
 34 
Introduction: There is growing evidence suggesting that urban pollution has adverse effects 35 

on lung health. However, how urban pollution affects alveolar mesenchymal and epithelial 36 

stem cell niches remains unknown.  37 

 38 

Aim: Determine how complex representative urban atmospheres alter alveolar stem cell niche 39 

properties.  40 

 41 

Methods: Mice were placed in an innovative chamber realistically simulating the atmosphere 42 

of a megalopolis, or “clean air”, for 7 days. Lungs were collected and fibroblasts and 43 

epithelial cells (EpCAM+) were isolated. Fibroblasts proliferative capacities were tested by 44 

population doubling levels (PDL) and microarray analyses were performed. Fibroblasts and 45 

EpCAM+ cells from exposed, non-exposed or naive mice were co-cultured in organoid assays 46 

to assess the stem cell properties. Collagen deposition (Sirius red), lipofibroblasts (ADRP, 47 

COL1A1), myofibroblasts (αSMA), alveolar type 2 cells (AT2, SFTPC+) and alveolar 48 

differentiation intermediate cell (ADI, KRT8+/CLDN4+) markers were quantified in the 49 

lungs.  50 

 51 

Results: Fibroblasts obtained from mice exposed to urban atmosphere had lower PDL and 52 

survival and produced fewer and smaller organoids. Microarray analysis showed a decrease of 53 

adipogenesis, and an increase of genes associated with fibrosis suggesting a lipofibroblast to 54 

myofibroblast transition. Collagen deposition and myofibroblast number increased in the lung 55 

of urban atmosphere exposed mice. AT2 number was reduced and associated with an increase 56 

of ADI cells KRT8+/CLDN4+. Furthermore, EpCAM+ cells from exposed mice also produced 57 

fewer and smaller organoids.  58 

 59 

Conclusions: Urban atmosphere alters alveolar mesenchymal stem cell niche properties by 60 

inducing a lipofibroblast to myofibroblast shift. It also results in alveolar epithelial 61 

dysfunction and a fibrotic-like phenotype.  62 

  63 

Key words: Urban, Complex atmosphere, alveolar stem cell niche, lung 64 

 65 

 66 
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 67 

New & Noteworthy  68 

Urban pollution is known to has major adverse effects on lung health. To assess the effect of 69 

pollution on alveolar regeneration, we exposed adult mice to a simulated high pollution urban 70 

atmosphere, using an innovative CESAM simulation chamber (https://cesam.cnrs.fr/). We 71 

demonstrated that urban atmosphere alters alveolar mesenchymal stem cell niche properties 72 

by inducing a lipofibroblast to myofibroblast shift and induces alveolar epithelial dysfunction.  73 

 74 

  75 
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Introduction 76 

A report by the European Environment Agency estimates that in Europe, nearly 95% of the 77 

urban population is exposed to concentrations of fine particles exceeding WHO guidelines 1. 78 

The nature of the particles in urban air is very heterogeneous and composed of thousands of 79 

micro-pollutants, in the gaseous or particulate phase; combustion aerosols (soot), inorganic 80 

aerosols (e.g., agricultural origin), secondary organic aerosols (e.g., produced by urban and 81 

peri-urban chemistry) and aerosols of terrigenous origin (e.g., erosion), from PM1 (ultrafine) 82 

to PM10 (coarser particles) 2–4 . These components generate several hundred thousand 83 

chemical reactions, particularly under the impact of solar energy 5–7. Based on 84 

epidemiological data, there is a growing body of evidence linking exposure to urban air 85 

pollution to lung function alterations and the development of adult respiratory diseases, 86 

particularly chronic bronchial diseases 8–10. A causal link with the urban pollution exposure is 87 

suggested in interstitial lung diseases but remains controversial, particularly because 88 

epidemiological studies are limited in size and did not consider a multipollutant exposure 89 

model 11–13. Thus, how epithelial alveolar stem cells and their environment are affected by air 90 

pollution and how this process induces lung pathology is yet to be determined 19–21. 91 

Alveolar epithelial type 2 (AT2) cells represent the predominant alveolar epithelial progenitor 92 

cells 14. They proliferate and differentiate into alveolar epithelial type 1 (AT1) cells through 93 

intermediate states 15,16. The AT2 behavior is influenced by paracrine signals from its 94 

surrounding environment (niche) such as the mesenchyme 17–19. Depending on its 95 

characteristics, the mesenchymal alveolar niche can either support alveolar growth and 96 

regeneration or induce deleterious effects 20,21. The lung resident mesenchymal cells that 97 

compose the niche are more functionally classified by their abilities (niche properties) to 98 

support epithelial cell growth. Among them, lipofibroblasts, lipid-droplet-containing 99 

interstitials fibroblasts that have many similarities with adipocytes, are an important 100 

subpopulation with niche properties 22,23. In interstitial lung diseases, such as idiopathic 101 

pulmonary fibrosis, they lose their niche characteristics by differentiating to myofibroblasts, 102 

thus promoting fibrosis 24,25.  103 

Therefore, we hypothesized that urban megalopolis pollution, such as Beijing atmosphere, 104 

alters both the alveolar mesenchymal and epithelial stem cell properties leading to a fibrosis-105 

like phenotype. To overcome the limitations of solely exposing organisms to isolated 106 

components of air pollution and disregarding the potential synergistic effects among its 107 

constituents, we used a multi-component pollutant exposure atmospheric simulation chamber. 108 
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 We have combined this modern approach with the use of organoid culture 26,27, in order to 109 

assess the stem cell niche capacities 28–30. 110 

 111 

 112 

 113 

 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 
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 125 
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 127 

 128 
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 130 
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 132 

 133 

 134 

 135 

 136 
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METHODS 137 

Ethics statements 138 

The French Institutional Animal Care and Use Committee approved experimental procedures 139 

on mice (APAFIS#30121-2021022511414629 v9). Animal experiments were carried out in 140 

compliance with the guidelines and regulations of the Institut national de la santé et de la 141 

recherche médicale (Inserm). 142 

 143 

Animal models 144 

Animal use was approved by the French Institutional Animal Care Committee. Equal numbers 145 

of male and female mice were used. C57BL/6JRj mice were housed in a pathogen-free barrier 146 

environment throughout the study (12 h light/dark cycle with access to food and water ad 147 

libitum).  148 

 149 

Generation and characterization of urban complex atmosphere 150 

The generation and characterization of the urban complex atmosphere and the exposure of 151 

mice were performed by LISA (UMR CNRS 7583, Créteil, France). The Laboratoire 152 

Interuniversitaire des Systèmes Atmosphériques (LISA), in Créteil, has developed an 153 

atmospheric simulation chamber (www.cesam.cnrs.fr). The experimental set-up allows the 154 

continuous injection, in the exposure chamber, of mixtures of primary pollutants (NOx, 155 

organic compounds representative of anthropogenic emissions, SO2, soot, mineral dusts) at 156 

low concentration (ppb). The residence time of the air thus formed in the chamber is a few 157 

hours, calculated to represent the air masses on a regional scale. During this time, the 158 

synthetic mixture is exposed to solar radiation, allowing the formation of secondary pollutants 159 

such as ozone, NO, formaldehyde. Each of these parameters (nature of the initially injected 160 

pollutants, methods of "aging" of the atmospheres, etc) can be modulated according to the 161 

characteristics of the desired model atmosphere. The CESAM experimental chamber is 162 

equipped with numerous analytical instruments and benefits from the LISA's dedicated 163 

atmospheric chemistry instrumentation: analysis of gaseous pollutants (ozone, NO, NO2, SO2, 164 

CO, CO2, VOC in particular), and of aerosol properties (particle size and mass distributions, 165 

hygroscopy, etc) - see http://www.cesam.cnrs.fr/index.php?p=2 for more information. LISA 166 

atmospheric chambers simulated a highly polluted urban area with a level of pollution: this 167 

mixture aimed at reproducing the air of megacities such as Beijing, in condition of pollution 168 
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alert as it is more and more frequently the case. The primary sources of pollutants here 169 

include diesel emissions coal combustion, sandstorms from the north, and dust from local 170 

construction. The pollutants content was measured and validated as described in details by 171 

Guilloteau et al., 2022. 31. A control experimental group was exposed to unpolluted air (i.e., 172 

atmosphere from the room, filtered via a HEPA filter to remove particles and b) denuders to 173 

remove reactive trace species: O3, NOx, VOCs, etc.).  174 

 175 

Histological analysis 176 

Murine lungs were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 177 

5μm thickness. Sirius Red staining was performed according to standard procedures and 178 

slides were pictured at 20X magnification using Axioimager M2 (Zeiss, GE). Positive red 179 

Sirius areas excluded large airways and vessels were quantified on 10 random pictures per 180 

slides by using Halo area quantification module. 181 

Immunofluorescence 182 

Mice lung sections were stained as standard protocol. Briefly, slides were rehydrated and 183 

boiled in a citrate antigen retrieval solution for 20 minutes (min). If needed, a 184 

permeabilization step with 0.2% Saponin for 10 min was performed. Tissues were saturated 185 

using 3% BSA in PBS for 30 min. Sections were incubated overnight with primary antibodies 186 

at 4°C and, then stained with appropriate fluorochrome-conjugated secondary antibodies 187 

when necessary. Nuclei were counterstained with DAPI (DE571; Life Technologies, Grand 188 

Island, NY, USA) and mounted using ProLong Diamond Antifade Mounting (Life 189 

Technologies). Antibodies are detailed in Table 1. Image acquisition was performed using 190 

fluorescence microscope (Axioimager M2, Zeiss). Ten random pictures were taken from each 191 

slide and the quantification of the different staining was performed using the HALO® Image 192 

Analysis Platform version 3.4.2986 Highplex FL module (Indica Labs,Inc; Albuquerque, 193 

NM). The staining quantification by Halo excluded large airways and vessels by using the 194 

classifier module. 195 

 196 

 197 

 198 

 199 
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 200 

Table 1: Primary Antibodies used in immunofluorescence  201 

Antibody Company Catalogue 
number 

RRID Host 
species 

Dilution 

Vimentin 
Abcam, 

Cambridge, UK 
Ab92547 

AB_10562134
Rabbit 1:200 

Pan-

cytokeratin 

Abcam, 

Cambridge, UK 
Ab6401 

AB_305450 
Mouse 1:200 

CD31 
Abcam, 

Cambridge, UK 
Ab124432 

AB_2802125 
Rabbit 1:200 

ADRP/PLIN2 

Proteintech, 

Rosemont, IL, 

USA 

15294-1-AP

AB_2878122 

Rabbit 1:100 

αSMA-Cy3 

Conjugated 

Sigma-Aldrich 

St. Louis, MO, 

USA 

C6198 

 

AB_476856 Mouse 1:200 

SFTPC 
Abcam, 

Cambridge, UK 
Ab90716 

AB_10674024
Rabbit 1:200 

KI67-

eFluor™ 570 

eBioscience, 

Waltham, MA, 

USA 

41-5698-80 AB_11219874 Rat 1:300 

KRT8 DSHB, Iowa 

City, IA, USA 

TROMA-I AB_531826 Rat 1:250 

Claudin-4 Proteintech, 

Rosemont, IL, 

USA 

16165-1-AP AB_2279763 Rabbit 1:100 

 202 

Isolation and culture of murine fibroblasts  203 

Primary lung fibroblasts were isolated from mice lungs, exposed or not to urban pollution, 204 

after enzymatic and mechanic dissociation. In brief, lung was perfused with ice-cold D-PBS 205 

supplemented with 1% antibiotic-antimycotic (anti-anti, Gibco, MA, USA) through the right 206 

ventricle, excised and minced in small homogeneous pieces in dispase (50 U/ml, Corning, 207 
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NY, USA), type 1 collagenase (310 U/mg, Life Technologies, CA, USA), DNAse 1 (154,2 208 

UI/µL) and placed in a Gentlemacs Octodissociator (Miltenyi, GE) for 45 min at 37°C. After 209 

digestion, the solution was filtered into 70- and 40- µm strainer (Corning), washed and plated 210 

in Dulbecco’s Modified Eagle’s Medium/F12 (DMEM/F12, Invitrogen, CA, USA) 211 

supplemented with 1% anti-anti (Gibco) and 10% FBS (Eurobio, FR). Six hours post plating, 212 

supernatant with non-adhesive cells were removed and replaced. Purity of culture was 213 

assessed by staining for positive vimentin and absence of staining for αSMA, CD31 and pan-214 

cytokeratin (See Table 3). Cells were passage using 0,05% trypsin-EDTA (Gibco) and the 215 

cumulative population doubling level (PDL) was recorded.  216 

Isolation of murine epithelial cells 217 

Murine epithelial cells (EpCAM+) were obtained following enzymatic and mechanical 218 

digestion of the lung tissue as described above. Cells obtained were subjected to a negative 219 

magnetic bead sort to exclude endothelial and immune  (Ter119-CD31-CD45-LNGFR-220 

CD16/32-CD90; Miltenyi) followed by  a positive magnetic bead sorting for the epithelial 221 

marker CD326+(Miltenyi) using LS Columns (Miltenyi; See Table 3).  222 

 223 

Microarray analyses 224 

Total RNA was extracted using the RNeasy Protect Mini Kit (Quiagen, GE), according to the 225 

manufacturer’s instructions, and quantified using a NanoDrop 2000c (Thermo Scientific, 226 

USA). RNA quality was assessed using the Tapestation 4150 (Agilent, USA). All samples 227 

passed quality control standards of minimum concentration and RNA Quality Indicator 228 

(RQN) >9, with discrete 18S and 28S bands. cDNA libraries were generated from 1000 ng of 229 

total RNA using the Illumina Stranded Total RNA prep, Ligation with Ribo-Zero Plus 230 

(Illumina, USA) following the manufacturer’s instructions. Sequencing was performed on the 231 

NextSeq 500 sequencing system (Illumina). Quality assessment of raw sequences and 232 

trimming were performed by trimmomatic (version 0.39). Significant DEGs were inputted 233 

into ToppFun to find differentially regulated pathways and disease phenotypes 32. Only 234 

pathways that were significant after being adjusted for FDR were reported. R (version 4.1.2) 235 

and RStudio (version 2022.07.0+358) were used to create the volcano plot of DEGs (Fig 3A), 236 

the bar graph of significant pathways (Fig 3B), and the heat map of DEGs for fibrosis and 237 

adipogenesis (Fig 3C). The packages tidyverse (version 1.3.2) and ggsci  (version 2.9) were 238 

used for plot construction.  239 
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Alveolar organoids 240 

At the 2nd passage, 50000 fibroblasts were cocultured with 20 000 EpCAM+. Cells were 241 

resuspended in SABM (Lonza, CH) and mix with matrigel (Corning) at a ratio of 1/1 and 242 

added to a 24-well transwell filter inserts with 0.4 microns pore (Corning) in a 24 well tissue 243 

culture plate containing 500µL of medium (SABM). The medium was supplemented with 244 

ROCK inhibitor (Sigma Aldrich, MO, USA) for the first 48 hours than changed every 2 days. 245 

Cultures were incubated at 37°C in a humidified incubator (5% CO2). After 14 and 21 days of 246 

growth, obtained lung organoids were pictured (x10, Axioimager M2, Zeiss), counted, and 247 

measured with ImageJ.   248 

Real-time PCR analyses   249 

RNA was extracted using the RNeasy Protect Mini Kit (Quiagen). RNA was reverse 250 

transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied 251 

Biosystems, MA, USA) according to the manufacturer’s instructions. PCR products were 252 

amplified using specific TaqMan gene expression assays (listed in Table 2, Applied 253 

Biosystems) and the TaqMan Universal PCR Master Mix II (Applied Biosystems). PCR 254 

products were detected using the Quantstudio 6 (Applied Biosystems). Each sample was run 255 

in triplicate.  256 

Table 2: TaqmanTM probes used for RT-qPCR 257 

Target Gene Probe ID 

ACTA2 Mm00725412_s1 

FGF10 Mm00433275_m1 

GAPDH Mm99999915_g1 

ADRP Mm00475794_m1 

COL1A1 Mm00801666_g1 

WNT4 Mm01194003_m1 

  258 

Statistical analyses 259 

Statistical analyzes were performed by the non-parametric Mann–Whitney and Kruskall–260 

Wallis tests. The results were considered significant if p ≤ 0.05. Data were presented as mean 261 

values ± SEM. Analyzes were performed using GraphPad Prism 8.00 software (GraphPad 262 

Prism Software Inc., CA, USA). 263 
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TABLE 3: TABLE RESSOURCE 264 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Biotin anti-Mouse TER-
119/Erythroid Cell 

Miltenyi  Cat# 130-112-907 

Biotin anti-Mouse CD31 Miltenyi Cat# 130-111-539 
Biotin anti-Mouse CD45  Miltenyi Cat# 130-110-795 
Biotin anti-Mouse CD271 
(LNGFR) 

Miltenyi Cat# 130-122-980 

Biotin anti-Mouse CD16/32 Miltenyi Cat# 130-107-038 
Biotin anti-Mouse CD90 Miltenyi Cat# 130-101-908 
Anti-biotin microbeads Miltenyi Cat# 130-090-485 
Anti-mouse CD326(EPCAM) 
microbeads  

Miltenyi Cat# 130-105-958 

Anti-mouse IgM microbeads  Miltenyi Cat# 130-047-302 
FCR blocking Miltenyi Cat# 130-092-575 
Anti-Vimentin Abcam Cat# ab92547; RRID:AB_10562134 
Anti-Pan-cytokeratin Abcam Clone PCK-26; Cat# ab6401; 

RRID:AB_305450 
Anti-CD31 Abcam Cat# ab124432; RRID:AB_2802125 
Anti-ADRP Proteintech Cat# 152941AP; RRID:AB_2878122 
Anti-αSMA Sigma Aldrich Clone 1A4; Cat# C6198; RRID:AB_476856 
Anti-SFTPC Abcam Cat# ab90716; RRID:AB_10674024 
Anti-KI67 eBioscience  Cat# 41-5698-80; RRID:AB_11219874 
Anti-KRT8 DSHB Cat# TROMA-I; RRID:AB_531826 
Anti-Claudin 4 Proteintech Cat# 16165-1-AP; RRID:AB_2279763 
Chemicals, peptides, and recombinant proteins 
DMEM/F12 Gibco Cat# 21331020 
SABM Lonza Cat# CC-3119 
Anti-Anti Gibco Cat# 15240062 
Growth factor reduced Matrigel Corning Cat# 356230 
FBS Eurobio CVFSVF00 
Dispase Corning  Cat# 354235 
Type I Collagenase  Life Technologies Cat# 17100-017 
ROCK inhibitor  Sigma Aldrich Cat# Y0503 
ACK lysis buffer Invitrogen Cat# 00-4333-57 
DNAse I Sigma Aldrich Cat# 10104159001 
EDTA Invitrogen Cat# AM9912 
0,25% Trypsin-EDTA Gibco Cat# 25200056  
Applied Biosystems™ TaqMan™ 
Fast Advanced Master Mix 

Applied Biosystems  Cat# 4444963 

Mouse GAPDH Taqman probe 
Mm99999915_g1 

Thermofisher 4453320 

Mouse Acta2 Taqman probe 
Mm00725412_s1 
 

Thermofisher 4453320 

Mouse ADRP Taqman probe 
Mm00475794_m1 
 

Thermofisher 4453320 

Mouse COL1A1 Taqman probe 
Mm00801666_g1 
 

Thermofisher 4453320 
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Mouse FGF10 Taqman probe 
Mm00433275_m1 
 

Thermofisher 4453320 

   
Critical commercial assays 
RNeasy Protect Mini Kit Quiagen Cat# QIA74126PK 
High-Capacity cDNA Reverse 
Transcription Kit 

Applied Biosystems™ Cat# 4368813 

   
Deposited data 
Raw RNA-sequencing data of This paper GEO: In progress 
   
Experimental models: Organisms/strains 
Mouse: C57BL/6JRj Janvier Labs Strain code: 000664 
   
Software and algorithms 
ImageJ/Fiji  Schindelin et al., 2012 https://imagej.net/software/Fiji 
Halo Indicalab https://indicalab.com/ 
Graphpad Prism 9  Dotmatics www.graphpad.com 
R  R Core Team, 2020 http://www.R-project.org/ 
Toppfun  Cincinnati Children's 

Hospital Medical 
Center 

https://toppgene.cchmc.org/enrichment.jsp 

   
Other 
0.4um Transwell Inserts 
(polyester) 

Corning Cat# 353095  

ProLong™ Diamond Antifade 
Mountant 

Molecular Probes Cat# P36961 

DAPI Life Technologies Cat# DE571 
D-PBS Gibco Cat# 14190094 
   

 265 

 266 
 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 
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Results 277 

Atmospheric simulation chamber generates an urban atmosphere 278 

The atmospheric situation of a megalopolis like Beijing results from a complex equation, 279 

initiated by traffic, industrial emissions, and the meteorological conditions. To better 280 

understand the effect of the pollution on physiological processes we developed an innovative 281 

platform modeling specific atmospheres in a small scale (Figure 1A and B) 33. Thus, to mimic 282 

megalopolis urban atmosphere, as precursors, VOCs (Volatile Organic Compounds; 283 

isopentane, propene, acetylene, acetaldehyde, benzene, toluene, and m,p-xylene), were first 284 

introduced into the smog chamber and the concentrations were determined to reach a steady-285 

state equilibrium representative of the megalopolis atmosphere. 286 

Following an entire day of VOCs injection, nitrogen monoxide was introduced when the lights 287 

were turned on, simulating the tropospheric sunlight irradiation. Seed of ammonium sulfate 288 

particles were next injected and formed contact surfaces for the condensation of oxidized 289 

products. This resulted in the formation of Secondary Organic Aerosols (SOA), a complex and 290 

reactive molecule, produced via the oxidation over several generations of a parent organic 291 

molecule. These particles were produced from the nebulization of an ammonium sulfate 292 

solution (10-4/10-3Mol.l-1) through an atomizer. To be as representative as possible of a 293 

Beijing-like atmosphere, soot particles were induced using a generator (mini-CAST Series 294 

5200) producing soot particles by using a well-defined flame, based on the combustion of 295 

propane. These particles were stocked into a reservoir and injected daily into the CESAM 296 

chamber. Finally, to complete the simulation protocol, mineral dust particles, simulating a 297 

desert storm via a mineral dust plume, were injected daily into the smog chamber. These 298 

particles were produced through a shaking process from a Gobi Desert sample. Exposed mice 299 

(EX) atmosphere was fed with a continuous flow coming from the CESAM smog chamber, 300 

whereas the non-exposed mice (NE) were in a filtered clean air atmosphere. The atmospheric 301 

environment to which mice were exposed was monitored by several instruments (NOx 302 

analyzer coupled with a NO2 analyzer, O3 analyzer, SO2 analyzer, Fourier transform infrared 303 

spectroscopy (FTIR), proton Transfer reaction Time of Flight mass spectrometry (PTR-TOF-304 

MS), gas chromatography Flame Ionisation Detector (GC-FID), SMPS for the particulate 305 

matter, light-scattering aerosol, and an Aerosol Chemical Speciation Monitor (ACSM) for 306 

aerosol specification). Regarding the “classical” indicators of air quality, in our study, we 307 

observed these following maximum average concentrations; for nitrogen dioxide (NO2) 35.64 308 

± 14.08 ppb for exposed mice versus 0.98 ± 0.43 ppb for the non-exposed one, for sulfur 309 
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dioxide (SO2) 25.82 ± 10.72 ppb for exposed mice versus 0.98 ± 0.43 ppb for the non-exposed 310 

ones. Finally for the concentration of particles we observed a maximum average concentration 311 

of 216.74 ± 116.64 μg/m3 for exposed mice and 0.60 ± 1.33 μg/m3 for the non-exposed. In this 312 

study, the mice were exposed for 7 days,, then the lungs were collected to analyze the effects 313 

of urban pollution on the alveolar stem cell and niche properties.  314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 
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 Urban atmosphere alters alveolar mesenchymal niche properties 338 

The effect of air pollution on the alveolar mesenchymal cells has yet to be determined. As 339 

such, we first assessed the niche properties of lung fibroblasts isolated from mice exposed 340 

(referred to herein as F-EX) or not (F-NE) to the urban atmosphere (Figure 2A). After 7 days 341 

of air pollution exposure, the isolated fibroblasts were cultured and passaged to perform a 342 

cumulative population doubling level (PDL). F-EX presented a lower PDL compared to F-NE 343 

after the third passage (p≤0.05, n=6 for each group, Figure 2B). We next used an organoid 3D 344 

culture approach to investigate their supportive niche capacities. F-EX and F-NE were mixed 345 

with lung epithelial cells, EpCAM+, isolated from unexposed naïve mice lungs. Organoids 346 

were imaged at day 14 and 21 (Figure 2C and D), the size and number of organoids per well 347 

were quantified (Figure 2E and F). The number of organoids formed with F-EX was lower 348 

compared to F-NE at day 14 and 21 (respectively 6.80±0.83 for F-EX vs 18.90±2.01 for F-NE 349 

and 10.85±1.87 vs 25.09±1.97; n=13 for F-NE and n=10 for F-EX; p<0.0001). Moreover, the 350 

organoid number significantly increased between day 14 and day 21 (25.01±1,91 at day 21 vs 351 

18.90±2 at day 21; p=0.0246) for F-NE but no difference was noted for F-EX. The same 352 

pattern was observed for the size quantification (76.01±1.68µm for F-EX vs 85.32±1.53µm 353 

for F-NE at day 14 and 83.06±1.65µm vs 93.74±1.60µm at day 21; p<0.0001). Here, we 354 

demonstrated a deterioration of fibroblast proliferation, assessed by the PDL assay, associated 355 

with failure to form organoids, suggesting an alteration of alveolar mesenchymal niche 356 

properties following urban atmosphere exposure.  357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 
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Urban atmosphere induced a lipofibroblast to myofibroblast switch associated with a 369 

fibrotic phenotype 370 

To further understand by which mechanism urban atmosphere affects the mesenchymal cell 371 

properties, we performed a microarray analysis on F-EX (n=4) and F-NE (n=3), at passage 3. 372 

Among the 504 genes significantly modulated by urban atmosphere exposure, 295 were 373 

downregulated and 209 upregulated (Figure 3A). Pathways analysis results highlighted a 374 

downregulation of the expression gene associated with the regulation of WNT and FGF 375 

signaling, pluripotent stem cell differentiation, and adipogenesis pathways. Conversely, genes 376 

associated with pulmonary fibrosis, asthma, PI3K and HIF-1 signaling pathways were 377 

upregulated (Figure 3B). Because of the importance of lipofibroblasts in stem cell niche 378 

properties, we queried the LIF-associated pathway and highlighted the main differentially 379 

expressed genes in adipogenesis and fibrosis  (Figure 3). Adipogenesis associated genes: 380 

SFRP1, FGF2 or FGF10 were downregulated in F-EX compared to F-NE. In contrast, 381 

fibrosis associated genes: SERPIN1, PDGFα or ACTA2 were upregulated in F-EX. (Figure 382 

3C). These results were confirmed by RT-qPCR analysis on whole lung tissues. ADRP and 383 

COL1A1 expression (LIF markers) significantly decreased in EX lung mice compared to NE 384 

(Respectively 0.010±0.0006 vs 0.016±0.0014; p=0.0026 and 0.555±0.1376 vs 1.115±0.1353; 385 

p=0.0158; n=6; Figure 3D-E). Conversely, ACTA2 (myofibroblast marker) increased in EX 386 

lung mice compared to NE (0.071±0.006 vs 0.051±0.005, p=0.0412; n=6; Figure 3F). 387 

Moreover, FGF10 downregulation in NE was also confirmed (0.0026±0.0005 vs 388 

0.0073±0.0007; p=0.0004; n=6, Figure 3G).  389 

Following these results, we confirmed the fibrosis pattern by measuring collagen deposition 390 

with Sirius red (Figure 3H and I). Results showed a significant increase of the Sirius red 391 

staining in EX mice lungs compared to NE (38.60±4.-% vs 23.31±1.4%; n=6; p=0.0152; 392 

Figure 3J). Given the ability of lipofibroblasts to differentiate into myofibroblasts in lung 393 

fibrosis, we tested whether urban atmosphere increased myofibroblast content in the whole 394 

lung. Immunostaining for ADRP (lipofibroblasts maker) and α-SMA (myofibroblast marker) 395 

was performed (Figure 3K and 3L). The quantification of the total positive cells demonstrated 396 

a decrease of ADRP (10.91±2.07 in EX vs 53.03±3.197 in NE; n=12; p=0.0012; Figure 3M) 397 

and an increase of α-SMA (46.60±2.652 vs 19.52±1.203; n=12; p<0.0001; Figure 3N) in EX 398 

mice lungs vs NE. Thus, these results suggested that urban atmosphere may induce a 399 

lipofibroblast to myofibroblast switch associated with a fibrotic phenotype.  400 

 401 

 402 
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Urban atmosphere directly and indirectly altered AT2 to AT1 transition  403 

We next investigated whether the mesenchymal niche alterations observed after exposure to 404 

air pollution were associated with alveolar epithelial dysfunction. We first sought to measure 405 

the impact of pollution on alveolar epithelial proliferation by staining for SFTPC (AT2 cells) 406 

and KI67 in NE versus EX mice lungs (Figure 4A and B). Our results demonstrated a 407 

decrease of the total AT2 cell number after urban atmosphere exposure (9.944±0.4% in EX vs 408 

12.47±0.6% in NE, n=8; p= 0.0143; Figure 4C). However, we observed an increase in the 409 

proliferative abilities of AT2 cells as shown by SFTPC+/KI67+ cells after exposure 410 

(0.181±0.06% in EX vs 0.023±0.01% in NE; n=8; p=0.0208; Figure 4D). It has been recently 411 

demonstrated that lung fibrosis is associated with the emergence of a transitional cell state 412 

characterized by failure of AT2 cells to fully transition to AT1 cells 34. These cells are named 413 

‘alveolar differentiation intermediate’ (ADI) and are SFTPC negative (SFTPC-), Keratin-8-414 

positive (KRT8+) and Claudin-4-positive (CLDN4+) 35. Given that we observed a fibrotic-like 415 

phenotype in the exposed lungs, we investigated the presence of ADI cells (Figure 4E and F). 416 

We observed a significant increase of KRT8+ cells after urban pollution exposure 417 

(3.935±0.4% in EX vs 1.354±0.12% in NE; n=8, p= 0.0002; Figure 4G). In addition, our 418 

results showed that SFTPC-/KRT8+/CLDN4+ cells, ADI cells, were in significantly greater 419 

number following air pollution exposure (6.445±1.65% in EX vs 2.011±0.55% in NE; n=6; 420 

p= 0.0296; Figure 4H). These results suggest a possible alteration of the alveolar epithelial 421 

stem cell properties due to an effect from the surrounding mesenchyme, and/or due to a direct 422 

effect of pollution.  423 

To assess the direct effect of pollution on alveolar epithelial cells, we performed an organoid 424 

assay, this time by using EpCAM+ cells isolated from the lungs of mice exposed (E-EX) or 425 

not (E-NE) to urban atmosphere, mixed with fibroblasts isolated from naive lungs (Figure 4I 426 

and J). Results showed, as for F-EX, a significant decrease of the organoids number per well 427 

at day 14 and 21 (respectively 5.111±1.62 for E-EX vs 12.20±2.5 for E-NE and 9.714±1.61 428 

for E-EX vs 16.57±1.71 for E-NE; n=10; p= 0.0131, Figure 4K). If no difference was noted at 429 

day 14, the organoids size was significantly reduced at day 21 for E-EX (94.75µm±3.12 in E-430 

EX vs 105,6µm±3.91 in E-NE; p=0.0431, Figure 4L). Altogether, the results indicate that 431 

urban pollution may have a negative impact on both mesenchymal and epithelial cells, 432 

potentially disrupting the repair and regeneration process. 433 

 434 

  435 
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Discussion 436 

Urban pollution is today a global scourge continually associated with pulmonary pathologies 437 
36–38. However, the underlying molecular and cellular mechanisms remain unknown, 438 

especially as it pertains to the injury caused by pollution and the repair and regeneration 439 

process following exposure.  440 

Previous studies, involving exposure to a single component of air pollution, such as PM 2.5 441 
39,40, ozone 41,42, SO2 43,44 or the VOCs 45,46, were associated to lung damages in mice and 442 

human 47. The effect of these individual exposures on alveoli, and specifically AT2 cells, or 443 

the surrounding mesenchymal niche are diverse, ranging from inflammation to acute damage 444 

or emphysema 10,48,49, rendering it difficult to determine the specific alveolar pathologic 445 

consequences of urban pollution. However, none of these models mimic the complexity of 446 

urban atmosphere, particularly because they did not consider the interactions between 447 

pollutants in the air or in the lung. In this study, we developed a unique and original model 448 

that allow us to simulate a multi-pollutant exposure that mimic high levels of air pollution, 449 

notably a megalopolis atmosphere like Beijing, that closely resembles a real-life exposure and 450 

reflect the lung alterations induced by urban pollution 31.  451 

Lung mesenchymal cells play an important role in the establishment and maintenance of AT2 452 

cells 18,19. The aim of this study was to determine the impact of urban pollution on the alveoli 453 

and whether the detrimental effects are mainly driven by defects in the AT2 cells regenerative 454 

capacity, or the niche environment. In fact, some studies investigated the effect of air 455 

pollution on either epithelial or mesenchymal cells separately 50–53; but little is known about 456 

its effect on both combined and/or the interactions between them. Using an organoid culture 457 

model as a surrogate for alveolar regeneration, our results demonstrated that urban 458 

atmosphere, potentially,  directly affects the mesenchymal component of the alveoli thus 459 

altering their niche properties. When associated with naive epithelial cells, fibroblasts isolated 460 

from exposed mice lungs generate fewer and smaller alveolar organoids.  461 

To identify the molecular processes associated with this phenotype, microarray analyses were 462 

performed on exposed or non-exposed fibroblasts. Results reported many differentially 463 

expressed genes associated with disturbed expression of important signaling pathways WNT 464 

or FGF pathways. Prior studies described, that the expression of the WNT pathway, a major 465 

pathway involved in homeostasis, development and stem cell functions is associated with lung 466 

fibrosis, however the underlying mechanisms remain unclear 54–56. Moreover, exposed 467 

fibroblasts displayed less FGF10, a gene known to regulate the alveolar niche properties and 468 
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mesenchymal differentiation 57–59. Interestingly, the expression of genes associated with 469 

fibrosis were increased while those associated with adipogenesis were decreased in F-EX and 470 

whole lung of exposed mice. Thus, our data suggest that urban pollution may alter the niche 471 

properties of the mesenchymal cells. This alteration is evident by the reduction of 472 

lipofibroblast markers, known as a key player of the stem cell niche 11,38-39, and an increase in 473 

fibrosis markers. Sirius Red staining demonstrated an increase of collagen deposition in the 474 

alveolar wall in exposed mice lungs. The decrease of ADRP and increase of α-SMA suggest a 475 

lipofibroblast to myofibroblast switch, often associated with a pathologic phenotype 22–24,60,61. 476 

The reduced regenerative capacity assessed by organoid formation and the lipofibroblast to 477 

myofibroblast switch are key factors contributing to lung fibrosis 62,63.  478 

In addition, we demonstrated that urban pollution induced an increase of intermediate SFTPC-479 

/KRT8+/CLDN4+ AT2 cells. Several studies described KRT8+ and CLDN4+ cells as 480 

markers of a transitional AT2 cell state important during alveolar epithelial cell differentiation 481 
64,65. However, the aberrant persistence of this state is associated with fibrosis consistent with 482 

our findings 35,66. Taken together these results demonstrated that urban pollution alters the 483 

mesenchymal niche properties, induces fibrosis-like phenotype, and impairs alveolar 484 

regeneration. Furthermore, using epithelial cells from lungs exposed to urban atmosphere 485 

mixed with naive fibroblasts also altered organoid formation capacity, suggesting that urban 486 

pollution have both a direct (independent from fibroblasts) and indirect effect on AT2 stem 487 

cell regenerative capacity.  488 

In conclusion, this study highlights the importance of using multiparameter pollution models 489 

to first expose our mice to more realistic urban atmosphere and secondly to consider the 490 

epithelial-mesenchymal interactions in the lung. The results depicted a deleterious effect of 491 

urban pollution on alveolar stem cell niche properties leading to the appearance of a fibrotic 492 

phenotype. Identifying the mechanisms underlying the effect of air pollution on lung 493 

alveolarization and regeneration would help to develop new strategies allowing to repopulate 494 

progenitor cells directly, or by acting through their mesenchymal niche once the alveolar 495 

lesions are established. This will help reduce the burden of pollution-induced lung diseases.  496 

 497 

 498 

 499 

 500 
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Limitations of study 501 

If the urban atmosphere exposure is an original approach to determine the impact of air 502 

pollution on the lung, it remains difficult to determine which component of the atmosphere, or 503 

which combination of components is the main drivers of the lung damage. In addition, a 504 

longer exposure would also be interesting and more relevant to human real-life situations, to 505 

better understand the long-term effect of urban pollution on lung. However, we were able to 506 

highlight a clear effect of urban atmospheres, despite the short exposure time. 507 

 508 

 509 

 510 

 511 
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Figure Legends 740 

Figure 1. Atmospheric chamber generated urban pollution exposure. (A) View of the 741 

PolluRisk platform (Créteil, France) with the CESAM smog chamber in the background 742 

topped with 3 Xenon lamps (1) simulating the sun's flux at the troposphere level. In left front, 743 

we have the two mice exposure devices back-to-back (2), and at the front right the soot particle 744 

reservoir (3). (B) A schematic view of the atmospheric simulation, to simulate realistic episode 745 

of air pollution, various gaseous and particulate micro-pollutants (left section) are continuously 746 

injected to the CESAM smog chamber, where photochemical steady-state equilibrium is 747 

maintained for days, leading to hundreds of pollutants (gas and aerosols) representative of the 748 

chemical composition of an urban complex atmospheric environment, as the one of Beijing. In 749 

the right, mice are exposed (top) or not (bottom) to the simulated atmosphere and instruments 750 

allow the control of quality and quantity of the pollutant.   751 

 752 

Figure 2: Urban atmosphere alters alveolar mesenchymal stem cell niche properties. (A) 753 

Schematic diagram showing the steps from sacrifice to data acquisition. (B) Populations 754 

doubling levels of mouse lung primary fibroblasts exposed to a non-polluted atmosphere (F-755 

NE; control) or an urban atmosphere exposure (F-EX; pollution) in vivo (n=6). Representative 756 

images of murine organoids formed by F-NE or F-EX at day 14 and 21 (red arrow: organoids; 757 

Figure 2C and D). Number (E) and size (F) of organoids formed with fibroblasts control (F-758 

NE, n=13) or exposed to urban atmosphere (F-EX; n=10; co-cultured with non-exposed 759 

EpCAM+) at day 14 (D14) and day 21 (D21). Results are shown as dot plot and mean ±SEM; 760 

*p = 0.05 , ****p< 0.0001 and ns = not significant. 761 

Figure 3: Urban atmosphere induced a lipofibroblasts to myofibroblasts switch 762 

associated with an alveolar fibrotic process. (A) Volcano plot of differentially expressed 763 

genes identified between F-NE and F-EX. The blue dots denote down-regulated gene 764 

expression, the green dots denote up-regulated expression, and the black denote the gene 765 

expression without marked differences. (B) Representation of the top 3 significantly enriched 766 

pathways obtained using ToppFun platform, presented as clustered bar charts. In blue, the 767 

down-regulated pathways and in red the up-regulated. (C) A heatmap of adipogenesis and 768 

fibrosis-related genes was generated from a subset extracted from the list of significantly 769 

expressed genes. Columns represent sample, while rows represent specific genes of interest. 770 

The Z-score depicts a measure of distance, in standard deviations, away from the mean. The 771 

relative value for each gene is depicted by color intensity, with yellow indicating upregulated 772 
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and black indicating downregulated genes. RT-qPCR for ADRP (D), COL1A1 (E), ACTA2 773 

(F) and FGF10 (G) performed on fibroblast from mice lung NE or EX to air pollution (n=6). 774 

Representative  red Sirius staining on NE (H) and EX (I) lungs mice and quantification of the 775 

red Sirius positive area by Halo software (n=6; J). Representative immunofluorescence of 776 

lipofibroblasts (ADRP, in green) and myofibroblasts (α-SMA, in red) in NE (K) and EX (L) 777 

lungs mice. Quantification of the total positive cells in percent for ADRP (M) and α-SMA (N) 778 

excluding large airways and vessels (n=12 for each group). Results are shown as dot plot and 779 

mean ±SEM; *p = 0.05, **p = 0.01, ***p = 0.001, ****p<0.001. 780 

Figure 4: Urban atmosphere directly and indirectly altered AT2 to AT1 transition 781 

Representative immunofluorescence of AT2 (SFTPC, in green) and KI67 (red) of non-782 

exposed (A) and exposed (B) lungs mice. Quantification of  SFTPC total positive cells (C) 783 

and SFTPC/KI67  total positive cells (D) in percent (n=8 for each group). Representative 784 

immunofluorescence for AT2 (SFTPC, in white) and ADI (KRT8, in red; CLDN4, in green) 785 

of NE (E) and EX (F) lungs mice. Quantification of KRT8 total positive cells (G; n=8) and 786 

SFTPC negative/KRT8-CLDN4 positive cells (H; n=6) in percent. Representative images of 787 

murine organoids formed by EpCAM, co-cultured with non-exposed lung fibroblasts, from 788 

non-exposed (E-NE) or exposed (E-EX) lungs mice at day 14 (I) and 21 (J) (red arrow: 789 

organoids). Number (K; n=12) and size (L) of organoids formed by E-NE or E-EX at day 14 790 

(D14) and 21 (D21). Results are shown as dot plot and mean ±SEM; *p = 0.05, ***p = 0.001 791 

and ns = not significant. 792 
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