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Abstract  

Background 

Lung development is subdivided into 5 stages: embryonic, pseudoglandular, can-

alicular, saccular, and alveolar stages. The first four stages are completed in the 

fetal lung through airway branching. About 90% gas exchange area is formed 

during the last stage of alveolarization by secondary septation, which concludes 

the coordinated growth of septae from the alveolar walls to subdivide the distal 

saccules into alveoli, accompanied by microvascular maturation and underlying 

matrix formation and remodeling. Interplay between the mesenchymal-alveolar 

epithelial cells is key to understanding the septation process during alveolariza-

tion. The epidermal growth factor receptor family (also known as ERBBs) path-

ways play a crucial role in orchestrating epithelial progenitor cell differentiation 

and organ maturation. The current study aimed at unraveling the role of ERBB3 

in lung development and disease with a specific focus on the epithelial-mesen-

chymal crosstalk. 

Temporal and spatial resolution of ERBB3 signaling 

Neonatal Balb/c mice were sacrificed on postnatal day 3, 5, 7, 10, 14, 21, or 60, 

and their lungs were excised and prepared into formalin fixed paraffin embedded 

(FFPE) lung slides, and stained for phosphorylated Erbb3 (pErbb3). Data of sin-

gle-cell RNA-sequencing time-series were obtained from online databases pub-

lished by collaborating partners and analyzed for gene expression. Phosphory-

lated Erbb3 receptor level peaked on postnatal day (PND) 5 and remained at a 

high level until PND14, corresponding to the structural changes of increased al-

veolar number and enlarged air exchange area featured in postnatal 
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alveolarization. The Erbb3 is expressed in type 1 alveolar epithelial cells (AEC1) 

and type 2 alveolar epithelial cells (AEC2) in the lung periphery, co-localized with 

other crucial components that drive lung scaffold formation, i.e., elastic fiber, and 

Pdgf-Rα positive fibroblasts at the septal tips in the postnatally developing lung. 

Epithelial cells-fibroblasts interaction and underlying pathway crosstalk 

An ex vivo model of lung organoids was derived from co-culture of primary mouse 

epithelial cells (PMECs) and murine lung fibroblasts cell line (Mlg) or primary 

mouse fibroblasts culture) in Matrigel to study the interaction between epithelial 

cells and fibroblasts. Samples were collected at day-7 or 14 for analysis of mor-

phology and gene expression. Organoids derived from neonatal PMEC + Mlg 

revealed higher expression of Pdgf-Rα in fibroblasts when compared to the adult 

organoids, and had increased organoid size. Increased fibroblasts number re-

sulted in organoid segmentation, similar to septation. Supplemental Nrg1 treat-

ment provoked epithelial cell proliferation by Erbb3 activation. 

Murine lung epithelial cell line (MLE12) cells were co-cultured with primary fibro-

blasts in a transwell system for 24h without direct contact. Gene expression was 

analyzed in both cell types with comparison to monoculture. Cell-cell interaction 

by soluble molecules resulted in upregulation of neuregulin (NRG1) in fibroblasts 

and ERBB3 in MLE12 cells, together with upregulation of GATA Binding Protein 

6 (GATA6), homeodomain-only protein (HOPX), Vascular Endothelial Growth 

Factor A (VEGFA), ATP Binding Cassette Subfamily A Member 3 (ABCA3), and 

Collagen Type I Alpha 1 Chain (COL1A1). Gene expression in Platelet Derived 

Growth Factor Subunit A (PDGF-A), NRG1, and Aquaporin 5 (AQP5) remained 

unchanged. 
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Impact of moderate hyperoxia exposure on ERBB3 signaling  

In vitro monoculture of both MLE12 and primary mouse fibroblasts were exposed 

to moderate hyperoxia (FiO2=0.4) for 48h and analyzed for mRNA and protein 

expression. In a subsequent experiment, supernatant from hyperoxia-exposed 

fibroblasts was collected to treat MLE12 cells for 12h, and gene analysis was 

performed in MLE12 cells. Organoids derived from neonatal PMEC and Mlg were 

cultured under normoxia for 7 days and exposed to hyperoxia for another 7 days, 

with or without supplemental NRG1 in the medium, and analyzed for morpholog-

ical changes. Neonatal mice at PND 5-7 were exposed to hyperoxia for 8h and 

sacrificed for lung protein expression analysis. 

After hyperoxia exposure, ERBB3 was downregulated in MLE12 cells accompa-

nied by decreased proliferation. Likewise, protein level of ERBB3 also decreased 

in neonatal mouse lungs after hyperoxia exposure. Ligand (NRG1) expression 

was upregulated in primary wildtype fibroblasts together with PDGF-Rα and COL-

LAGEN1 expression when co-cultured with MLE12 cells, whereas ACTA2 ex-

pression was downregulated. These changes were less prominent in platelet-de-

rived growth factor receptor alpha (PDGF-Rα+/-) fibroblasts. Incubation with su-

pernatant derived from hyperoxia-exposed fibroblast cultures did not affect 

ERBB3 signaling in MLE12 cells. In ex vivo organoids, hyperoxia reduced epithe-

lial cell proliferation and organoid expansion, while NRG1 treatment partially 

counterbalanced the repression effect. 

Conclusion 

In summary, temporal ERBB3 receptors expression in neonatal mouse lung was 

most prominent during the postnatal alveolarization period (PND3-14), and 
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localized at the septal tip in alveolar epithelial cells. Activation of ERBB3 signaling 

led to epithelial cell proliferation, indicating a crucial role of ERBB signaling in 

alveolar epithelium elongation during secondary septation. Epithelial cell-fibro-

blast interaction was essential in activating ERBB3 signaling. Hyperoxia expo-

sure downregulated ERBB3 signaling in epithelial cells and repressed epithelial 

cell proliferation, and exogenous NRG1 treatment partially counterbalanced the 

repression. 
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1. Introduction 

1.1 Lung development and growth pathway regulation 

1.1.1 Stages of lung development in human and mouse 

Based on morphological characteristics, lung development is subdivided into 5 

stages: embryonic, pseudoglandular, canalicular, saccular, and alveolar stages 

(Fig 1). The first four stages are completed in the fetal lung through branching of 

the airway epithelium from lung buds into the surrounding mesenchyme, resulting 

in the highly ramified tubular networks as well as approximately 10% of gas ex-

change area in the alveolar ducts and saccules(Metzger et al. 2008; Mund, 

Stampanoni, and Schittny 2008). The rest 90% gas exchange area is formed dur-

ing alveolarization stage by secondary septation, which concludes the coordi-

nated growth of septae from the alveolar walls to subdivide the distal saccules 

into alveoli, accompanied by microvascular maturation and underlying matrix for-

mation of the interstitial scaffold(Schittny 2017; Nikolić, Sun, and Rawlins 2018). 

In human lung development, the alveolarization stage spans from 36 weeks (ges-

tational age) until young adulthood(Schittny 2017), whereas in  mouse this pro-

cess is considered to begin after birth (postnatal days(PND) 5-30)(Amy et al. 

1977). Therefore, lungs from termed neonatal mice serves as an ideal model for 

late-stage lung development (alveolarization) studies. 
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Fig 1. Lung developmental stages and corresponding histological events in humans and 
mice. adapted from(Hussain et al. 2017). 

 

1.1.2 Secondary septation and underlying growth factor pathway 
regulation 

Secondary septation starts from the uplifting of the saccular wall at locations 

where elastin is deposited by myofibroblasts. The elastin and collagen fibers stay 

at the tip of the septa, activate the proliferation of adjacent epithelium and under-

lying capillaries, and guide the elongation of the secondary septae towards the 

inner air space(Bonnans, Chou, and Werb 2014; Cybulsky et al. 1999; Lu et al. 

2011). The septation is followed by thinning of the septae wall, fusion of double-

layered capillaries, as well as extracellular matrix (ECM) remodeling, resulting in 

an increased number of alveoli and enlarged air space area for air exchange (Fig 

2). 
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Fig 2. Structure and cell composition of secondary septae during alveolarization, 
adapted from (Chao et al. 2015) 

 

Three major fibroblast subpopulations have been reported crucial components 

for the alveolarization process, including myofibroblasts, lipofibroblasts, and ma-

trix fibroblasts. Myofibroblasts are the most studied subtype in the secondary sep-

tation, whose differentiation and migration are regulated by platelet-derived 

growth factor A (PDGF-A) expressed by alveolar epithelial cells(Andrae, Gallini, 

and Betsholtz 2008; Boström et al. 1996; Yamada et al. 2018). Deficiency in 

PDGF-A expression leads to reduced myofibroblast population and tropoelastin 

(precursor of elastin) expression(McGowan et al. 2008; Perl and Gale 2009; 

Lindahl et al. 1997; Ushakumary, Riccetti, and Perl 2021). Transforming growth 

factor-β (TGF-β) treatment to the myofibroblasts can activate the transcription of 

elastin(Kuang et al. 2007). Tenacin and Notch signaling are also involved in the 

regulation of myofibroblast migration and elastin deposition(Xu et al. 2009; 

Hussain et al. 2017).  
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1.1.3 Epithelial cell differentiation during alveolarization 

Alveolar epithelial cells, on the other hand, undergo both differentiation and pro-

liferation during septation. Lineage tracing analysis suggests that both alveolar 

type 1 and type 2 cells (AEC1 and AEC2 cells) arise from the same bipotential 

progenitor cells located at the bronchoalveolar junction during the saccular stage 

(Fig 3). The bipotential progenitor cells remain the major cell population in air sac 

epithelium until distinguished by PND4(Desai, Brownfield, and Krasnow 2014; 

Treutlein et al. 2014). The regulation of airway epithelial cell differentiation and 

airway branching in fetal lung by fibroblast growth factors (FGF) and Wnt/β-

catenin has been extensively studied, whereas the regulation in alveolar epithelial 

cells is still largely unexplored(Malleske et al. 2018; Volckaert and De Langhe 

2015). The FGF10, expressed during E10.5 to E12.5, keeps the undifferentiated 

status of bronchial epithelial progenitors (SOX9+) by activating β-catenin pathway. 

The progenitors start to differentiate into bronchial epithelial cells (SOX2+) when 

FGF10 signaling is decreased in distant airway after branching, and give rise to 

basal cells, club cells, ciliated cells, as well as neuroendocrine cells(Sivakumar 

and Frank 2019; Yuan et al. 2018; Ostrin et al. 2018). The Bone Morphogenic 

Protein 4 (BMP4) expressed at the distal epithelium bud, in association with sonic 

hedgehog (SHH), antagonizes FGF10 effect in airway branching(Nasri et al. 2021; 

Weaver, Dunn, and Hogan 2000; Bellusci et al. 1996; Weaver, Batts, and Hogan 

2003). 



1. Introduction 15 

 

Fig 3. Differentiation of alveolar epithelial cells during saccular and alveolar stages, 
adapted from (Rodríguez-Castillo et al. 2018). 

 

1.1.4 Bronchopulmonary Dysplasia (BPD) and postnatal hyperoxia injury 
in preterm infants 

Bronchopulmonary dysplasia (BPD) is the most common chronic lung disease in 

premature infants that results in impaired lung alveolarization and dysregulated 

vascularization. These babies are born mostly at saccular stage of lung develop-

ment with immature alveolar structure as well as insufficient surfactant secretion. 

Various pre- and postnatal factors are known to interfere with the postnatal alve-

olarization and are intricately interrelated to pathogenesis of BPD, including ma-

ternal smoking, chorioamnionitis, genetic susceptibility prenatally, and hyperoxia, 

mechanical ventilation, infection postnatally(Kalikkot Thekkeveedu, Guaman, 

and Shivanna 2017; Morrow et al. 2017). In this study, we laid particular focus on 

the molecular mechanism of hyperoxia injury induced pathway dysregulation. 
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1.2 Models for cell-cell interaction study 

1.2.1 In vitro co-culture system 

Interplay between the mesenchymal-alveolar epithelial cells is the key in under-

standing the septation process during alveolarization. There have been several 

types of co-culture models set up to study cell-cell interaction. In co-culture mod-

els that allow for cell-cell contact, fetal mouse lung mesenchyme with A549 epi-

thelial cells produced protrusion of mesenchymal cells covered by epithelial cells 

resembling the secondary septae, but not with adult mesenchymal cells(Greer et 

al. 2014). Non-contacting co-culture of the human mesenchymal stem cells 

(MSCs) with small airway epithelial cells (AE) increased the viability of the AE, as 

well as gene expression of intercellular adhesion molecule 1 (ICAM1) and mucin 

(MUC1)(Schmelzer et al. 2020). In the current study, we employed a non-con-

tacting transwell system, which allows bidirectional diffusion of soluble signaling 

molecules in between, to elucidate the pathway crosstalk between the mesen-

chymal-alveolar epithelial cells during lung development. 

1.2.2 Ex vivo organoids 

The ECM not only provides scaffold support for the growth and migration of mes-

enchymal and epithelial cells, but also modulates the differentiation of progenitor 

epithelial cells and cell-cell interaction. Supplemental collagen and laminin-5 

(LN5) help preserve the AEC2 phenotype in isolated primary AEC2 cells(Olsen 

et al. 2005; Daley and Yamada 2013; Lwebuga-Mukasa 1991). Built on 

knowledge from the in vitro co-culture assay, we then established a 3D culturing 

model of primary epithelial cells and fibroblasts embedded in matrigel, mirroring 

the geometrical and biological context in the developing lung periphery. The mat-

rigel is a solubilized basement membrane matrix secreted by Engelbreth-Holm-
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Swarm (EHS) mouse sarcoma cells, and contains Laminin (major component), 

Collagen IV, heparan sulfate proteoglycans, and entactin/nidogen. Cellular and 

molecular behavior study in this model can provide information on cell type spe-

cific crosstalk among fibroblasts and epithelial progenitors-derived cells. The ex 

vivo model is amendable to specific pathways modulation and therefore can pro-

vide insight into the pathway interaction in the interplay between mesenchymal-

epithelial cells. 

1.3 ERBB3 pathway signaling 

1.3.1 The epidermal growth factor family  

The epidermal growth factor receptor (EGFR) family consists of four transmem-

brane receptors: EGFR (also known as ERBB1 or HER1), ERBB2 (HER2), 

ERBB3 (HER3) and ERBB4 (HER4). Similar to other receptor tyrosine kinase 

(RTK) proteins, the ERBB receptors are also comprised of a ligand-binding ex-

tracellular domain, an α-helix transmembrane segment, an intracellular domain 

consisting juxtamembrane domain, a typical tyrosine protein kinase segment, and 

a tyrosine-rich carboxyterminal tail(Appert-Collin et al. 2015). 

In the absence of a ligand, the receptor exists on the plasma membrane as a 

monomeric transmembrane protein with its extracellular part tethered by domain 

II and IV. Ligand binding to the extracellular domain changes the receptor into 

activated conformation and triggers the dimerization of ERBB receptors to form 

homo or heterodimers with another ERBB receptor. Dimerization consequently 

activates the intrinsic tyrosine kinase activity and triggers autophosphorylation of 

specific tyrosine residues on the carboxyterminal tail of the receptor. The phos-

phorylated residues provide docking sites for downstream proteins and a 
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signaling cascade is initiated (Fig 4)(Olayioye et al. 2000; Schulze, Deng, and 

Mann 2005; Tao and Maruyama 2008). Although all the four ERBB members 

share similar patterns of structural and conformational characteristics, there are 

some substantial differences among them. While EGFR and ERBB4 are fully 

functional, ERBB2 has no ligand binding ability and ErbB3 lacks intrinsic func-

tional kinase domain, which contributes to the fact that homo and heterodimers 

of different combination retain varied affinity to the epidermal growth factors (EGF) 

family of ligands. Consequently, both ERBB2 and ERBB3 are only active in the 

heterodimer context(Citri, Skaria, and Yarden 2003; Sliwkowski et al. 1994; 

Váradi et al. 2019; Lemmon 2009) (Fig 5). Despite the extensive studies done 

with EGFR members in oncology, both the molecular mechanism of ERBB3 ac-

tivation and its physiological consequence remained poorly understood. The cur-

rent study aimed at unraveling the role of ERBB3 in lung development and dis-

ease. 

 

 



1. Introduction 19 

Fig 4. Schematic of ERBB3 conformational change upon ligand activation, adapted from 

(Black, Longo, and Carroll 2019) 

 

1.3.2 Ligands for ERBB receptors 

The ERBB receptors are activated by a family of at least 11 ligands that share 

the same EGF like domain. These ligands have varied affinity to the ERBB family 

members (except for ERBB2) (Fig 5) as well as divert signaling outcomes. The 

neuregulins (NRG) proteins are synthesized and released by proteolysis as trans-

membrane proteins that are comprised of EGF-like domain, transmembrane do-

main and intracellular domain. The NRG1 proteins are divided into 6 isomers by 

different slicing, and only NRG1 and NRG2 can activate ERBB3. We chose 

NRG1 in the current study based on its abundant tissue distribution in lungs com-

paring to NRG2(Nagasaka and Ou 2022).  

The extracellular EGF-like domain of NRG1 is shedded into extracellular environ-

ment and acts on ERBB receptors via autocrine or paracrine. Tissue distribution 

and shedding of the ligands is therefore crucial for the pathway modulation. Stud-

ies have shown that Metalloprotease ADAM17/TACE and ADAM19/meltrin-β are 

responsible for shedding of the NRG1 ectodomain(Spanò and Scilabra 2022; 

Herrlich et al. 2008; Higashiyama et al. 2011; Iwakura et al. 2017). Stimulus such 

as extracellular Ca2+ influx, Interleukin 6, inflammation is correlated with the 

NRG1 shedding and ERBB pathway activation(Mishra et al. 2019; Finigan et al. 

2013). 
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Fig 5. Structures of Neuregulin subtypes and binding to ERBB receptors, adapted from 
(Gumà et al. 2010). 

 

1.3.3 ERBB signaling in development 

ERBB receptors signal through the mitogen-activated protein kinase (MAPK)/ ex-

tracellular signal-regulated kinases (ERK) and the phosphatidylinositol 3-kinase 

(PI3K)-AKT pathways to regulate cell proliferation, migration, differentiation, 

apoptosis, and cell motility. Studies in neonatal lung revealed that ERBB4 is es-

sential for surfactant synthesis in AEC2 cells(Fiaturi, Castellot, and Nielsen 2014), 

and regulates stretch-induced type II cell differentiation via ERK pathway together 

with EGFR(Huang et al. 2012). Knockout of either ERBB2 or ERBB3 lead to le-

thality at embryonic stage (E10.5 for ERBB2, E13.5 for ERBB3)(Lee et al. 1995; 

Riethmacher et al. 1997) with deficiencies in cardiac valve and neural crest for-

mation and lack of Schwann cell precursors. These results suggest that ERBB 

pathways play a crucial role in the process of progenitor cell differentiation and 

organ maturation. 
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2. Hypothesis and aims 
In the process of alveolarization, the complex interplay between different cell 

types and their characteristic signaling pathways drive septation, functional alve-

olar maturation and formation of the vascular bed. The pathway crosstalk be-

tween fibroblasts and alveolar epithelial cells mediates the proliferation and dif-

ferentiation process. The ERBB pathways play a crucial role in the process of 

epithelial progenitor cell differentiation and organ maturation. Despite the exten-

sive studies done with EGFR members in oncology, both the molecular mecha-

nism of ERBB3 activation and its physiological consequence remained poorly 

understood. The current study aimed at unraveling the role of ERBB3 in lung 

development and disease. 

The hypothesis of this study is that ERBB3 regulates the proliferation and differ-

entiation of alveolar epithelial cells during late-stage lung development and di-

rects the secondary septation through ERBB3-PDGF crosstalk with peripheral 

parenchymal cells. Postnatal lung injury by hyperoxia exposure dysregulates 

ERBB3 signaling, resulting in impaired alveolarization. 

We defined the following sub steps: 

1) Define the temporal, spatial, and cell specific resolution of ERBB3 expression 

in neonatal lung. 

2) Elucidate ERBB3 regulation and crosstalk with PDGF in models of epithelial-

mesenchymal cell co-culture. 

3) Investigate impact of hyperoxia exposure on ERBB3 signaling 
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3. Material and Methods 

3.1 Reagents and antibodies 

Recombinant Human NRG1-beta 1/HRG1-beta 1 EGF Domain Protein was re-

constituted at 100 μg/mL in sterile PBS containing 0.1% bovine serum albumin 

(PAN-Biotech, P40-1302) as stock solution and further diluted with cell culture 

medium to target concentration.  

Table 1 Chemicals used for staining and cell culture 

Product Ref No. Manufacturer 

Saponin A18820.14 VWR International 

Gelatin powder 24350.262 VWR International 

THIMEROSAL PHR1587-1G Sigma-Aldrich 

Dispase 354235 BD biosciences 

Mitomycin C M4287 Sigma-Aldrich 

 

Table 2 Primers used in qPCR:  

Gene Species Primer Sequence (5’ to 3’) 

Erbb3 mouse Forward GGGCTTCTCCTTGTT 

  Reverse CGCAGAAGTCTGGTC 

Nrg1 mouse Forward ATCGCCCTGTTGGTGGTCGG 

  Reverse AGCTTCTGCCGCTGTTTCTTGGT 

Abca3 mouse Forward CAGCTCACCCTCCTACTCTG 

  Reverse ACTGGATCTTCAAGCGAAGCC 

Col1a1 mouse Forward CCAAGAAGACATCCCTGAAGTCA 

  Reverse TGCACGTCATCGCACACA 
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Gene Species Primer Sequence (5’ to 3’) 

Acta2 mouse Forward CGAAACCACCTATAACAGCATCA  

  Reverse GCGTTCTGGAGGGGCAAT 

Vegfa mouse Forward GCAGATGTGAATGCAGACCAAA 

  Reverse GGTTAATCGGTCTTTCCGGTG 

Pcna mouse Forward ACCTGCAGAGCATGGACTCGT 

  Reverse TTGGACATGCTGGTGAGGTTCAC

 Gata6 mouse Forward ACGCCTCTGCACGCTTTCCC 

  Reverse GCCGCCACCTCCACTCACAC 

Pdgfra mouse Forward AGGTATGTATCCACACA TGCGT 

  Reverse AGTTCCTGTTGGTTTCA TCTCG 

Pdgfa mouse Forward TGTGCCCATTCGGAGGAA 

  Reverse GAGGTATCTCGTAAATGACCGTC 

Hprt mouse Forward CCTAAGATGAGCGCAAGTTGAA 

  Reverse CCACAGGACTAGAACACCTGCTA

 Hopx mouse Forward TCTCCATCCTTAGTCAGACGC 

  Reverse GGGTGCTTGTTGACCTTGTT 

    

Table 3 Primary antibodies used in immunohistochemistry, immunofluorescence, 
and immunoblot 

Antibody 
against 

Host  
Species Dilution Manufacturer Ref No. Application 

ERBB3 Rabbit 1:1000 Mybiosource MBS8305698 WB 

NRG1 Mouse 1:50 Santa Cruz sc393006 WB 

COLLA-
GEN1 Rabbit 1:1000 Abcam Ab34710 WB 

PERBB3 
(Y1222) Rabbit 1:100 

1:1000 Mybiosource MBS9610623 IHC 
WB 

KI67 Rabbit 1:200 Abcam ab16667 IHC 
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Antibody 
against 

Host  
Species Dilution Manufacturer Ref No. Application 

HOPX Rabbit 1:50 Santa Cruz sc30216 IF 

PDGFRA Rabbit 1:100 Cell signaling 3174 IF 

SP-C Rabbit 1:100 Merck Milli-
pore AB3786 IF 

PDPN Hamster 1:200 Abcam Ab11936 IF 

Α-TUBU-
LIN Rabbit 1:100 Abcam Ab179484 IF 

Α-SMA Goat 1:100 Abcam Ab21027 IF 

 

Table 4 Secondary antibodies used in immunohistochemistry, immunofluores-
cence, and immunoblot 

Antibody 
against Dilution Manufacturer Ref No. Application 

Goat anti-Rabbit IgG (H+L) 
Alexa Fluor 488 1:800 Thermo A-11034 IF 

Goat anti-Hamster IgG (H 
L) Cross-Adsorbed Sec-
ondary Antibody, Alexa 
Fluor 647 

1:800 Thermo A-21451 IF 

Goat anti-Mouse IgG (H+L) 
Highly Cross-Adsorbed 
Secondary Antibody, Alexa 
Fluor Plus 555 

1:800 Thermo A-32727 IF 

Mouse anti-rabbit IgG-HRP 1:1000 Santa Cruz sc-2357 WB 

Goat anti-mouse IgG HRP 1:1000 Santa Cruz Sc-2005 WB 

Goat anti-Rabbit 
SignalStain® Boost Detec-
tion Reagent 

/ Cell signaling 8114 IHC 

3.2 Cell lines and culture techniques 

3.2.1 Cell lines 

Murine lung epithelial cell line (MLE 12, ATCC CRL-2110) and murine lung fibro-

blasts cell line (MLg, ATCC, CCL-206) cells were cultured with Dulbecco's Modi-

fied Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco), supplemented 
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with 10% (v/v) fetal bovine serum, FBS (PAN-Biotech), 0.5 mg/mL Gentamicin, 

50 μg/mL penicillin, and 50 U/mL streptomycin (Gibco). Each cell line was ex-

panded in polystyrene (PS) T-75 cm2 flasks (Thermo Fisher Scientific) and grown 

in a CO2 cell Incubator BBD6620 (Thermo Fisher Scientific) with humidified con-

ditions at 37°C and 5% CO2. Culturing medium was renewed every two days. For 

subculturing, cells were rinsed with 1x PBS and incubated with 4 mL of 0.25 % 

Trypsin-EDTA for 2 min at 37°C and observed under microscope until cell layer 

was dispersed. Trypsin activity was neutralized with 10 mL of complete DF12 

growth medium. Cells were suspended by gentle pipetting. The cell suspension 

was then aliquoted to new flasks at a ratio of 1:5. For cryopreservation, cell sus-

pension containing approximately 1×107 cells were centrifuged and resuspended 

in freezing medium containing 5% (v/v) dimethyl sulfoxide, DMSO (Carl Roth) in 

complete growth medium, and kept in a Liquid nitrogen cell tank BioSafe 420SC 

(Cryotherm). Cell numbers were calculated using a Neubauer chamber, trypan 

blue 0.4% solution (Sigma-Aldrich) at a 1:10 dilution and the following formula: 

cell concentration (number of cells/mL of cell suspension) = (number of cells 

counted × 10,000) /number of squares counted. For all liquid pipetting volumes, 

either sterile measuring pipettes (Greiner bio-one) of single use (5 mL, 10 mL, 25 

mL, 50 mL) were used with the help of PIPETGIRL (Integra), or filter tips (Biozym 

Scientific) were used (10 μL, 100 μL, 200 μL and 1000 μL) with fixed volume, 

single channel Research Plus pipettors (Eppendorf). To achieve sterile condi-

tions, tissue culture was performed under a laminar flow hood Herasafe KS 

(Thermo Fisher Scientific). 
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3.2.2 Mouse primary pulmonary fibroblasts 

Neonatal C57BL/6J mice (Jax #000664) and PDGF-Rα+/- mice (B6.129S4-Pdg-

fratm11(EGFP)Sor/J) at postnatal age of 5-7(PND 5-7) days were sacrificed by intra-

peritoneal injection of pentobarbital (150 μg/g bw). The lungs were excised and 

minced into ~1mm3 pieces, transferred to TC-treated culture dishes (Corning, 

430167) and incubated for 5-10min at 37°C for attachment, and then cultured in 

complete growth media (high glucose Dulbecco's Modified Eagle Medium, 

DMEM, supplemented with 10% (v/v) fetal bovine serum, FBS (PAN-Biotech), 

GlutaMAX (Gibco), 0.5 mg/mL Gentamicin, 50 μg/mL penicillin, and 50 U/mL and 

streptomycin (Gibco)) at 37°C. The media was changed every 2-3 days. Minced 

tissue was removed after 7-day of culture. The cultured cells were used for further 

assays when they reach 80-85% of confluence. Cell composition of the fibroblasts 

culture was characterized by fluorescence-activated cell sorting (FACS LSRII) as 

reported previously. The fibroblast culture constituted myofibroblasts (77.2 ± 14% 

PDGF-Rα+/VIMENTIN+, 16.7 ± 12% VIMENTIN+, and 77.6 ± 27% αSMA+), mes-

enchymal-like cells (8.5 ± 4.5% CD105+, 32 ± 8.6% CD90+), and leukocytes (0.6 

± 0.5% CD45+)(Oak et al. 2017). 

3.2.3 Hyperoxia treatment assay 

The MLE12 cells were seeded in 6-well plates and cultured until 80%-90% con-

fluency, and then transferred to an incubator with oxygen concentration main-

tained at 40% for 24h and the rest conditions remain the same (37°C, 5% CO2, 

humidified). The cell samples were collected at the end of hyperoxia exposure for 

RNA extraction. 
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3.2.4 Epithelial cell-myofibroblasts Co-culture assay 

The MLE12 and primary fibroblasts were co-cultured using the Corning polycar-

bonate membrane transwell (Corning, CLS3396) system. The MLE12 cells were 

seeded on the bottom of 6-well plate and primary fibroblasts on the transwell 

membrane and cultured separately until the cells reach 80%-90% confluency. 

Culturing conditions as described in 2.2.1. The two cell populations were then 

cultured together for 24h until sample collection. 

3.2.5 Supernatant treatment assay 

Mouse primary fibroblasts were exposed to 21% or 40% O2 for 48h, and super-

natant were collected from the culture at the end of the exposure and transferred 

to MLE12 cell cultures. The MLE12 cells were treated for another 24h before 

sample collection and qPCR analysis. 

3.3 Mouse lung organoids culture and readout assays 

3.3.1 Primary epithelial cell isolation 

Neonatal C57BL/6J mice (Jax #000664) at PND5-7 were sacrificed by intraperi-

toneal injection of pentobarbital (150 μg/g bw). The entire lungs were excised and 

flushed with phosphate-buffered saline (PBS) to remove blood residue, and then 

minced with scalpel and digested with Dispase (BD Bioscience) for 45min at 

37°C. The digested lung mixture of 3-4 animals were pooled together and filtered 

through 100 μm and 40 μm cell strainers (Corning, FALC352360 and 

FALC352340) successively with the help of syringe pastel. Cell suspension was 

centrifuged for 10min, 200 RCF, at 15°C between each filtration and resuspended 

with DMEM medium. Red blood cells were removed by RBC lysis solution (130-

094-183). Lung epithelial cells were then isolated by removing white blood cells 
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and endothelial cells with CD45 and CD31 magnetic beads respectively (Miltenyi 

Biotec, 130–052-301, 130–097-418) according to manufacturer’s instructions.  

3.3.2 Organoid culture 

Mlg cells were cultured as described in 2.2.1. Before organoids seeding, the Mlg 

cells were treated with 10μg/mL mitomycin C (Merck) at 37°C for 2h, washed 3 

times in warm PBS and let to recover in growth medium for 1h, in order to inhibit 

the cell proliferation of fibroblasts in the co-culture system. Primary epithelial cells 

and Mlg cells were suspended in 50% growth factor-reduced Matrigel (Corning, 

FALC354230), and seeded into 24-well plate tissue culture treated transwell in-

serts (Corning) with 0.4 μm pore size, made from polyester (PET) membrane, 

growth area 0.3 cm² and 6.4 mm diameter. The organoid cultures were main-

tained in DMEM/F12 supplemented with l penicillin (50 μg/mL) and streptomycin 

(50 U/mL), 1 x GlutaMAX (Gibco), 2.5 μg/mL amphotericin B (Gibco), 1x insulin-

transferrin-selenium (Gibco), 0.025 μg/mL recombinant human epidermal growth 

factor, EGF (Sigma), 0.1 μg/mL cholera toxin (Sigma-Aldrich), 30 μg/mL bovine 

pituitary extract (Sigma-Aldrich) and 0.01 μM of freshly added retinoic acid 

(Sigma-Aldrich). Culturing medium was added directly to the bottom of each well 

beneath the inserts. For the first 48h of culture, 10 μM ROCK inhibitor (Sigma, Y-

27632) was added to the medium. Media was refreshed every 2-3 days.  

3.3.3 Organoid treatment assay 

Organoids were either exposed to hyperoxia (FiO2=0.4) or treated with NRG1 

(80 ng/mL) added to the organoid media since day 8 of culture and refreshed 

every 2-3 days together with the medium change. 
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3.3.4 Organoid morphology quantification 

Live organoids cultured in the transwell inserts after 7 and 14 days were placed 

under a Zeiss AxioObserver Z1 microscope equipped with an incubating chamber 

set at 37°C, 5% CO2, humidified. Brightfield images from multi-layer Z-stacks 

were taken covering the thickness of the Matrigel and processed by ImageJ. Each 

organoid with a minimum diameter of 50 μm was manually circled and calculated 

for the Ferret diameter and area. The colony forming efficiency (CFE) was calcu-

lated by numbers of spheres/numbers of progenitor cells×100%. 

3.3.5 Cellular composition analysis with immunofluorescent staining 

3.3.5.1 Sample processing 

Organoids cultured in transwell inserts were collected on Day 14, washed twice 

with PBS and fixed with 2% paraformaldehyde + 0.1% glutaraldehyde in PBS for 

15min at 4°C, washed again with PBS, and stored at 4°C for further staining steps. 

3.3.5.2 3D staining of organoids 

Fixed organoids were permeabilized with 0.5% Triton in PBS for 15min, washed 

3×10min, and blocked with goat serum diluted at 1:20 with 0.1% Triton in PBS at 

4°C overnight. After blocking, organoids were incubated with primary antibody 

diluted in 5% serum solution at 4°C overnight, washed 3×10min, and incubated 

with corresponding secondary antibody and DAPI at 4°C overnight. The stained 

transwell membranes were washed 3×10min, removed from the transwell and 

mounted on glass slides with mounting medium (CS703, Dako) for imaging. Im-

munofluorescence was visualized using either an inverted Zeiss LSM 710 confo-

cal microscope or a Leica SP8 multi-photon microscope. The Z-stacked images 

were processed with Imaris 9.3.1. 
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3.3.6 Gene expression analysis 

Organoids cultured in transwell inserts were collected at schedule time points 

(day 7 or 14 of culture), washed twice with PBS, and lysed with RNA lysis buffer 

from RNeasy Plus Kits (Qiagen) for 5min at 4°C, and proceeded to the following 

steps described in 2.5.1. Gene expression level was examined by qPCR as de-

scribed in 2.5.2. 

3.4 Animal experiments 

3.4.1 Approval of animal experiments 

All animal experiments were conducted under strict governmental and interna-

tional guidelines under protocol ROB-55.2-2532.Vet_02-18-35 and were ap-

proved by the local government for the administrative region of Upper Bavaria. 

3.4.2 Animal strains, breeding, and maintenance 

For breeding, specific pathogen-free (SPF) male and female Balb/c, C57BL/6, 

and transgenic mice were purchased from Charles River (Sulzfeld, Germany) and 

Jackson Laboratory (Bar Harbor, Maine, USA), and placed in rooms with constant 

temperature and humidity at a 12h light cycle for 7 days before mating. Food and 

water were provided ad libitum for mice. 

3.4.3 Gene-targeted PDGF-Rα haploinsufficient (PDGF-Rα+/-) mice 

Gene-targeted heterozygous mice (B6.129S4-Pdgfratm11(EGFP)Sor/J) were ob-

tained from Jackson laboratories (#007669, Bar Harbor, Maine, USA). Heterozy-

gous mice were healthy and reported with no abnormal pulmonary pheno-

type(Hamilton et al. 2003). For breeding, heterozygous male mice were mated 

with wild type (WT) female mice in order to avoid any effect of PDGF-Rα+/- i.e., 
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perinatal lethality due to skeletal and pulmonary problems, on the course of the 

pregnancy(Betsholtz 1995). Pre and postnatally, PDGF-Rα+/- and WT neonatal 

mice were subjected to identical conditions. 

3.4.4 Postnatal lung development analysis in termed Balb/c mice 

Neonatal Balb/c mice were randomly selected from multiple litters and assigned 

to each group. Selected mice were then euthanized with pentobarbital (150 µg/g 

body weight) at one of the following time point: postnatal day 3, 5, 7, 10, 14, 21, 

or 60 and sacrificed for sample collection. The lungs were excised, flushed with 

PBS, and fixed with 4% paraformaldehyde (PFA) diluted with PBS overnight at 

4°C. The fixed lungs were then transferred into PBS solution before further pro-

cessing into formalin fixed paraffin embedded (FFPE) lung slides. 

3.4.5 Postnatal mechanical ventilation and hyperoxia exposure in WT and 
PDGF-Rα+/- heterozygous mice 

Neonatal mice at PND 5-7 were randomly assigned to room air or hyperoxia ex-

posure group (6/ group), and exposed to 21% or 40% O2 for 8 h. A warm and 

humidified environment was provided for the neonatal mice during the exposure. 

At the end of exposure, pups were euthanized with an intraperitoneal overdose 

of sodium pentobarbital, ~150 μg/g bw, and lungs were excised for various stud-

ies as described above. All animals were viable with response to tactile stimula-

tion at the end of each experiment. 

3.4.6 Animal lung sample collection and processing 

Lungs from animals exposed to 8h treatments (Hyperoxia and/or Mechanical ven-

tilation) were either snap frozen in liquid nitrogen and stored at -80°C for further 

protein and RNA extraction, or fixed with 4% paraformaldehyde (PFA) and 
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employed for immunohistochemistry and immunofluorescence analysis. Trache-

otomy was performed on sedated mice at the end of the 8h-treatment, via inser-

tion of a plastic catheter in trachea to slowly inject 150 μL of 4% PFA to the lungs 

and kept PFA infusion pressure at 20 cm H2O pressure overnight at 4°C(Bland 

et al. 2008). The lungs were removed by an excision in the thorax. The lungs 

were immersed in 4% PFA for another 24h at 4°C, and dehydrated by tissue 

processor machine (MICROM STP 42OD, Thermo Scientific) overnight where the 

lungs were incubated for, 1h 70% ethanol, 1h 80% ethanol, 1h 96% ethanol, 2× 

2h 96% ethanol, 1h 100% ethanol, 2×2h 100% ethanol, 1h xylene (Applichem 

Panreac, 131769.1612), continued with 3h of incubation in paraffin. After dehy-

dration the lungs were embedded in paraffin. Sectioning was accomplished by 

using a cutting apparatus called microtome (HYRAX M55, ZEISS) with reported 

IUR randomization method to avoid stereological bias (Mattfeldt, Möbius, and 

Mall 1985). The thickness of the sections was adjusted to 4 μm for viewing with 

a light microscope.  

3.5 RNA analysis 

3.5.1 RNA extraction and cDNA synthesis  

Fresh lung tissue was snap frozen in liquid nitrogen and stored at −80°C until 

further processing. Fresh cells were washed with PBS twice before frozen at 

−80°C. Total RNA from cells was isolated using the RNeasy Plus Kits (Qiagen), 

according to the manufacturer's instructions. The RNA concentration was quan-

tified using a NanoDrop 1000 (PeqLab). The RNA samples were diluted to 

50 μg/μL with RNase/DNase free water (Gibco) and denatured at 72°C for 10min 

in a Mastercycler nexus (Eppendorf). The cDNA was synthesized by reverse tran-

scription, using 2.5 U/μL M-MLV Reverse Transcriptase (Invitrogen), 1× First 
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Strand Buffer (Invitrogen), 10 mM DTT (Invitrogen), 2.5 μM random hexamers 

(Invitrogen), 0.5 mM of nucleotide (dNTP) mix (Thermo Scientific), and 1 Unit/μL 

RNase inhibitor (Thermo Scientifics). Incubation at 20°C for 10min was followed 

by an annealing cycle at 43°C for 75min and an extension at 99°C for 5min and 

left at 4°C for cooling down in a PCR reaction. The cDNA was diluted 1:5 with 

RNase/DNase free water and stored at -20°C.  

3.5.2 quantitative real-time PCR 

The mRNA expression of target genes was analyzed using SYBR Green (Roche) 

and a LC480 Light Cycler (Roche) and normalized by reference gene hypoxan-

thine-guanine phosphoribosyl transferase (Hprt)-1. Primers were diluted with 

RNase/DNase free water to a final concentration of 500 nM. The qPCR reactions 

were conducted as follow: initial denaturation at 95°C for 5min, followed by 45 

cycles of denaturation at 95°C for 5s, annealing at 59°C for 5s and elongation at 

72°C for 10s, followed by a cycle of melting curve analysis to acquire the disso-

ciation characteristics of double-stranded DNA at 95 °C for 5s, 1min at 60°C and 

a continuous acquisition from 60°C to 95°C, ending and a final cooling step at 

4°C. Relative transcript expression of a gene was calculated as difference be-

tween cycle threshold, ct (ΔCt = Ct reference gene – Ct target gene).  

3.6 Protein analysis 

3.6.1 Immunohistochemistry 

3.6.1.1 Staining of lung tissue slides 

The formalin fixed paraffin embedded (FFPE) lung slides from animal in vivo stud-

ies were deparaffinized by the following steps: 2×5min xylene (Applichem Pan-

reac, 131769.1612), 2×2min 100% ethanol, 1min 90% ethanol, 1min 80% 
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ethanol, 1min 70% ethanol, 30s dH2O. Slides were then submerged in EDTA 

unmasking solution(#14747, SignalStain®) for antigen retrieval with at a sub-boil-

ing temperature (95-98°C) for 10min, incubated with 0.5% Tween 20 in PBS for 

10min room temperature (RT) to increase membrane permeability, and 3% hy-

drogen peroxide in PBS for 15min RT to block endogenous peroxidase activity, 

and washed between each steps with 0.1% Tween 20 in PBS (PBST wash 

buffer), 3×5min, followed by blocking with goat serum diluted in PBST (1:20 v/v) 

for 1h, RT. After removing the blocking serum, slides were incubated with primary 

antibody diluted in antibody diluent (# 8112, SignalStain®) overnight at 4°C, and 

then with HRP conjugated boost IHC detection reagent (#8114, #8125, Signal-

Stain®) for 30min RT, washed between each step with PBST, 3×5min. The DAB 

Chromogen (#8059, SignalStain®) was added on the slides and incubate for 2-

5min until chromogenic reaction was visible. Slides were counterstained with he-

matoxylin (#14166, Cell Signaling), dehydrated in the reversed order of dehydra-

tion described above, and mounted with mounting medium (S3023, Dako). 

3.6.1.2 Quantification 

Stained slides were imaged with a brightfield microscope Axio Imager M2 (Zeiss) 

at 200× magnification. Areas of alveolar and terminal bronchial were selected 

manually in each picture with ImageJ, and quantification was performed on 3 pic-

tures (sized 447.63×335.40 μm2) taken from each tissue sections per animal, 3 

animals per group with the IHC toolbox in ImageJ.  

3.6.2 Immunofluorescence 

3.6.2.1 IF stain in 2D slides of cells/lung tissue section 

The formalin fixed paraffin embedded (FFPE) lung slides were deparaffinized and 

incubated for antigen retrieval as described in 2.6.1. Slides with fixed cells start 
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directly from the permeabilization step: Slides were incubated with 0.5% Tween 

20 in PBS for 10min RT, washed with PBST wash buffer, 3×5min, followed by 

blocking with goat serum diluted in PBST (1:20 v/v) for 1h, RT. After removing 

the blocking serum, slides were incubated with primary antibody diluted with 5% 

goat serum in PBST overnight at 4°C, followed by 1h incubation with correspond-

ing secondary antibody and DAPI diluted in 5% serum at RT, and washed 3 times 

between each step. Slides were mounted with mounting medium (CS703, Dako) 

in the last step. 

3.6.2.2 Tissue clearing and 3D light sheet fluorescent microscopy 

The lung tissue samples were fixed in 4% paraformaldehyde at 4 °C overnight 

and then incubated in PBSG-T (0.2% gelatin, 0.01% thimerosal and 0.5% Tri-

tonX100 in PBS) for 3 days with rotation (70 rpm) at RT to block nonspecific an-

tibody binding. Lung samples were incubated with primary antibody diluted in 

0.1% Saponin in PBSG-T for 7 days with rotation (70 rpm) at RT. Afterwards, lung 

samples were rinsed 6 times with PBST (0.5% Triton in PBS) for 1 hour each and 

incubated with the secondary antibody / 4,6-diamidino-2-phenylindole (DAPI) di-

luted in 0.1% Saponin in PBSG-T for 3 days with rotation (70 rpm) at RT. Samples 

were washed 6 times in PBST for 1 hour each with rotation at RT. Tissue clearing 

was performed after dehydration in an ascending tetrahydrofuran (THF, Sigma, 

Burlington, MA, United States) series (50% v/v THF/H2O overnight, 50% 

THF/H2O 1h, 80% THF/H2O 1h, 100% THF 1h, 100% THF overnight, and 100% 

THF 1h) with mild shaking. Samples were gently dried on tissue paper and then 

incubated in dichloromethane (DCM, Sigma, Burlington, MA, United States) for 

30min and eventually immersed in dibenzyl ether (DBE, Sigma, Burlington, MA, 

United States) for at least 2h prior to imaging. Imaging was performed in DBE 
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with an LSFM (Ultramicroscope II, LaVision Biotec) equipped with a sCMOS cam-

era (Andor Neo, Abingdon, United Kingdom) and a 2× objective lens (Olympus 

MVPLAPO 2×/0.5 NA) equipped with an Olympus MVX-10 zoom body, which 

provided zoom-out and -in ranging from 0.63× up to 6.3×. Light sheet images 

were generated with different magnification factors and a step size of 5-10 μm 

according to sample size with 470±30 / 640±30 nm ex/em bandpass filters for 

QDs. Lung tissue autofluorescence was generally scanned with 520±40 / 585±

40 nm ex/em filters to show the microstructure of the lungs. An exposure time of 

100ms and a laser power of 95% are usually applied to LSFM, where the light 

sheet has different xy width and numerical aperture (NA) to suit the sample size. 

During the LSFM image acquisition, the sample was immersed in the DBE. Imaris 

9.1.0 (Bitplane, Belfast, United Kingdom) was used to perform 2D and 3D ren-

dering and image processing. 

3.6.3 Immunoblot 

3.6.3.1 Protein extraction from cell culture 

Cells cultured in standard cell culture dishes were washed twice with sterile PBS 

and then digested in 200 μL of RIPA buffer (per well in a 6-well plate) supple-

mented with protease and phosphatase Inhibitors (10311494, Fisher Scientific) 

with the help of cell scratcher. The collected cell lysates were then transferred to 

Eppendorf tubes placed on ice and incubated for 45min and centrifuged at 15,000 

RPM for 15min at 4°C to separate the supernatant (total protein) and the pellet 

(cell debris). The supernatant was transferred to a new Eppendorf and stored at 

-80°C for future analysis.  
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3.6.3.2 Nuclear and cytoplasmic protein extraction  

Nuclear and cytoplasmic protein was extracted from MLE12 cells according to 

the manufacturer’s instructions (Thermo Scientific, 78835). In brief, cells were 

harvested with trypsin-EDTA and then centrifuged at 500 × g for 5 min, washed 

cells by suspending the cell pellet with PBS and centrifuged again to collect the 

pallet. The pallet was mixed resuspended with cytoplasmic extraction reagent I 

and incubated on ice for 10 min, then cytoplasmic extraction reagent II for 1 min 

incubation on ice, and centrifuged to harvest the cytoplasmic proteins in the su-

pernatant. The pallet was resuspended again with nuclear extraction reagent and 

incubated on ice for 40 min, and centrifuged to harvest the nuclear proteins in the 

supernatant. 

3.6.3.3 Protein extraction from lung tissue 

Frozen lung tissue of approximately 30 mg were placed in Eppendorf tubes with 

600 μL of RIPA lysis buffer containing protease and phosphatase Inhibitors. The 

lung tissue was homogenized by dismembrator (IKA T10, Ultra Turrax), incu-

bated on ice for 45min, and then centrifuged at 15,000 g for 10min at 4°C. The 

supernatant was transferred to a new Eppendorf and stored at -80°C for future 

analysis. 

3.6.3.4 Protein concentration estimation by bicinichonic acid (BCA) 
assay 

Protein concentration measurement was performed using the BCA assay (Pierce 

Scientific Rockford, IL, USA, 23227) according to the manufacturer’s instructions. 

A bovine serum albumin (BSA) titration curve with a concentration range of 0-2 

μg/μL diluted in RIPA buffer served as a standard to determine protein concen-

trations. Protein samples from cell culture were diluted at a ratio of 1:5 with RIPA 
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buffer and lung tissue samples with 1:10 ratio. After incubation at 37°C for 30min, 

the absorbance at 562 nm was recorded using a Sunrise TM plate reader 

(TECAN) and calculated for protein concentrations. 

3.6.3.5 SDS-PAGE immunoblotting  

Protein samples were diluted to the same concentration and mixed with LDS 

sample buffer (NP0007, NuPAGE™) and sample reducing agent (NP0009, Nu-

PAGE™), and denatured at 90°C for 10min. A nupage electrophoresis system 

was employed for the blotting. Samples of 22 μg were loaded to a 4-12% Bis-Tris 

polyacrylamide gel (NP0336BOX, Life Technologies) alongside the protein stand-

ard (Magicmark XP, LC5602, Life Technologies). Gel electrophoresis was per-

formed in MES running buffer for 60min at 150 V. Nitrocellulose membranes 

(LC2006, Life Technologies) were activated in the transfer buffer for 10min prior 

to protein transfer. Proteins were transferred from gel to the membrane at 30 V 

in transfer buffer for 60min. The membrane was blocked with 5% skim milk 

(70166, Sigma Aldrich) in 0,1% TBS-T for 1h at RT, and then with primary anti-

bodies diluted in 5% milk solution at 4°C overnight. After the overnight incubation, 

the membrane was washed 3x10min with TBS-T and incubated with correspond-

ing HRP-conjugated secondary antibody for 1.5h at RT, washed 3 times and de-

veloped with SuperSignal™ West Femto Maximum Sensitivity Substrate (34096, 

Life Technologies) and recorded with a Chemidoc XRS system (BIO-Rad). Quan-

tification of band intensity was performed with ImageJ and normalized to the β-

actin. 

3.7 Histology 
Four randomly selected tissue sections per animal (n=4/group) were treated with 

Hart’s elastin stain for assessment by automated video thresholding of stain color 
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using the Bioquant True Color Windows Image Analysis system (R & M Biomet-

rics, Nashville, TN). Quantification expressed positively stained elastic fibers in 

relation to the total lung tissue. A total of 12 HPF at 400x were assessed per 

animal. 

3.8 Statistical analysis 

Data were analyzed with GraphPad Prism 8.0(GraphPad, San Diego, CA). All 

statistical tests were conducted as 2-sided tests, and the level of significance was 

set at 5 %. Statistical analysis was performed with unpaired t-tests or One-way 

ANOVA with Dunnett’s multiple comparison test. Results were presented as 

mean ± standard deviation (SD). The “n” refers to number of biological replicates 

included in the experiments. The statistical significance is stated in the figure leg-

ends in the results section. 



4. Results 40 

4. Results 

4.1 ERBB3 signaling in last stage developing lung 

4.1.1 Temporal and spatial resolution of pERBB3 level correlates with the 
postnatal alveolarization process  

In the neonatal mouse lung, postnatal development is realized by the orchestra-

tion of the distal epithelium, endothelium, and fibroblasts through secondary sep-

tation, resulting in the expansion of surface area for gas exchange (Fig 6 a-g).  

In lung slide from healthy termed-born mice, quantification results from IHC stain-

ing showed that the phosphorylated ERBB3 receptor levels peaked on PND 5 

(Fig 6 h) in lung periphery and remained at that high level until PND14, corre-

sponding to the phase of postnatal alveolarization. Our preliminary studies re-

vealed that the Platelet-derived growth factor subunit A (PDGF-A) expression 

peaked at PND5, followed by sustained increase in its receptor PDGF-Rα ex-

pression until PND 14.  
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Fig 6. Immunohistochemistry staining of phosphorylated Erbb3 in neonatal mouse lung 
section, a-g) PND 3, 5, 7, 10, 14, 21, and 60, counterstained with hematoxylin, 200X 
magnification. h) quantification of pErbb3 stained in peripheral lung tissue, expressed as 
percentage of positive tissue area. 
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4.1.2 Cell specific expression of ERBB3 

Single cell RNA sequencing data from our collaborative studies(Negretti et al. 

2021) revealed that Erbb3 is predominantly expressed in type 1, 2 alveolar epi-

thelial cells (AEC1, AEC2), ciliated cells, as well as neuron cells postnatally (Fig 

7 a). The ligand (NRG1) for the ERBB3 receptor is expressed in AEC1, ciliated 

cells, and matrix fibroblasts postnatally, and also in venous endothelial cells 

showing a decreased expression from E12 to P14(Fig 7 b).  Other ligands like 

PDGF-A and VEGF-A are also primarily expressed in the AEC1 cells from E15 

to P14 during the saccular and alveolarization stages. They are secreted into the 

extracellular environment and bind receptors on PDGF-Rα positive fibroblasts 

and ECs via paracrine (Fig 7 c, d)(Negretti et al. 2021).  

We also analyzed the pre- and postnatal expression of other ERBB receptors in 

this dataset. The ERBB2 expression seemed to be universal in most epithelial 

and mesenchymal cell types, while ERBB4 was only mildly expressed in meso-

thelium and smooth muscle cells (Fig 7 e, f). 
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Fig 7. Single cell RNA sequencing analysis of different gene expression obtained from 
pre- and postnatal mouse lung cells; a) Erbb3; b) Nrg1; c) Pdgfa; d) Vegfa; e) Erbb2; f) 
Erbb4; g) Immunohistochemistry staining of pERBB3 in neonatal C57BL/6J mouse 
(PND7) lung peripheral section, counterstained with hematoxylin, 1000X, black arrow: 
ERBB3 phosphorylation at the septal tip; h) pERBB3 in terminal bronchial epithelial cells, 
400X, black arrow: ciliated cells; i) Elastin staining of neonatal lung peripheral at PND 7, 
arrow: Elastin; j) immunofluorescent staining of PDGF-Rα in neonatal lung peripheral at 
PND 7, arrow: PDGF-Rα.  

 

4.1.3 Localization of ERBB3 at septal tips 

As scRNA sequencing results indicated the temporal correlation of ERBB expres-

sion with the postnatal alveolarization process, we then proceeded to the locali-

zation of ERBB3 in the periphery of mouse developing lung. In mouse lung at 

PND7, phosphorylated ERBB3 was located on the membrane of alveolar epithe-

lium, and particularly at the septal tips (Fig 7 g). Elastin and PDGF-Rα positive 
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myofibroblasts are proven essential in the initiation of secondary septation. They 

are co-localized with ERBB3 at the septal tips (Fig 7 i, j). The ERBB3 was also 

concentrated at the terminal airway epithelium, presumably in ciliated cells as the 

scRNA sequencing data suggested (Fig 7 h).  

It is known that at cellular level the coordinated growth of secondary septae is 

initiated by the migration of PDGF-Rα positive myofibroblasts to the septal tips 

following the gradient of PDGF-A excretion by the AEC2 cells (Gouveia, 

Betsholtz, and Andrae 2018), followed by the deposition of Elastin and collagen, 

which provide the scaffold for the septa to further elongate and divided the air 

space.  

However, the underlying epithelial-mesenchymal crosstalk via central growth fac-

tor signaling pathways that mediate septation remained largely unexplored. Our 

next step aimed at unraveling the ERBB3 related pathway regulation and cross-

talk during this process. 

 

4.2 Interplay of fibroblast and epithelial cells in ex vivo 
neonatal lung organoids  

4.2.1 Ex vivo organoid model of the developing lung 

We employed an ex vivo model of alveolar cell-derived organoids (Fig 8 a), that 

can recapitulate lung architectural and functional changes during lung develop-

ment, to further investigate the interplay between epithelial cells and fibroblasts. 

Primary mouse epithelial cells (PMEC) were isolated from both neonatal (PND 7) 

and adult female (12-week-old) mouse lungs, and co-cultured with fibroblast cell 

line (Mlg). This model allowed us to observe the morphological changes in the 
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organoids co-cultured from mesenchymal and parenchymal cells, and also eval-

uate the effect of pathway modulation on the organoid formation. 

The co-culture of PMEC and Mlg cells formed round organoids with/without lu-

men after 7 days of culture, and the organoids significantly expanded in size after 

14 days of culture (Fig 8 g, h). Immunofluorescent staining showed that those 

organoids comprised different epithelial cell types, including AEC1 (HOPX+), 

AEC2 (SP-C+), ciliated cells (ac-Tubulin+), basal cells (KRT5+) as well as PDGF-

Rα positive myofibroblasts (Fig 8 b-d, f).  

Each organoid was developed from a small cell cluster that centered by PDGF-

Rα positive myofibroblasts and then epithelial cells from alveolar or airway were 

recruited to the PDGF-Rα positive myofibroblasts and built the wall of organoids 

in a thin lining similar as the alveolar and airway epithelium. Alpha-SMA protein 

was distributed along the inner surface of the organoid to provide structural sup-

port for the 3D morphology (Fig 8 e). 
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Fig 8. a) Schematic of ex vivo lung organoids model; b) Immunofluorescent staining of 
ciliated cells by ac-tubulin in lung organoids derived from neonatal PMEC and Mlg cells; 
c) Immunofluorescent staining of AEC2 cells by SP-C; d) Immunofluorescent staining of 
AEC1 cells by Hopx; e) Immunofluorescent staining of α-SMA in organoids composed of 
AEC1 cells (PDPN); f) Immunofluorescent staining of fibroblasts by PDGF-Rα; g) Immu-
nofluorescent staining of basal cells by KRT5; h) Phase-contrast image of neonatal or-
ganoids derived after 7 days of culture; i) Phase-contrast image of organoids derived 
after 14 days of culture. 
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4.2.2 Activated Erbb3 signaling promotes the organoids growth 

In order to further investigate the role of ERBB3 in the PMEC-fibroblasts derived 

organoids, we treated the organoids with supplemental ERBB3 ligand (NRG1, 8 

and 80 ng/mL) after the first week of culture for another 7 days. The NRG1 was 

diluted in the culture medium and refreshed every other day together with the 

medium change. After the NRG1 treatment we demonstrated a dose-related ef-

fect in organoid morphology (Fig 9 a). The organoids treated with NRG1 were 

more segmented and had increased Ferret’s diameter (Fig 9 c), indicating that 

the activation of ERBB3 pathway stimulates the organoids’ expansion, but did not 

alter the colony forming efficiency (Fig 9 b). Quantitative PCR revealed upregu-

lation of ERBB3 in the organoids upon NRG1 treatment without statistical signif-

icance (Fig 9 f), but no change in PDGF-Rα expression level (Fig 9 e). This is 

potentially due to the fact that the mRNA was harvested from a mixture of fibro-

blasts and differentiated epithelial cells, the potential effect in the receptor regu-

lation might have been disguised by other cells that doesn’t express ERBB3. In 

the NRG1 treated organoids, HOPX expression level normalized by the nuclear 

stain (DAPI) was increased comparing to the control group, suggesting an in-

creased number of AEC1 cells in the organoids (Fig 9 d). 
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Fig 9. a.) Phase-contrast image of organoids derived after 7 days of culture + 7 days of 
NRG1 treatment, projected image, 100X, BF, left: control; middle: NRG1 8 ng/mL; right: 
NRG1 8 ng/mL; b) Colony forming efficiency of organoids after 14 days of culture, mean 
± SD; c) combined quantification results of Ferret’s diameter in organoids after NRG1 
treatment, n=3; d) Immunofluorescent staining of HOPX in lung organoids derived from 
primary fibroblasts and PMEC, 100X; left column: control, right column: NRG1 treatment 
(80 ng/mL); e) mRNA level of Pdgfra in organoids treated with NRG1; f) mRNA level of 
Erbb3 in organoids treated with NRG1, mean ± SD. t-test, n=3. 
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4.2.3 Distinct morphological characteristics of neonatal lung organoids 

Then we focused on the impact of myofibroblasts on the organoid formation. Be-

fore seeding the PMECs together with the fibroblasts, we analyzed gene expres-

sion of PDGF-A the PMECs by qPCR. The PDGF-A expression level in isolated 

neonatal PMECs was 3.9 folds higher as compared to adult PMECs. After 7 days 

of culture, PDGF-A expression in neonatal organoids was significantly higher 

than in adult organoids (Fig 10 a-c). After 14 days of culture, organoids derived 

from neonatal primary epithelial cells (CD45-/CD31-) revealed distinct character-

istics when compared to organoids derived from adult epithelial cells (Fig 10 e, 

f). While the adult organoids had two major clusters with a calculated Ferret’s 

diameter around 150 μm and 300 μm, the neonatal organoids were close to 450 

μm in diameter (Fig 10 g). The neonatal organoids covered a broader range of 

size but lower colony forming efficiency (CFE) (Fig 10 d). These results suggest 

that PDGF pathway activation contributes to the expansion of organoids, but not 

in the development of new organoids. 
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Fig 10. Immunofluorescent staining of PDGF-Rα in lung organoids derived from primary 
mouse epithelial cells isolated from a) adults mouse lung (12-week-old), b) neonatal 
mouse lung (PND 7) in co-culture with Mlg cells, blue: DAPI red: PDGF-Rα; c) quantifi-
cation of PDGF-Rα expression level as determined by fluorescence density normalized 
by DAPI; phase contrast image of organoids derived from neonatal PMEC and Mlg at 
different ratio, mean ± SD, t test, **p<0.01, n=3/4; d.) Colony forming efficiency of adult 
organoids versus neonatal organoids, t test, n=3; e.) Organoids derived from co-culture 
of primary epithelial cells extracted from adult mouse (12-week, female) and Mlg cell line, 
projected image, 100X, BF; f.) Organoids derived from co-culture of primary epithelial 
cells extracted from neonatal mouse (7-day, female) and Mlg cell line, projected image, 
100X, BF; g.) combined quantification results of Ferret’s diameter in organoids, adult vs 
neonates, n=3. 

 

4.2.4 PDGF-Rα positive fibroblasts contribute to the formation and 
segmentation of neonatal organoids 

Next, we used different ratios of PMEC:Mlg cell number to see the impact of fi-

broblast number on organoid formation. When neonatal PMECs were cultured 

with higher numbers of fibroblasts, the formed organoids were smaller in size but 

more segmented (Fig 11 a-c), indicating the fibroblasts might work as a starting 

point that guide the epithelial protrusion towards the organoid lumen to subdivide 
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it into alveolar like structure. This drift in organoid size was less prominent in adult 

organoids (Fig 11 d). However, higher numbers of fibroblasts provoked more or-

ganoids with the adult primary cells (Fig 11 f). 

 

Fig 11. a) PMEC: MFB at 1:1, b) PMEC: MFB 1:10, bright field, 100X; c) combined 
quantification results of Ferret’s diameter in neonatal organoids with different 
PMEC:MFB ratio; d) combined quantification results of Ferret’s diameter in adult organ-
oids with different PMECs: MFBs ratio; e) Colony forming efficiency of organoids derived 
from neonatal/adult PMECs : MFBs at different ratio, t test, *p<0.05, **p<0.01, n=3. 

 

4.2.5 ERBB3 and PDGF pathway crosstalk in organoids and mouse lung 

In order to investigate the crosstalk of PDGF and ERBB3 pathways underlying 

the interplay of fibroblast-epithelial cells, we then replaced the fibroblast cell line 

with primary fibroblasts extracted from the wildtype and heterozygous neonatal 

mice that carry a null mutation on one alle of the PDGF-Rα gene (PDGF-Rα+/-). 

The co-culture was treated with NRG1 (8 and 80 ng/mL) as described in 2.3.3. 
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The fibroblasts culture was described in 2.2.2, and 77.2% of the fibroblasts were 

PDGF-Rα positive. 

After 14 days of culture, organoids derived from neonatal PMEC and primary fi-

broblasts were smaller than the ones grew from Mlg cell line, potentially because 

the primary fibroblasts were more sensitive to the mitomycin treatment than the 

immortalized Mlg cells, therefore resulted in reduced viability of the fibroblasts.  

In the organoids derived from both wildtype and PDGF-Rα heterozygous fibro-

blasts, NRG1 treatment did not alter the size or shape of organoids. However, in 

the heterozygous group, HOPX expression was significantly higher after the 

NRG1 treatment (Fig 12 a), suggesting a higher proliferation rate in the epithelial 

cells. Meanwhile the pERBB3 expression in PDGF-Rα+/- heterozygous mouse 

lung was significantly higher than in wildtype mouse (Fig 12 b, c). This explains 

the fact that ERBB pathway activation by the NRG1 treatment was more signifi-

cant in heterozygous mice and led to larger increase in HOPX upregulation (Fig 

12 d).  



4. Results 57 

 

 

Fig 12. a) Immunofluorescent staining of HOPX in lung organoids derived from primary 
PDGF-Rα heterozygous fibroblasts and PMEC, 100X; left column: control, right column: 
NRG1 treatment (80 ng/mL); b) Immunofluorescent staining of phosphorylated ERBB3 
(y1222) in WT neonatal mouse (PND7) lung section, 200X magnification; c) pERBB3 in 
PDGF-Rα+/- heterozygous mouse; d) quantification of HOPX expression level by inte-
grated fluorescence density normalized by DAPI, t-test, ***p<0.0001, n=6/7. 
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4.2.6 ERBB3 and PDGF pathway crosstalk in in vitro co-culture model 

Next, we used a non-contacting co-culture system to illustrate the interaction of 

fibroblasts and epithelial cells. Fibroblasts were seeded in the transwell and epi-

thelial cells in the 6-well plate bottom, with a 0.4 μm pore sized membrane in 

between to avoid mixing of the two cell populations (Fig 13 a). The transwell 

system allows cell-cell communication through diffusible molecules.  

After 24h of co-culture, ligand expression (NRG1) was upregulated in fibroblasts 

when the epithelial cells were present in short distance (Fig 13 b). Correspond-

ingly in the epithelial cells, ERBB3 expression was upregulated, suggesting a 

paracrine activation of the pathway. Together with the receptor activation, gene 

expression of Gata6, Hopx, Vegfa, Abca3, and Col1a1 was upregulated, whereas 

expression in PDGF-A, NRG1, and AQP5 remained unchanged (Fig 13 d-j). 

HOPX is known as a negative regulator of Gata gene expression(Yamada et al. 

2018; Yin et al. 2006), and they cooperatively drive the differentiation of type II 

alveolar epithelial cell and maturation of airway epithelium, and activate the AEC2 

cell characteristic gene expression, as seen in Abca3 and Col1a1 of our study. 

The upregulation of VEGF-A suggested further interaction with endothelial cells 

that lead to angiogenesis.  
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Fig 13. a) Schematic of in vitro lung co-culture model; b) mRNA level of Nrg1 in wildtype 
(PDGF-Rα+/+) primary fibroblasts, t test, *p<0.05, n=2/3; c) mRNA level of Nrg1 in heter-
ozygous (c) primary fibroblasts; d-j) mRNA level of Erbb3, Gata6, Hopx, Abca3, Vegfa, 
Col1a1, and Nrg1 in pathway regulation in hyperoxia injured developing lung, t test, *p<0.05, 
**p<0.01, ***p<0.001, n=2/3. 

4.2.7 Decreased ERBB3 phosphorylation under hyperoxia both in vivo and 
in vitro 

We established an in vivo model of neonatal lung injury to investigate the regula-

tion of ERBB3 under hyperoxia (FiO2=0.4) exposure. Both immunoblot and IHC 

staining revealed a significant decrease in phosphorylated ERBB3 in the mouse 

lung after 8 hours of hyperoxia exposure (Fig 14 a, b).  

In order to further elucidate the pathway regulation at cellular level, we exposed 

MLE12 cells to hyperoxia for 24h and quantified ERBB3 protein separately in the 

nuclear and cytoplasm. Both the total and phosphorylated ERBB3 protein was 

more abundant in nucleus of MLE12 cells (Fig 14 c). Hyperoxia exposure did not 

alter the protein level significantly. However, phosphorylation level 

(pERBB3/ERBB3) was significantly higher in the nuclear than cytoplasm when 

the cells were cultured under room air, whereas the phosphorylation level re-

mained at similar level for nuclear and cytoplasm of cells exposed to hyperoxia, 

indicating repressed nuclear translocation of ERBB3 after exposure (Fig 14 d). 

The IHC staining revealed concentrated signal of pERBB3 in MLE12 cell nuclei 

under room air when compared to the hyperoxia exposed cells (Fig 14 e). Corre-

spondingly KI67 was also less abundant in cells exposed to hyperoxia when com-

pared with RA, suggesting a reduced proliferation rate after exposure. 
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Fig 14. a) Immunoblot analysis of pERBB3 in protein lysate from neonatal mouse (PND7) 
lungs exposed to 8-h of hyperoxia (FiO2=0.4), t-test, *p<0.05, n=6; b) Immunohistochem-
istry staining of phosphorylated Erbb3 (y1222) in neonatal mouse (PND7) lung section, 
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counterstained with hematoxylin, 200X magnification; c) Immunoblot analysis of 
pERBB3 and ERBB3 in protein lysate of MLE12 cell nuclear and cytoplasm; d) Quantifi-
cation of ERBB3 phosphorylation (calculated by pERBB3/ERBB3, normalized by β-Ac-
tin), t test, *p<0.05, n=3; e) Immunohistochemistry staining of pErbb3 (y1222) (upper 
panel) and KI67 (lower panel) in PFA fixed MLE12 cells, counterstained with hematoxylin, 
200X magnification; f) 3D reconstructed structure and immunofluorescent staining of 
pERBB3 in WT mice exposed to 8h treatment, left: RA, right: hyperoxia, light sheet mi-
croscope. 

 

4.2.8 Compensation to hyperoxia injury weakened in PDGF-Rα+/-

heterozygous fibroblasts 

With the understanding of hyperoxia repressed ERBB3 signaling in epithelial cells, 

our investigation proceeded on the fibroblasts exposed to hyperoxia. In wildtype 

mouse primary fibroblasts exposed to 40% of oxygen for 48h, gene expression 

of Pdgfra, Col1a1, and Nrg1 was significantly upregulated and Acta2 downregu-

lated (Fig 15 a-d). Proliferation level as indicated by PCNA expression was lower 

in hyperoxia exposed fibroblasts comparing to room air control, but the difference 

did not reach statistical significance (Fig 15 e). Despite the upregulation of NRG1 

in wildtype fibroblasts, the COLLAGEN1 and NRG1 protein level (recognized by 

antibody targeting the extracellular domain) did not change in response to hy-

peroxia exposure (Fig 15 f, g). Unlike the transcriptional changes observed in 

wildtype fibroblasts, the upregulation of Pdgfra and Nrg1 and downregulation of 

Acta2 were attenuated in the PDGF-Rα+/- heterozygous fibroblasts and did not 

reach statistical significance (Fig 15 a-d).  
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Fig 15. Gene expression level in wildtype (PDGF-Rα+/+) and heterozygous (PDGF-Rα+/-

) primary fibroblasts exposed to 48h of 21% or 40% oxygen, one-way ANOVA with Dun-

nett’s multiple comparison test, *p<0.05, n=3/4; a) Pdgfra; b) Col1a1; c) Nrg1; d) Acta2; 

e) Pcna; f) Immunoblot analysis of NRG1 in protein lysate from primary mouse fibroblasts 

exposed to 48h of 21% or 40% oxygen, one-way ANOVA, *p<0.05, n=3; g) Immunoblot 

analysis of COLLAGEN1 in protein lysate from primary mouse fibroblasts exposed to 

48h of 21% or 40% oxygen, one-way ANOVA, *p<0.05, n=3; h) Immunoblot bands of 

NRG1, COLLAGEN1, and β-ACTIN in the fibroblasts lysate. 

 

Although the hyperoxia exposure induced significant upregulation of NRG1 in fi-

broblasts, we did not observe any increase at protein level. Knowing that the lig-

and is a transmembrane protein anchored on the fibroblasts and the active frag-

ment can be released upon stimuli, we collected the supernatant from hyperoxia 
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exposed fibroblasts to treated MLE12 cells for another 24h (Fig 16 a). The treat-

ment, however, did not alter transcription in any of the following genes: Nrg1, 

Erbb3, Aqp5, Gata6, Hopx, Abca3, Col1a1, Pdgfa, and Vegfa (Fig 16 b-j). 
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Fig 16 a) Schematic of in vitro supernatant treatment mode, Fibroblasts were exposed 
to 21% or 40% O2 for 48h, and supernatant were collected from the culture at the end of 
the exposure and transferred to MLE12 cell cultures. The MLE12 cells were treated for 
another 24h before sample collection and qPCR analysis; mRNA level in MLE12 cells 
for b) Nrg1; c) Erbb3; d) Aqp5; e) Col1a1; f) Pdgfa; g) Vegfa; h) Hopx; i) Gata6; j) Abca3, 
mean ± SD. t-test, *p<0.05, n=3. 

 

4.2.9 Rescue effect of NRG1 treatment on hyperoxia induced inhibition of 
organoid expansion 

Although the transcriptomic changes in monoculture of epithelial cells or fibro-

blasts in response to hyperoxia exposure were characteristic, it’s not possible to 

speculate how these pathways interact with each other when the two types of 

cells are in direct or indirect(medium) contact. We then exposed the neonatal 

organoids (3D co-cultured PMEC and fibroblasts) to hyperoxia in order to assess 

the dysregulation of ERBB3 pathway and its impact on the hyperoxia induced 

repression of epithelial cell proliferation. In organoids derived from neonatal 

PMECs and Mlg cells, 7 days of hyperoxia exposure significantly reduced the 

organoid size (Fig 17 a). Supplementary NRG1 treatment partially counterbal-

anced the repression effect under hyperoxia (Fig 17 b).  
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Fig 17. Phase contrast images of neonatal mouse lung organoids after 7-day culture+ 7-
day treatment, a) medium control, upper panel: RA, lower panel: O2; b) NRG1 80 ng/mL 
upper panel: RA, lower panel: O2, 100X, BF. 
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5. Discussion  

5.1 ERBB3 signaling in developing lung 

5.1.1 ERBB3 effect on proliferation/differentiation 

Our study suggests that ERBB3 receptor is localized in the AEC1 and AEC2 cells 

of mouse lung peripheral epithelium, alleviates since PND3, and remained at high 

expression level until PND14. This finding correlates with the time frame of post-

natal alveolarization. Co-localized with other crucial components (elastin and 

PDGF-Rα positive fibroblasts) involved in the secondary septation, phosphory-

lated ERBB3 is accumulated at the septal tips of postnatal developing lung. We 

assume the ERBB3 signaling is playing a crucial role in the alveolar epithelium 

elongation and differentiation. 

We tested the ERBB3 phosphorylation at Y1222 residue of intracellular domain. 

This phosphorylation residue serves as a docking site for p85, a regulatory sub-

unit of Phosphatidylinositol 3-kinase (PI3K) and activates the PI3K/AKT pathway 

that is closely related to proliferation and cell cycle(Britsch et al. 1998; Roskoski 

2014; Wilson et al. 2009). Activation of the ERBB3 in fetal lung explant by NRG1 

treatment leads to increased epithelial cell proliferation and volume density, and 

reduced differentiation (in surfactant production)(Patel et al. 2000). Co-immuno-

precipitation of pERBB3 with p85 was detected in proliferating cells. Ligand acti-

vation of ERBB increased the pERBB3/p85 complex, and stimulated phosphory-

lation of Akt and GSK3b, increase in cyclin D1 and cell cycle progres-

sion(Sithanandam et al. 2003; Sheng et al. 2010). In our ex vivo models, NRG1 

treatment also resulted in lung organoid expansion, but not in the colony number. 
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Therefore, we conclude that ERBB3 activation induced proliferation of alveolar 

epithelium during secondary septation. 

In the ex vivo lung organoid model, we isolated the primary epithelial cells with a 

double negative selection (CD45-/ CD31-). The selected cells were comprised 

primarily of AEC2, relatively less amount of AEC1 and terminal airway epithelial 

cells, and a very small cluster of airway and alveolar epithelial progenitors. After 

14-days of culture, the organoids could be assigned to two major categories, air-

way originated (minor) and alveolar originated (major). When treated with NRG1, 

the organoids revealed a significant increase in AEC1 cell number (HOPX+), also 

suggesting that ERBB3 activation provoked AEC1 proliferation. Other growth fac-

tors such as FGF10 are also reported in negative correlation with AEC1 popula-

tion size. Knockout of the Fgfr2b, the receptor for FGF10, led to an increase in 

AEC1 cell numbers and loss of AEC2 cells(Dorry et al. 2020; Liao and Li 2020; 

Jones et al. 2022; Liberti et al. 2021). Another study reported that postnatal acti-

vation of YAP resulted in increased AEC1 numbers(Gokey et al. 2021).  

5.1.2 Crosstalk of ERBB3 with PDGF/TGF  

The lung mesenchyme comprises several different subtypes of cells, among 

which myofibroblasts, matrix fibroblasts, lipofibroblasts are the three major pop-

ulations that are extensively studied in lung development. Other subtypes include 

smooth muscle cells, mesenchymal stem cells, pericytes, and alveolar niche cells. 

All three major fibroblast subtypes are PDGF-Rα positive. Lipofibroblasts are 

marked with THY1, FGF10, TCF21, PDGF-Rα, and FGF18. Lipofibroblasts re-

side at the base of secondary septae aside to AEC2 and provide triglycerides to 

AEC2 cells for surfactant synthesis. Another functional feature of lipofibroblasts 

is FGF10 expression. The FGF10 has been extensively studied in maintaining 
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the progenitor cells during embryonic branching. Matrix fibroblasts that are 

marked by DECORIN and COL1A1, on the other hand, contributes predominantly 

in the ECM production (Riccetti et al. 2020). This fibroblast subtype expresses 

COL III, COL V, FIBULIN1, FIBULIN2, FIBRILIN2, matrix metalloproteinase 

(MMP) 3, 17 and 23, and also Lysyl oxidase-like (LOXL) 2 and 4, which crosslink 

elastin and collagen fibers. The third group, myofibroblasts, marked with TBX4, 

GLI1, PDGF-Rα, and FGF18, are characterized by α-SMA production, as well as 

Collagen XIII, XVII, XVIII, and XXIII, integrin, and vinculin (Green et al. 2016). 

Transdifferentiation of myofibroblast from fibroblast is meditated by the PDGF-

Rα. Knockout of the PDGF-Rα resulted in decreased myofibroblast number and 

alpha-SMA production, leading to abruption of secondary septation(Kimani et al. 

2009), while TGFβ counteract against the effects of PDGF-A/PDGF-Rα signaling, 

enhancing αSMA-abundance(Gouveia, Betsholtz, and Andrae 2018; Horowitz 

and Thannickal 2006). 

In our ex vivo organoids, primary epithelial cells from both neonatal and adult 

mice were co-cultured with the same fibroblast cell line (Mlg). After 14 days of 

culture, the fibroblasts in neonatal organoids revealed higher expression of 

PDGF-Rα when compared to the adult, induced by the higher expression of 

PDGF-A ligand in the neonatal PMEC. The extracellular domain of PDGF-A is 

shedded by a tumor necrosis factor-alpha converting enzyme (TACE) expressed 

predominantly by AEC2 and bind the receptor on fibroblasts via paracrine. TACE 

shedding via zinc-dependent metalloprotease is also reported in the shedding of 

NRG1, EGF, and TGF-β, which leads to the activation of EGFR/ERBB path-

ways(Borrell-Pagès et al. 2003a; Fabregat and Caballero-Díaz 2018; Sunnarborg 

et al. 2002; Xu et al. 2013; Borrell-Pagès et al. 2003b). It is reported that TACE 
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is regulated by the ERK (extracellular signal–regulated kinase) or p38 MAPK (mi-

togen-activated protein kinase) pathway activated by stress (hyperoxia), inflam-

mation, and growth factor(Murphy 2008; Huovila et al. 2005; Lorenzen et al. 

2016). Another study indicated that G-protein-coupled receptors (GPCR) activa-

tion also leads to the TACE upregulation(George, Hannan, and Thomas 2013).  

5.1.3 Impact of the crosstalk on epithelial-mesenchymal cell interaction 

Increase in the fibroblast number has resulted in higher organoid forming effi-

ciency in the adult co-culture, but not in the neonate, as we speculate that the 

fibroblasts initiate the organoid growth. Meanwhile in the neonates, PDGF-A ac-

tivated the PDGF pathway and induced the differentiation of Mlg cells into myofi-

broblasts. This increase led to a more predominant role of the fibroblasts in seg-

menting the organoids, mirroring the septation in vivo.  

In a gene targeted heterozygous mouse line, attenuated PDGF-Rα expression 

did not result in direct change of alveolar size or number, but reduced the sus-

ceptibility of these mice to hyperoxia and/or mechanical ventilation injury (Oak et 

al. 2017). Similarly in our ex vivo model, the isolated primary fibroblasts from 

these mice were co-cultured with neonatal PMEC in the ex vivo model. The de-

crease in PDGF-Rα expression did not result in organoid numbers after 14 days 

of culture. However, when we treated the organoid culture with ERBB3 ligand, 

the PDGF-Rα+/- group revealed an amplified effect of ERBB3 activation in AEC1 

proliferation, as indicated by HOPX positive cell number. Possibly because the 

reduced PDGF-Rα production repressed the NRG1 shedding and therefore kept 

ERBB3 signaling at a low level. ERBB3 receptor was upregulated via compensa-

tory negative feedback loop. This finding is also validated in vivo that ERBB3 
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receptor was significantly upregulated in these PDGF-Rα+/- het mouse lungs(Av-

raham and Yarden 2011). 

5.2 ERBB3 regulation under hyperoxia 

Hyperoxia is a known pathological factor that contributes to the impaired alveo-

larization in preterm babies. The oxygen injury disrupts the alveolar epithelium 

and basement membrane and provoke inflammatory factor release and recruit-

ment of monocyte to the developing lung, and also induce alveolar epithelial-to-

mesenchymal cell transition (EMT) via TGF-1β activation(Sunnarborg et al. 2002; 

Oarhe et al. 2015; Riccetti et al. 2022).  

We revealed decreased activation of ERBB3 both in vivo and in vitro after hy-

peroxia exposure, and the decrease correlated with reduced proliferation in epi-

thelial cells. Opposite to the receptor downregulation, the ligand (NRG1) was sig-

nificantly upregulated in monoculture of fibroblasts together with PDGF-Rα and 

COLLAGEN1, whereas ACTA2, a matrix fibroblast marker was downregulated 

after hyperoxia exposure. All these changes are less prominent in PDGF-Rα+/- 

fibroblasts. Both epithelial cells and fibroblasts responded to hyperoxia exposure 

in ERBB and PDGF signaling. However, the supernatant collected from hy-

peroxia exposure did not alter ERBB3 signaling in epithelial cell under normoxia, 

indicating that a dynamic interaction between the two cell types is needed for the 

NRG1 shedding and ERBB3 activation.  

In co-cultured ex vivo model, hyperoxia also reduced the epithelial cell prolifera-

tion and organoid size, possibly through repressed ERBB3 signaling. NRG1 treat-

ment partially counterbalanced the repression effect under hyperoxia. It is re-

ported that hyperoxia reduces ADAM17/TACE level in epithelial cells (Oarhe et 
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al. 2015). Our assumption is that hyperoxia reduced the endogenous NRG1 sup-

ply by repressing the sheddase activity in TACE, and exogenous treatment of 

NRG1 was able to compensate the repression.
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6. Conclusion and Outlook 

This thesis work uncovers new roles of the ErbB3 receptor tyrosine kinase in the 

alveolarization stage of lung development and disease. In summary, temporal 

ERBB3 receptors expression in neonatal mouse lung was most prominent during 

the postnatal alveolarization period (PND3-14) and localized at the septal tip in 

alveolar epithelial cells. Activation of ERBB3 signaling led to epithelial cell prolif-

eration, indicating a crucial role of ERBB signaling in alveolar epithelium elonga-

tion during secondary septation. Epithelial cell-fibroblast interaction was essential 

in activating ERBB3 signaling. Hyperoxia exposure downregulated ERBB3 sig-

naling in epithelial cells and repressed epithelial cell proliferation, and exogenous 

NRG1 treatment partially counterbalanced the repression. 

 

Parenchymal and mesenchymal cells at developmental age display distinct phys-

iological and transcriptomic signatures compared to adults. Our in vivo and in 

vitro models provided us insights about the ERBB3 pathway signaling in mono-

cultured epithelial cell line as well as in co-culture with fibroblasts. Built on the 

current understandings, we need to proceed with our research with more compo-

nents (endothelial cell, immunocyte) for the septation involved in the pathway 

network, and validate the findings in gene targeted ERBB3+/- transgenic mice. 

 

.
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ABCA3 ATP Binding Cassette Subfamily A Member 3 

ADAM a disintegrin and metalloproteinase 

AEs airway epithelial cells 

AEC1 alveolar type 1 cells 

AEC2 alveolar type 2 cells 

AQP5 Aquaporin 5 

  

BMP4 Bone Morphogenic Protein 4 

BPD Bronchopulmonary dysplasia 

BW body weight 

  

CD31 Platelet endothelial cell adhesion molecule (PECAM-1) 

CD45 Protein tyrosine phosphatase, receptor type, C 

cDNA complementary deoxyribonucleic acid 

CFE colony forming efficiency 

CO2 carbon dioxide 

COL1A1 Collagen Type I Alpha 1 Chain 

Ct cycle threshold 

  

DAB 3,3′-Diaminobenzidine 

DAPI 4′,6-diamidino-2-phenylindole 

DBE dibenzyl ether 

DMEM Dulbecco’s Modified Eagle’s Medium 

DMSO dimethyl sulfoxide 

  

ECM  extracellular matrix 

EDTA Ethylenediaminetetraacetic acid 
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EGF  epidermal growth factors  

EGFR Epidermal growth factor receptor  

EHS Engelbreth-Holm-Swarm mouse 

ERBB2 Receptor tyrosine-protein kinase erbB-2 

ERBB3 Receptor tyrosine-protein kinase erbB-3 

ERBB4 Receptor tyrosine-protein kinase erbB-4 

ERK extracellular signal-regulated kinases 

  

FBS Fetal bovine serum 

FFPE formalin fixed paraffin embedded 

FGF Fibroblast growth factors 

FiO2 Fraction of inspired oxygen 

  

GATA6 GATA Binding Protein 6 

GPCR G-protein-coupled receptors 

  

HOPX homeodomain-only protein 

HPF  high-power field 

Hprt hypoxanthine-guanine phosphoribosyl transferase 

HRG Heregulin 

  

ICAM1 intercellular adhesion molecule 1 

IF immunofluorescence 

IHC immunohistochemistry 

  

Ln5 laminin-5 

LSFM light sheet fluorescent microscopy 

Lox Lysyl oxidase-like 
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MAPK mitogen-activated protein kinase 

MFB myofibroblasts 

MLE12 Murine lung epithelial cell line 

Mlg murine lung fibroblasts cell line 

MMP metaloproteinase 

mRNA messenger ribonucleic acid 

MSCs mesenchymal stem cells 

MUC1 mucin 

  

NA numerical aperture 

NRG neuregulins 

  

PBS Phosphate-buffered saline 

PBSG-T PBS-Gelatin-Triton X-100 buffer 

PBST phosphate-buffered saline solution with a low-concentration de-
tergent solution 

PCR polymerase chain reaction 

PDGF-A platelet-derived growth factor A 

PDGF-Rα platelet-derived growth factor receptor alpha 

PDPN Podoplanin 

PET polyester 

PFA paraformaldehyde 

PI3K Phosphatidylinositol 3-kinase 

PMECs Primary mouse epithelial cells 

PND Postnatal days 

  

qPCR quantitative real-time polymerase chain reaction 

  

RA room air (21% O2) 

RIPA Radioimmunoprecipitation assay buffer 
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RNA ribonucleic acid 

rpm revolutions per minute 

  

RT room temperature 

RTK receptor tyrosine kinases  

SD standard deviation 

shh sonic hedgehog 

SP-C surfactant protein C 

  

TACE tumor necrosis factor-alpha converting enzyme 

TBS-T tris-buffered saline with a low-concentration detergent solution 

TGF-β Transforming growth factor-β  

THF tetrahydrofuran 

  

VEGF-A Vascular Endothelial Growth Factor A 

  

WB western blot 

WT wildtype 

  

α-SMA α-smooth muscle actin 
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