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1. Introduction 
 

1.1. Lung development  
 

The murine lung like other mammals is a highly complex, branched organ 

characterized by a tree-like architecture. Lung development is mediated by cellular 

rearrangment, pattern formation and coordinated signaling between multiple cellular 

compartments with much of this development being fullfiled postnataly 1–3.  The lung 

arises from the ventral forgut endoderm and a tightly regulated interaction between 

the mesenchyme and epithelium, mediated by intricate cellular communication, is 

essential for the proper patterning of the foregut along the proximal-distal axis 4. The 

branching mechanism during lung development is initiated in the embryonic stage 

and is driven by a sophisticated network of signaling pathways. Central to this 

process are Fibroblast Growth Factor 10 (FGF10), Sonic Hedgehog (SHH), and 

Wingless-related integration site (WNT) signaling. FGF10, secreted by the 

mesenchyme, promotes epithelial cell proliferation and branching by activating its 

receptor FGFR2b on the epithelial cells 5,6. SHH, produced by the epithelium, 

functions as a morphogen that regulates the growth and patterning of the 

Timeline of murine lung development 1 
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surrounding mesenchyme by modulating the expression of downstream targets in 

the mesenchymal compartment 7. The WNT signaling pathway, encompassing both 

canonical and non-canonical routes, influences cell fate decisions and maintains the 

balance between epithelial proliferation and differentiation. Canonical WNT 

signaling, through β-catenin, impacts the transcription of genes involved in cell 

growth and patterning, while non-canonical WNT pathways affect cellular orientation 

and movement 8. The interplay among these signaling pathways ensures the precise 

regulation of lung branching morphogenesis and the establishment of a functional 

respiratory architecture in parallel to the progression of lung development.  

 

1.1.1. Stages of lung development 
 
At embryonic day 8.5 (E8.5), the initiation of lung development is marked by the 

expression of NK2 homeobox 1 (Nkx2.1), a transcription factor essential for the 

specification of the foregut endoderm along the ventral anterior axis 9. Nkx2.1 

orchestrates the early differentiation of endodermal epithelial cells into lung 

progenitor cells. Following the differentiation of germ layers and gastrulation, the 

initial endodermal tube that will eventually give rise to the anterior and posterior 

foregut is formed. By E9.5, primary bronchi formation is evident, and the 

specification of the endoderm is further influenced by signaling factors from the 

adjacent mesenchyme. The commitment of cells to the endoderm lineage relies on 

the expression of transcription factors such as FOX, GLI, WNT, BMP, TBX, and FGF 

family members playing pivotal roles in regulating cell proliferation and 

differentiation 10–14. By E11.5, extensive branching of the conducting airways results 

in the formation of secondary and tertiary bronchi. Concurrently, at this stage 

cartilage formation provides structural support, and the development of terminal 

bronchioles is underway 15. Paracrine signaling from the mesenchyme induces 

further differentiation of epithelial cells, preparing them for more specialized 

functions 16.  

 

As shown above in the murine lung development timeline, the pseudoglandular 

stage occurring from E12.5 to E16.5, is characterized by the development of a 

complex network of airways and the formation of a initial lung buds 17,18. During this 

stage, epithelial cells differentiate further  into ciliated and secretory cells, while the 
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mesenchyme bound Fgf10, expressed in the distal mesoderm, regulates lung 

development by promoting epithelial cell proliferation and branching morphogenesis 

through interaction with Fgfr2b, possibly via various downstream signaling pathways 

such as WNT ligand/Frizzled 2 receptor signaling and HIPPO/YAP signaling, which 

regulates myosin light chain kinase activity, creating mechanical forces influencing 

cell shape required for branching morphogenesis 19,20.  

 

It is also worth noting that Fgf10 expression is negatively regulated by transforming 

growth factor-beta receptor 2 (Tgfβr2) signaling in the mesoderm and retinoic acid 

(RA), which is more prevalent proximally 21. Additionally, Fgf9, produced in both the 

mesothelium and epithelium, stimulates Fgf10-expressing mesenchymal cell 

proliferation and inhibits bone morphogenetic protein 4 (BMP4) and noggin in 

response to Sonic Hedgehog (SHH) signaling 22. Shh enhances mesenchymal 

proliferation and Bmp4 expression while suppressing Fgf10 and increasing the 

expression of the Hedgehog-interacting inhibitory protein (Hhip). The partial rescue 

of the Shh-null lung phenotype by Gli3 deletion indicates that the repressor form of 

Gli3 modulates mesenchymal proliferation and Foxf1 expression 23. Although Wnt7b 

promotes mesodermal proliferation through Axin2 and Lef1, loss of Wnt2 leads to 

significant lung hypoplasia due to decreased cell proliferation 24,25. The effects of 

BMP signaling on cellular responses are influenced by ligand levels, signaling 

interactions, and cell types, indicating its multifaceted roles in lung development and 

postnatal maturation 26.  

 

The canalicular and saccular stages, spanning from E16.5 to postnatal day 4 (P4), 

constitute a critical period in lung development characterized by the formation of 

respiratory bronchioles and the differentiation of epithelial cells into type I and type 

II alveolar epithelial cells (AT1 and AT2). Type I alveolar epithelial cells, which are 

thin and specialized for efficient gas exchange, and AT2, which secrete surfactant 

to reduce surface tension within the alveoli, are both vital for establishing functional 

respiration 27,28. During this stage, the mesenchyme undergoes significant 

vascularization, with the development of a complex pulmonary capillary network that 

is essential for effective gas exchange 29. Key regulatory genes such as Sftpb and 

Sftpc drive surfactant production, while VEGF is crucial for vascular development in 

the developing lung 30. The structural maturation of the lung includes the formation 
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of alveolar sacs, which are precursors for mature alveoli, facilitated by interactions 

between epithelial cells expressing Nkx2-1 and Sox2 and mesenchymal cells. The 

transition from the canalicular to the saccular stage of lung development is 

characterized by ongoing and refined epithelial-mesenchymal interactions that are 

crucial for the proper maturation of the lung. During this period, the terminal (acinar) 

airways undergo significant growth, both in length and in diameter, resulting in the 

formation of increasingly larger airspaces. This growth is marked by the expansion 

of the terminal ends of the airways, which develop into larger, sac-like structures 

known as sacculi. These sacculi are pivotal in this stage as they represent the 

precursors to the mature alveoli, facilitating the preparation of the lung for its primary 

function of gas exchange postnatally. Exposure to hyperoxia and inflammation 

during this critical period of lung development in preterm infants can lead to enduring 

alterations in lung maturation, often resulting in irreversible structural damage and 

chronic respiratory issues 31. The development and maturation of these structures 

are driven by complex signaling pathways involving epithelial and mesenchymal cell 

interactions, ensuring that the lung’s architecture and functionality are fully 

established by birth 32.  

 

1.1.2. Alveolar maturation and emergence of alveolar myofibroblasts  
 

The alveolar stage of lung development in mice, spanning from postnatal day 4 (P4) 

to the end of the second postnatal week, is characterized by significant maturation 

and expansion of alveoli, the primary sites for gas exchange. During this period, 

alveolar type II cells (AT2s) further differentiate into alveolar type I cells (AT1s), 

facilitating efficient gas exchange. This differentiation is crucial as AT1 cells cover a 

large surface area and are thin enough to allow for the rapid diffusion of gases. 

Simultaneously, the surrounding mesenchyme undergoes extensive 

vascularization, leading to the formation of a dense pulmonary capillary network that 

is essential for gas exchange 33,34. This vascularization is driven by various growth 

factors and signaling pathways, including VEGF and fibroblast growth factor FGF, 

which are crucial for the development of the pulmonary vasculature1.  

 

A key feature of this stage is the emergence of a specific mesenchymal cell 

population known as alveolar myofibroblasts (AMFs). These cells share 
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characteristics with both fibroblasts and smooth muscle cells and are identified by 

their expression of markers such as alpha smooth muscle actin (Acta2), platelet-

derived growth factor receptor alpha (Pdgfrα), and glioma-associated oncogene 

homolog 1 (Gli1). AMFs play a pivotal role in promoting alveologenesis, contributing 

to the structural integrity and functionality of the developing alveoli 35–37. AMFs are 

also believed to promote alveologenesis as during the alveolar stage, the lung 

undergoes a series of morphological changes that are essential for the formation of 

functional alveoli. The process of alveologenesis involves the subdivision of 

primitive alveolar sacs into smaller units, increasing the surface area available for 

gas exchange. This is achieved through the formation of secondary septa, which 

are thin walls that protrude into the alveolar sacs. AMFs are instrumental in this 

process as they produce and organize the extracellular matrix components 

necessary for septation. The extracellular matrix provides the structural framework 

that supports the alveolar walls and maintains the integrity of the alveolar 

architecture. Additionally, AMFs secrete growth factors and cytokines that influence 

the behavior of other cell types within the lung, further promoting alveolar 

development 38–40.  

 

The differentiation and function of AMFs are tightly regulated by a complex network 

of key  signaling pathways, including the insulin-like growth factor (IGF), WNT, 

prenatal FGFR2, SHH, PDGF, and TGF-β pathways 41–46. These pathways are 

crucial for the differentiation and maintenance of AMFs during the alveolar stage. 

For instance, the WNT signaling pathway is known to regulate the proliferation and 

differentiation of mesenchymal cells, while the TGF-β pathway is involved in the 

production of extracellular matrix components that provide structural support to the 

alveoli. The IGF signaling pathway, for example, plays a critical role in the 

proliferation and survival of AMFs. IGF signaling is mediated through the activation 

of the IGF-1 receptor, which triggers downstream signaling cascades that promote 

cell growth and prevent apoptosis. Similarly, SHH signaling is essential for the 

maintenance of the mesenchymal progenitor cell population from which AMFs are 

derived47. Disruptions in these signaling pathways can lead to defects in alveolar 

development and are associated with various lung diseases, such as 

bronchopulmonary dysplasia (BPD) and pulmonary fibrosis 46. However, once the 

process of developmental alveologenesis is complete, it is widely believed that 
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AMFs are eliminated from the lung through apoptotic mechanisms mediated by 

CD11+ alveolar macrophages, ensuring that the lung maintains its proper structure 

and function into adulthood 48–50.  

 

1.1.3. Human lung development 
 

Human lung development, akin to that of the murine lung, is also delineated into 

five key morphological stages: embryonic, pseudoglandular, canalicular, saccular, 

and alveolar 51. These stages represent critical developmental transitions and are 

marked by overlapping timelines, reflecting the non-synchronous nature of lung 

development 52. This overlap is attributed to the inherent variability in 

developmental processes, influenced by both genetic and environmental factors 
53,54. The embryonic stage, occurring between 3-6 post-conception weeks (pcw), 

involves the formation of the lung bud from the foregut endoderm, which then 

bifurcates to form the primary bronchi 55. The pseudoglandular stage, spanning 

pcw 6-16, is characterized by the branching morphogenesis that forms the 

bronchial tree. During this period, the airways continue to branch extensively, 

forming the conducting airways 56. The canalicular stage, from pcw 16-26, sees 

the differentiation of the epithelium and the formation of the respiratory bronchioles 

and alveolar ducts. This stage is crucial for the development of the air-blood 

barrier, as the capillary network becomes closely associated with the developing 

alveoli. Additionally, the canalicular stage is marked by the appearance of type I 

and type II alveolar cells, which are essential for gas exchange and surfactant 

production, respectively. While the saccular stage in human lung development, 

occurring between pcw 26-36, involves the formation of terminal sacs or primitive 

alveoli, which are lined by type I and type II alveolar cells. The final alveolar stage, 

from pcw 32 to 8 years of age, is marked by the maturation and multiplication of 

alveoli, significantly increasing the surface area for gas exchange 57,58. This 

coordinated development ensures the proper formation and function of the lung, 

enabling efficient gas exchange and respiratory function essential for life. 
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1.2. Chronic incurable lung diseases  
 

Lung injuries encompass a broad spectrum of conditions that can severely impair 

respiratory function. These injuries may result from various causes, including 

infections, mechanical trauma, chemical exposure, and inflammatory diseases. For 

instance, acute respiratory distress syndrome (ARDS) is a severe form of lung injury 

often triggered by infections such as pneumonia or sepsis. ARDS is characterized 

by widespread inflammation and increased permeability of the alveolar-capillary 

barrier, leading to fluid accumulation in the lungs and impaired gas exchange 59. 

Lung injuries can also occur due to autoimmune conditions like rheumatoid arthritis 

or systemic lupus erythematosus, where the immune system mistakenly attacks 

lung tissue 60. Additionally, lung injuries leading to ARDS may result from direct 

physical damage, such as that caused by blunt force trauma or inhalation of harmful 

substances, including smoke or toxic chemicals 61,62. 

 

Chronic lung injuries, such as those seen in chronic obstructive pulmonary disease 

(COPD) or pulmonary fibrosis, involve long-term damage to lung tissue, resulting in 

progressive loss of lung function. These conditions are often exacerbated by 

environmental factors like smoking or prolonged exposure to pollutants. In COPD, 

for example, the inhalation of toxic substances leads to persistent inflammation and 

remodeling of the airways 63, while pulmonary fibrosis is characterized by excessive 

deposition of extracellular matrix proteins, leading to stiffening and scarring of lung 

tissue 64,65. 

 

The response to lung injury often involves a complex interplay of cellular and 

molecular mechanisms aimed at repairing damaged tissue. A recent study has 

shown in bleomycin-induced lung fibrosis model that activated myofibroblast (aMYF) 

are heterogeneous, with a significant potential for shift toward a LIF-like phenotype 
66. However, in many cases, these reparative processes can become dysregulated, 

leading to chronic inflammation, fibrosis, or other pathological changes that further 

compromise lung function. Understanding the underlying mechanisms of lung 

injuries and the factors that influence their progression is crucial for developing 

effective therapeutic strategies to mitigate these conditions. 
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1.2.1. Mouse models of injury, repair and regeneration 
 

Mouse models are invaluable tools in studying injury, repair, and regeneration 

processes due to their genetic similarities to humans and the ability to manipulate 

their genomes 67,68. These models replicate various types of lung injuries seen in 

humans, such as acute lung injury (ALI), COPD, and pulmonary fibrosis 69–71. The 

significance of these models lies in their ability to mimic human lung diseases at a 

molecular and cellular level, providing insights into disease mechanisms and 

potential therapeutic targets. 

 
1.2.2. The pneumonectomy model 

 
Compensatory lung growth (CLG) in mice is a vital model for studying regrowth and 

regeneration, as it effectively mimics the lung’s inherent regenerative capacity 

following partial resection 72,73. In this model, the remaining lung tissue undergoes 

compensatory growth to restore overall pulmonary function by proliferation of 

alveolar epithelial cells and the expansion of the gas exchange area, facilitated by 

increased blood flow and mechanical stretch 74. Proliferation and expansion of 

various cell types in the epithelial, endothelial, mesenchymal, and myeloid 

compartments are some of the hallmark features of CLG 75–77. Mesenchymal cells, 

located at the interface between the epithelial lining and the stroma, act as a 

signalling hub among diverse cellular compartments of the lung 78. Mesenchymal 

contraction is critical for re-septation, which is essential for the structural and 

functional maturation of the lung 79. Key paracrine signalling pathways, including 

those involving growth factors such as keratinocyte growth factor (KGF), IGF1, 

Hippo and TGF-β, play crucial roles in mediating CLG after partial pneumonectomy 
80–82. This model has also recently been proposed to study pulmonary hypertension 
83,84.  

 

Previous studies have also highlighted the role of various epithelial lineages, 

particularly SFTPC+ AT2 cells, in driving AT1 regeneration after lung resection. 

Additionally, quiescent and immature AT2 progenitor cells in mice, which expand 

following pneumonectomy, suggest the presence of a similar population in human 
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lungs, characterized by low differentiation marker expression, distinct chromatin 

accessibility, and overexpression of PD-L1 85,86. 

 

In the context of lung cancer, CLG can have both beneficial and detrimental effects. 

On one hand, the regenerative capacity of the lung can help restore lung function 

and improve the quality of life for patients who have undergone surgical resection 

of lung tumours 72. On the other hand, the hyperplastic environment created during 

CLG can potentially enhance tumorigenesis. Studies have shown that in mice 

treated with carcinogens, such as 3-methylcholanthrene, the incidence of lung 

tumours is significantly higher in those that have undergone PNX 87. This suggests 

that the regenerative processes involved in CLG may inadvertently promote the 

growth of residual cancer cells or the development of new tumours, while minimizing 

the risks associated with cancer recurrence or progression 88,89.  

 

1.2.3. Chronic obstructive pulmonary disease and cigarette smoke-
induced emphysema 

 
Chronic Obstructive Pulmonary Disease (COPD) is a debilitating condition 

characterized by persistent airflow limitation and chronic inflammation. This 

condition is primarily caused by long-term exposure to harmful particles or gases, 

with cigarette smoke exposure (CSE) being the most significant contributor. COPD 

encompasses several respiratory disorders, including chronic bronchitis and 

emphysema, which together lead to a progressive decline in lung function and 

quality of life 90,91. One of the key pathological features of COPD is emphysema 92, 

a condition marked by the destruction of alveolar walls and the loss of lung elasticity. 

In emphysema, the walls between the alveoli are damaged, leading to larger but 

fewer alveoli. This reduces the surface area available for gas exchange, resulting in 

impaired oxygen and carbon dioxide transfer. The loss of lung elasticity further 

exacerbates this problem, making it difficult for the lungs to expand and contract 

effectively during breathing. As a result, individuals with emphysema often 

experience shortness of breath, chronic cough, and a decreased ability to perform 

physical activities 93. Previous research has shown that CSE-induced emphysema 

is driven by a complex interplay of inflammatory responses, oxidative stress, and an 

imbalance between proteases and antiproteases, ultimately resulting in the 
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breakdown of the lung extracellular matrix. Similarly, studies utilizing cigarette 

smoke-induced emphysema in experimental models have provided evidence for 

epithelial cell death as well as onset of vascular remodelling leading to pulmonary 

hypertension 94–97. 

 

1.2.4. Pathogen-induced lung injuries  
 
Pathogen-induced lung injuries are a significant cause of morbidity and mortality 

worldwide, resulting from the invasion of various microorganisms, including viruses, 

bacteria, and fungi. These pathogens trigger a range of immune responses that, 

while intended to eliminate the invading organisms, often lead to extensive tissue 

damage. Viral pathogens like Influenza A virus (IAV) 98, respiratory syncytial virus 

(RSV) 99, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

initiate lung injuries by infecting respiratory epithelial cells, leading to cell death and 

disruption of the epithelial barrier 100. This disruption allows pathogens to invade 

deeper lung tissues and triggers a robust inflammatory response. The resulting 

cytokine storm, characterized by excessive production of pro-inflammatory 

cytokines, can cause widespread alveolar damage, increased vascular permeability, 

and the formation of pulmonary edema 101. Such immune responses, while critical 

for controlling infection, can lead to ARDS characterized by diffuse alveolar damage 

and impaired gas exchange. 

 

Bacterial pathogens, such as Streptococcus pneumoniae and Pseudomonas 

aeruginosa, can also induce lung injuries primarily through the release of toxins and 

the activation of inflammatory pathways 102–104. These bacteria can cause direct 

injury to lung tissue through the secretion of exotoxins and endotoxins, which disrupt 

cellular functions and provoke a strong neutrophilic response 105. The recruitment 

and activation of neutrophils, although essential for bacterial clearance, can lead to 

the release of reactive oxygen species (ROS) and proteases, further damaging the 

lung parenchyma. Additionally, pathogen-associated molecular patterns (PAMPs) 

from both bacterial and viral sources activate pattern recognition receptors (PRRs) 

on immune cells, leading to the amplification of the inflammatory response 106,107. 

The excessive inflammation and tissue injury caused by these pathogens not only 



Introduction   
 

11 

compromise lung function but can also predispose the lung to secondary infections 

and chronic conditions, such as bronchiectasis or even fibrosis 108,109.  

 
1.2.5. Influenza A virus  

 

Influenza A virus (IAV) is a member of the Orthomyxoviridae family, a zoonotic 

pathogen responsible for causing respiratory diseases in humans and animals 110. 

Structurally, IAV is characterized by an envelope surrounding eight segments of anti-

sense single-stranded RNA (ssRNA), each tightly associated with nucleoproteins. 

The viral capsid features major glycoproteins, haemagglutinin (HA) and 

neuraminidase (NA), which are critical for the virus’s infectivity and antigenicity, as 

they are the primary targets for host antibodies and determine the viral subtype 
111,112. IAV is notorious for its high mutation rate, particularly in its structural genes, 

facilitating the emergence of novel strains to which the human population has little 

pre-existing immunity. Upon entry into the host through the oral or nasal cavities, 

IAV first encounters the mucus layer covering the respiratory epithelium. Successful 

penetration of this barrier allows the virus to attach to and invade respiratory 

epithelial cells, subsequently spreading to both non-immune and immune cells, such 

as macrophages and dendritic cells within the respiratory tract 113,114. IAV entry is 

facilitated by its binding to sialic acid (SA)–terminating glycan receptors, with avian 

influenza strains typically recognizing α2,3-linked sialylated glycans and mammalian 

strains preferring α2,6-linked sialylated glycans. This receptor specificity plays a 

crucial role in the interspecies transmission of IAV, contributing to its persistent 

threat to public health 115. 

 

1.2.6.  Influenza-induced lung Injury 
 
IAV infections in humans typically begin in the respiratory tract and are usually 

confined to this region. IAV can infect both the upper and lower respiratory tracts, 

often leading to severe outcomes. In the United States, influenza causes 

approximately 200,000 hospitalizations and 36,000 deaths annually. These 

numbers can surge during pandemics, such as the 1918 Spanish influenza, which 

resulted in 600,000 deaths in the U.S. alone and around 40 million deaths worldwide 
116–118. A major factor contributing to the severity of IAV infections is the potential 
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development of ARDS, defined as “acute onset of noncardiogenic pulmonary 

oedema, hypoxaemia and the need for mechanical ventilation” and is characterized 

by rapid-onset pneumonia, diffuse alveolar damage, hypoxemia and a significant 

rise in inflammatory cytokines. The mortality rate for ARDS is approximately 40%, 

and there is no specific conventional therapy available. Current treatment is 

primarily supportive, involving mechanical ventilation, fluid management, and prone 

positioning 59,119.   

 

IAV relies heavily on HA for host cell recognition and attachment. Once recognized, 

the virus exploits the host cell machinery to transfer its genome to the nucleus, 

where transcription, translation and replication commence. The innate immune 

system provides a robust defence against the influenza virus, primarily through pro-

inflammatory cytokines, interferons, and chemokines 120,121. The initial step in IAV 

infection involves the virus binding to surface glycoconjugates containing terminal 

SA residues, mediated by its HA molecules 122,123. This HA-mediated binding leads 

to endocytosis of the virion, which can occur via clathrin-dependent pathways 

involving dynamin and the adaptor protein Epsin-1, or through micropinocytosis. 

Once inside the host cell, the virus is transported to the endosome, where the low 

pH activates the M2 ion channel, triggering significant structural changes in HA and 

exposing the fusion peptides. This process acidifies the viral protein and releases 

viral ribonucleoproteins (vRNPs) into the host cytoplasm after their dissociation from 

the M1 protein 124–126. Following the release of vRNPs into the cytoplasm, the virus 

utilizes the host cell transport machinery to move these complexes into the nucleus 
127. Studies have shown that vRNPs use the importin-α/importin-β nuclear import 

pathway to enter the nucleus 128,129. 

 

1.2.7.  Resolution of IAV-induced lung Injury 

 

IAV infection results in significant damage to the basement membrane across the 

upper and lower airways, leading to a loss of lung architecture 130,131. To restore 

effective gas exchange, a robust regenerative response is essential. This response 

encompasses the resolution of inflammation, deposition of extracellular matrix, 

proliferation of progenitor cells, and re-establishment of the alveolar-capillary barrier. 

The production of antibodies targeting the NA and HA proteins on the viral surface 
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is critical for viral clearance and prevention of reinfection by the same IAV strain 132. 

Clearance of the viral load is closely associated with the resolution of acute 

inflammation, a process involving various T-cell populations. 

 

CD8+ T-cells play a pivotal role in this process by producing the anti-inflammatory 

cytokine IL-10. Activated macrophages express the co-stimulatory molecule CD86, 

which facilitates the expansion of FOXP3+ regulatory T-cells (Tregs). These Tregs 

are crucial for suppressing cytokine release by neutrophils. Studies have 

demonstrated that the transfer of Tregs into immunodeficient mice effectively 

controls the otherwise lethal inflammation mediated by immune cells during IAV 

infection 133–135.  

 

Type I interferons (IFNs) inhibit T-helper 17 (Th17) responses and reduce neutrophil 

recruitment, while Interferon Gamma (IFN-γ) suppresses the expression of the 

scavenger receptor MARCO on alveolar macrophages. Interleukin-22 (IL-22), a 

tissue-protective cytokine produced by lymphoid tissue inducer cells and innate 

lymphoid cells, plays a key role in lung regeneration 136,137. IL-22 enhances the 

expression of genes involved in tissue repair and promotes the upregulation of anti-

apoptotic proteins such as BCL2 and BCL2l1 138–140. 

 

IL-33, also secreted by lymphoid cells, induces the production of amphiregulin—a 

member of the epidermal growth factor (EGF) family—that is essential for 

maintaining epithelial integrity and proper airway remodelling 141. Additionally, 

monocyte-derived alveolar macrophages secrete hepatocyte growth factor (HGF), 

a potent lung epithelial mitogen, which drives the proliferation of AT2s in IAV-infected 

mice 142.  Tissue-resident alveolar macrophages further support the regeneration of 

type II alveolar epithelial cells through a mechanism dependent on tumor necrosis 

factor-alpha (TNF-α) and granulocyte-macrophage colony-stimulating factor (GM-

CSF) 143–145. 

 

1.2.8. IAV-induced injury and epithelial repair 
 

The regeneration of lung tissue following influenza-induced damage involves 

several specialized progenitor cells, each contributing to the repair of specific areas. 
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In the trachea and bronchus, basal cells with dual expression of Trp63 and Krt5 are 

essential for restoring the epithelial barrier 146. These cells are capable of 

proliferating and differentiating to replace damaged tissue. Distal airway stem cells 

(DASCs) 147, which also express TRP63 and KRT5, are key players in the repair 

process. Unlike tracheal basal cells, DASCs derive from a distinct lineage and are 

crucial for the regeneration of the distal lung regions. These cells require Notch 

signalling to become activated and can differentiate into alveolar epithelial cells, thus 

contributing to the repair of alveolar structures that have been compromised by viral 

infection 148. In this regard, a subset of airway secretory cells marked by Il22ra1 

have recently been shown to populate inflamed lung parenchyma after IAV-induced 

injury driving epithelial re-differentiation falling short of restoring normal alveolar 

epithelium 149.  

 

In the distal airways, two main progenitor cell populations play a crucial role in lung 

repair. First, AT2 cells, which express surfactant protein C (SFTPC), are vital for both 

producing surfactant and serving as progenitors for alveolar regeneration. After 

influenza infection, AT2 cells actively proliferate to repair the damaged alveolar 

epithelium 150. Importantly, AT2 cells also express high levels of major 

histocompatibility complex class II (MHCII) molecules, contributing to host defence 

by supporting adaptive immune responses while minimizing excessive 

inflammation, as shown in recent studies 151,152.  

 

Additionally, a unique subset of club cells, characterized by ITGB4+ and CD24low 

expression, assists in repairing the distal airway epithelium. These cells, located in 

the bronchiolar regions, contribute to the restoration of epithelial integrity by 

proliferating and differentiating into various cell types necessary for lung 

regeneration 153–155.  In this regard, previously bronchioalveolar stem cells (BASC) 

and BASC-derived cells have been shown to also moderately expand following IAV-

induced injury 156. Epithelial stem/progenitor cells (EpiSPC) responsive to Fgfr2b 

signalling have also have been to expand, renew and regenerate lung, and 

administering exogenous FGF10 enhanced the regenerative potential of non-

infected EpiSPC, improving lung repair and survival after IAV-induced injury 157. 

Collectively, these progenitor cells are integral to the lung ability to recover from 
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influenza-induced injury, working in concert to restore both the structure and function 

of the airways and alveoli.  

 

1.2.9.  Influenza and mesenchyme: A fibrosis-like response to infection and 
injury 

 

During IAV infection, lung fibroblasts undergo distinct activation states, including 

extracellular matrix (ECM)-synthesizing and damage-responsive states. This 

activation is characterized by the production of ECM components and remodelling 

enzymes, such as ADAMTS4 158, which lead to the deposition of fibrotic tissue. 

Excessive ECM remodelling contributes to lung stiffness and disrupts alveolar 

architecture, significantly impairing gas exchange and overall lung function. The 

pathological role of these fibroblasts in driving fibrosis highlights the dual nature of 

mesenchymal responses in lung injury. 

 

Lung mesenchymal cells, particularly fibroblasts, play a crucial role in modulating 

the inflammatory response during IAV infection. Upon activation, these cells secrete 

a variety of cytokines and chemokines, which attract immune cells to the site of 

infection159. While this process is essential for effective viral clearance, the intense 

immune response can lead to collateral damage in the lung, thus exacerbating 

injury. The balance between necessary inflammation and harmful overactivation is 

a critical aspect of mesenchymal involvement in IAV-induced lung pathology 157,160. 

IAV infection triggers epithelial-mesenchymal transition (EMT) in lung tissues, a 

process driven by the activation of TGF-β signalling within the mesenchyme. EMT 

involves the transformation of epithelial cells into a mesenchymal phenotype, 

contributing to the development of fibrosis. This transition not only exacerbates the 

fibrotic response but also leads to long-term structural changes in the lung, which 

can result in chronic lung disease. The role of mesenchymal cells in facilitating EMT 

underscores their contribution to the fibrotic remodelling seen in severe IAV 

infections 161 .  

 

Some of the fibroblast growth factors (FGFs) produced by lung mesenchyme are 

important regulators of viral replication and spread during IAV infection. Previously, 

Fgfr1 has been shown to suppress IAV replication, silencing the Fgfr1 leads to 
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increased viral replication, whereas overexpression of Fgfr1 reduces IAV levels. 

This suggests that mesenchymal Fgfr1 is a protective factor, limiting the severity of 

infection by directly interfering with the virus’s ability to replicate within the host cells 
162,163. Intra-tracheal application of recombinant FGF10 have been shown to 

counteract the impaired Fgfr2b-mediated renewal response in IAV-infected mice by 

increasing the recruitment of non-infected Fgfr2bhigh EpiSPCs. FGF10 treatment 

significantly enhanced EpiSPC proliferation, improved lung architecture, re-

established epithelial structures, and increased survival rates compared to PBS-

treated controls, highlighting FGF10 therapeutic potential for epithelial regeneration 
157
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2. Objectives 

Understanding the role of mesenchymal cells in lung regeneration is critical for 

openning novel research avenues for future therapy. This is because such cells form 

the in vivo niche that instruct epithelial progenitor cell activation and subsequent 

behavior during physiological repair and regeneration. This project aims to address 

this knowledge gap by focusing on AMFs, a key mesenchymal cell type, and their 

dynamic contributions to lung development, homeostasis, repair, and regeneration. 

Investigating AMFs across different stages of life and in response to various lung 

injuries will provide essential insights into their functional roles and interactions with 

epithelial progenitors within the lung, ultimately advancing our understanding of lung 

tissue repair mechanisms and identifying potential therapeutic targets and 

candidates. The aims can be summarized as follows: 

 

2.1. Characterize AMFs during developmental alveologenesis, 
homeostasis and aging in mice 

 
Using a mouse model, this study aimed to comprehensively characterize the spatio-

temporal distribution and validate the transcriptomic signature of AMFs during key 

phases of lung development, maintenance, and aging. By utilizing single-cell RNA 

sequencing (scRNA-seq), lineage tracing, and 3D confocal imaging, this research 

seeks to achieve a detailed understanding of AMF dynamics throughout the mouse’s 

lifespan. Specifically, AMFs will be profiled at various life stages to identify changes 

in gene expression and cellular states, revealing distinct transcriptomic signatures 

associated with developmental and aging processes. Additionally, 3D confocal 

imaging will provide spatially resolved information on AMF distribution and their 

interactions within the lung tissue. This integrated approach will map the spatial 

organization of AMFs and elucidate their relationships with other lung cell types, 

offering a comprehensive view of their location across different stages of lung 

development and aging. 

2.2. Investigate the contribution of AMF-like cells to alveolar regeneration 
after lung injury 
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To determine the contribution of AMF-like cells to alveolar regeneration, this study 

will examine their role during the repair and recovery phases following various injury 

models. Using a mouse model of IAV-induced lung injury, along with additional 

models for compensatory lung growth following partial pneumonectomy (PNX) and 

chronic cigarette smoke exposure (CSE), the project will assess how AMF-like cells 

contribute to the restoration of alveolar structures and lung function. Transcriptomic 

and spatial changes in response to various lung injuries will be investigated.  

 

2.3. Test functional requirement of AMFs and AMF-like cells for lung 
regeneration 

 
To test the functional requirement of AMFs and AMF-like cells for the 

regeneration of the lung, a combination of IAV-induced lung injury and selective 

ablation of AMF-like cells using the inducible diphtheria toxin receptor (IDTR) system 

will be utilized. The impact of cell ablation on the regeneration processe will be 

determined by comparing lung recovery in mice with and without the ablation. Key 

endpoints will include the histological evaluation of alveolar structure restoration,  

and the overall effectiveness of regeneration using ex vivo organoids and scRNA-

seq with surviving cell populations. This approach will provide critical insights into 

the functional contributions of AMFs and AMF-like cells to the regeneration process 

following IAV-induced injury, helping to elucidate the role of such cells. The status of 

AMF-like cells will also be investigated in human patient-derived lung materials.



Material and methods   
 
 

19 

3. Materials and Methods 

 

3.1. Mice and tamoxifen administration 
All animal studies were performed according to protocols approved by the Animal 

Ethics Committee of Justus Liebig University Giessen and by the local authorities 

(Regierungspraesidium Giessen). Mice were housed in a specific pathogen-free 

(SPF) environment with unrestricted access to food and water. Acta2-Cre-ERT2 

mice (STOCK Tg(Acta2-cre/ERT2)12Pcn) were generously provided by Dr. Pierre 

Chambon from the University of Strasbourg, France. Gli1Cre-ERT2 mice (STOCK 

Gli1tm3(cre/ERT2)Alj/J, JAX stock number 007913), tdTomatoflox mice (B6;129S6-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) (JAX stock number 007905) and iDTRflox mice 

(C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J) were purchased from the Jackson 

Laboratory. To induce Cre-ERT2-mediated genetic recombination, mice were 

exposed to tamoxifen as described in the corresponding figure legends. For 

subcutaneous (s.c.) or intraperitoneal (i.p.) injections, tamoxifen stock (20 mg/mL) 

was prepared by dissolving tamoxifen powder in corn oil (both from Sigma) and 

administered at a dose of 0.5 mg per pup at postnatal day 4 (P4) (approval number 

G83/2017) or 0.1 mg/g body weight in the adult stage (approval numbers G57/2021 

and G75/2022), respectively. Tamoxifen-containing pellets (0.4 g tamoxifen per kg 

pellets) were purchased from Altromin and was administered for one week 

whenever indicated (approval number G06/2017).  

 

3.2. Mouse genotyping 
  

Table Primer sequences and protocols for genotyping. 

Mouse Line Primer sequence PCR Protocol 
Step Temp.(ₒC) Time 

Acta2-CreERT2 F: ATT TGC CTG CAT TAC CGG 
TC 

R: ATC AAC GTT TTG TTT TCG 
GA 

1 94 30sec 
2 94 30 sec 

3 51,7 1 min 

4 (repeat 72 1 min 
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Step 2-4 
35 times 

total) 
  5 

 
72 2 min 

  6 12 hold 
 
Gli1CreERT2 
(Mutant + WT) 

F: GCG GTC TGG CAG TAA 
AAA CTA TC 

R: GTG AAA CAG CAT TGC TGT 
CAC TT 

F(WT): GGG ATC TGT GCC TGA 
AAC TG 

R(WT): CTT GTG GTG GAG TCA 
TTG GA 

1 94 30 sec 

2 94 30 sec 

3 51,7 1 min 
4 (repeat 

Step 2-4 
35 times 

total) 

72 1 min 

  5 
 

72 2 min 

  6 12 hold 

 
iDTR F: GCG AAG AGT TTG TCC TCA 

ACC 

R: AAA GTC GCT CTG AGT TGT 
TAT 

WT: GGA GCG GGA GAA ATG 
GAT ATG 

 

1 94 30 sec 

2 94 30 sec 

3 65 1 min 
4 (repeat 

Step 2-4 
35 times 

total) 

72 1 min 

  5 
 

72 2 min 

  6 10 hold 
 
tdTomato F: CTG TTC CTG TAC GGC 

ATG G 
 

R: GGC ATT AAA GCA GCG 
TAT CC 

F(WT): CCG AAA ATC TGT 
GGG AAG TC 

R(WT): AAG GGA GCT GCA 
GTG GAG TA 

1 94 30 sec 

2 94 30 sec 
3 61 1 min 

4 (repeat 

Step 2-4 
40 times 

total) 

72 1 min 

  5 
 

72 2 min 

  6 4 hold 
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3.3. Pneumonectomy 
The samples used to analyze AMFs in sham and pneumonectomized mice were 

generated in a previous study 86. Briefly, C57BL6 mice were subjected to surgery 

(sham or pneumonectomy (PNX)) at 8-12 weeks of age. In the PNX group, the left 

lung lobe was resected while in the sham control group, thoracotomy was performed 

without lung removal. At days 7 and 14 post-surgery, mice were euthanized, and 

lungs were isolated. The left lobe was excluded from the analysis in the sham group 

to maintain consistency with the PNX group, which had the left lobe removed. 

 
3.4. Cigarette smoke-induced emphysema   

For cigarette smoke (CS) exposure, adult Gli1Cre-ERT2; tdTomatoflox mice were 

exposed to mainstream smoke from 3R4F cigarettes (Lexington, KY) for a duration 

of 8 months. Such exposure occurred five days a week for 6 h each day, resulting 

in an exposure level of 200 mg of particulate matter per m3. Cigarette smoke was 

generated using a Burghart cigarette smoke generator from Wedel, Germany. Age-

matched control mice were kept under identical conditions but were not exposed to 

cigarette smoke (referred to as room air (RA) controls). During the last week of the 

8-month exposure period, mice were fed tamoxifen-containing pellets to label GLI1+ 

cells. To promote regeneration following emphysema, mice were administered with 

L-NIL, an inducible nitric oxide synthase (iNOS) inhibitor, through drinking water for 

a period of 3 months. L-NIL treatment has already been shown to reverse 

emphysema in various models 164,165. At the end of the 3-month L-NIL regimen, mice 

were sacrificed, and lungs were isolated for further analysis. These experiments 

were approved by the local authorities (approval number G06/2017). 

 

3.5. Influenza-A virus-induced lung injury 
Mice were anesthetized and intratracheally inoculated with 400 focus forming units 

(FFU) of influenza A/PR/8/34 (PR8; a mouse adapted H1N1 influenza virus). The 

virus was diluted in sterile PBS to a total volume of 70 µL. These experiments were 

approved by the local authorities (approval number G57/2021). For ablating GLI1+ 

cells, adult Gli1Cre-ERT2; tdTomatoflox; iDTRflox mice (8-12 weeks old) received i.p. 

injections of 100 ng diphtheria toxin (DTX) (Sigma, D0564-1MG) dissolved in sterile 

phosphate-buffered saline (PBS) solution at days 10, 11 and 12 after PR8 infection. 



Material and methods   
 
 
 

22 

The ablation experiments were approved by the local authorities (approval number 

G75/2022). 

3.6. Tissue sectioning 
To prepare tissue samples for histological analysis, lungs were flushed by 

transcardiac perfusion with sterile PBS. Subsequently, different protocols were 

followed based on the intended analysis. For paraffin embedding, the lungs were 

first fixed in 4% paraformaldehyde, dehydrated through a series of ethanol 

solutions, cleared in xylene, and then embedded in paraffin wax. Once embedded, 

the tissue blocks were sectioned using a rotary microtome (Leica), typically at a 

thickness of 5 µm, and the sections were mounted on Superfrost Plus microscope 

slides (#03-0060, R. Langenbrinck GmbH). For cryosectioning, the lungs are 

embedded in compound Tissue-Tek optimal cutting temperature (OCT) compound 

(#4583, Sakura) and rapidly frozen. The frozen tissue blocks are then sectioned 

using a cryotome (Leica) at a thickness of 7 µm, allowing for the preservation of 

reporter (tdTomato), enzyme activity and antigenicity. Thicker sections of 200 µm 

were generated using vibrotome (Leica) by first inflating perfused lungs with 1.5% 

ultra-low melting point agarose (Sigma) and then embedding in 4% agarose, 

tissues were sliced into precision-cut lung slices (PCLS). These thicker sections 

were used for whole mount immunofluorescence stainings and three-dimensional 

imaging. 

 

3.7. Hematoxylin and eosin staining 
To prepare mouse lung tissues slides for staining, deparaffinization was performed. 

Slides were treated with hematoxylin (Roth) stain for a duration of 2 min. Following 

this, slides were washed with running tap water for 10 min. Subsequently, they were 

stained with eosin (Thermo Fisher Scientific) for 2 min. 

 
3.8.  Aniline blue staining and collagen quantification 

Mouse lungs slides were deparaffinized and rehydrated, incubated in Bouin’s 

Solution (Sigma) for 15 min at 56°C and cooled down (18-26°C) in tap water. 

Afterwards, they were incubated in phosphotungstic/phosphomolybdic acid solution 

(Sigma) for 5 min and stained with aniline blue solution (Sigma) for 5 min. After the 

staining, slides were first treated with 1% acetic acid for 2 min and then washed in 
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distilled water. For collagen quantification, Orbit image analysis software (Idorsia 

Pharmaceuticals Ltd) was used. Using machine learning, collagen fibers were 

identified on the sections and their coverage was quantified.  

 

3.9. Immunofluorescence 
Immunofluorescence (IF) was performed using monoclonal anti-ACTA2 (Sigma, 

1:100 or Santa Cruz 1:200), polyclonal anti-PDGFRa (Abcam, 1:200), monoclonal 

anti-KI-67 (Cell Signaling Technology, 1:200), polyclonal anti-KI-67 (Thermo Fisher 

Scientific, 1:200), polyclonal anti-CTHRC1 (R&D System 1:100), monoclonal anti-

RAGE (R&D System 1:400), monoclonal anti-KRT8 (DSHB 1:200), polyclonal anti-

SFTPC (Seven Hills, 1:1000), polyclonal anti-KRT5 (Biolegend 1:200),  monoclonal 

anti-CD45 (Biolegend 1:200) and polyclonal anti-RFP antibodies (Thermo Fisher 

Scientific, 1:200; used only in combination with KI-67 staining, which requires 

antigen retrieval). Neutral lipids were stained using LipidTOX (Thermo Fisher 

Scientific, 1:200) and nuclei were stained using DAPI (Life Technologies). The 

catalogue numbers of the antibodies and other key reagents are provided in Table 

2. Fluorescent images were acquired using either a Leica DM550 B fluorescence 

microscope or an SP8 confocal microscope, or MICA widefield live cell equipped 

with a white-light laser and hybrid detectors (Leica Microsystems). When applicable, 

three-dimensional (3D) reconstruction of z-stacks was performed using LAS X 

software (version 3.5; Leica Microsystems). Image quantification was conducted 

using Fiji and Imaris software (Oxford Instruments). For quantification, sections from 

at least 3 independent lungs were analyzed, and multiple images were used (n > 8) 

for stained control and experimental lungs. 

 

3.10. In situ hybridization 

Cthrc1 and Piezo2 transcripts were detected using specific probes (Mm-Cthrc1 Cat. 

# 413341 and Mm-Piezo2-C3 Cat. # 400191-C3, respectively), and the RNAscope 

Multiplex Fluorescent Reagent Kit v2 assay (document Nr:323100-USM, Advanced 

Cell Diagnostic) was employed according to the manufacturer’s instructions. Upon 

completion of the RNAscope protocol, slides were washed with PBST buffer at room 

temperature for 5 min. ACTA2 immunofluorescence staining was performed using 
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monoclonal anti-ACTA2 antibodies (Sigma) for 3 h at room temperature. After 

staining, samples were counterstained with DAPI (Life Technologies). Finally, the 

samples were mounted with Flouromount (SouthernBiotech), and images were 

acquired using Mica (Leica).  

Table 2: List of antibodies used  

Mouse monoclonal anti-Actin, α-Smooth Muscle - 
FITC antibody produced in mouse 

Sigma 
F3777-

.2ML 
1:200 

α-Actin Antibody (1A4) Alexa Fluor® 647 
Santa Cruz 
Biotechnology 

sc-32251 
AF647 

1:200 

Rabbit monoclonal anti-PDGFR alpha antibody 
[EPR22059-270] 

Abcam ab203491 1:200 

Mouse monoclonal anti-KI67 antibody 
Cell signaling 

Technology 
9449s 1:200 

Rabbit polyclonal anti-KI67 antibody 
Thermo Fisher 
Scientific 

PA5-
19462 

1:200 

Rat monoclonal anti-RAGE R&D System MAB1179 1:400 

Sheep polyclonal anti-CTHRC1 R&D System AF5960 1:100 

Rat monoclonal anti-CD45 Biolegend 103102 1:100 

Rat monoclonal anti-RAGE R&D System MAB1179 1:400 

Chicken Polyclonal anti-Keratin 5 Antibody Biolegend 905904 1:200 

Rabbit polyclonal anti-Pro-SP-C antibody Seven Hills 
WRAB-

9337 
1:1000 

Goat anti-Mouse IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488 

Thermo Fisher 
Scientific 

A-11001 1:1000 

Donkey anti-Mouse IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 647 

Thermo Fisher 

Scientific 
A-31571 1:1000 

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488 

Thermo Fisher 

Scientific 
A-11008 1:1000 

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 647 

Thermo Fisher 

Scientific 
A-21245 1:1000 

Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor Plus 
488 

Thermo Fisher 

Scientific 
A32790 1:1000 

Donkey anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 647 

Thermo Fisher 
Scientific 

A-31573 1:1000 
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3.11. Flow cytometry analysis and cell sorting 

Flow cytometry and cell sorting procedures were performed according to standard 

procedures. Briefly, lungs were isolated and placed in Hank's Balanced Salt Solution 

(HBSS, Gibco). They were then minced into small pieces and incubated with 0.5% 

collagenase type IV in HBSS (Life Technologies) at 37 °C for 45 min. Subsequently, 

lung homogenates were filtered through 70 μm and 40 μm cell strainers (BD 

Biosciences) to obtain single-cell suspensions. Cells were then centrifuged at 4 °C 

at 1000 rpm for 5 min and resuspended in MACS buffer. Following that, cells were 

stained with anti-Ly6a (APC-conjugated, 1:50), anti-EpCAM (APC-Cy7-conjugated, 

1:50), anti-CD31 (FITC-conjugated, 1:100), and anti-CD45 (FITC-conjugated, 

1:100) antibodies (all from Biolegend) for 25 min on ice in the dark. Subsequently, 

cells were washed with MACS buffer. Flow cytometry and cell sorting were 

performed using a FACSAria III cell sorter (BD Biosciences), and live cells were 

gated using SyTOX (1:1000). Data were analyzed using FlowJo software (FlowJo 

LLC). 

 
3.12. Bulk RNA sequencing 

For analyzing gene expression following sham or PNX, FACS-sorted mesenchymal 

cells defined as CD45neg CD31neg EpCAMneg (non-leukocytic, non-endothelial, non-

Chicken anti-Rat IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488 

Thermo Fisher 

Scientific 
A-21470 1:1000 

Goat anti-Rat IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 647 

Thermo Fisher 

Scientific 
A-21247 1:1000 

Donkey anti-Sheep IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 488 

Thermo Fisher 

Scientific 
A-11015 1:1000 

Donkey anti-Sheep IgG (H+L) Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 647 

Thermo Fisher 
Scientific 

A-21448 1:1000 

Pacific Blue™ anti-mouse Ly-6A/E (Sca-1) 
Antibody 

Biolegend 108120 1:50 

APC/Cy7 anti-mouse CD326 (Ep-CAM) Antibody Biolegend 118218 1:50 

APC anti-mouse CD140a Antibody Biolegend 135908 1:50 

Alexa Fluor® 488 anti-mouse CD45 Antibody BioLegend 103122 1:100 

Alexa Fluor® 488 anti-mouse CD31 Antibody BioLegend 102514 1:100 

APC anti-mouse Sca-1 Antibody Biolegend 108112 1:50 
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epithelial) cells were centrifuged at 300G for 10 min and subjected to RNA extraction 

using the RNeasy Microkit (Qiagen). Bulk RNA sequencing (Bulk RNA-seq) was 

carried out according to standard procedures. For genome-wide analysis of gene 

expression, RNA sequencing libraries from polyadenylated mRNA were generated 

and sequenced by the Institute for Lung Health (ILH) – Genomics and Bioinformatics 

– at the Justus-Liebig-University (JLU) Giessen (Germany). A total amount of 2-10 

ng of RNA per sample was used for cDNA sequencing library preparation utilizing 

the NEBNext® Single Cell/Low Input RNA Library Prep Kit for Illumina® (New 

England BioLabs) according to the manufacturer’s instructions. After library quality 

control by capillary electrophoresis (4200 TapeStation, Agilent), cDNA libraries were 

sequenced on the Illumina NovaSeq 6000 platform generating 50 bp paired-end 

reads. For demultiplexing and the subsequent FASTQ file generation, Illumina’s 

bcl2fastq (2.19.0.316) was used. Primary processing of the sequencing reads, i.e., 

quality control, filtering, trimming, read alignment and generation of gene specific 

count tables was performed using the nf-core 46 RNA-seq v3.7 bioinformatics 

pipeline (NEXTFLOW version 23.04.03).  The mus musculus mm10 genome and 

gene annotation was used as downloaded from Illumina’s iGenome repository 

(https://support.illumina.com/sequencing/sequencing_software/igenome.html). The 

pipeline run was performed with standard parameters in docker mode. The resulting 

tables with raw read counts were imported into R where all down-stream processing 

was performed (R Core Team (2022) R: A Language and Environment for Statistical 

Computing. R Foundation for Statistical Computing, Vienna. URL https://www.R-

project.org/). Normalization and detection of differentially expressed genes was 

determined using DESeq2. Gene set enrichment analysis was done using 

clusterProfiler and fgsea packages in R 166 using GO and KEGG annotations.  

 
3.13.  Single-cell RNA sequencing 

Single-cell RNA-seq (scRNA-seq) of tdTomato+ (tdTom+) cells FACS-sorted from 

Gli1Cre-ERT2; tdTomatoflox lungs was carried out using the Chromium Next GEM 

Single-Cell 3ʹ Reagent Kit v3.1 (10x Genomics). After following the 10x Genomics 

library preparation protocol, all samples were sequenced on an Illumina NovaSeq 

6000 sequencer. For demultiplexing and the subsequent FASTQ file generation 

Illumina’s bcl2fastq  was used (2.19.0.316). Sequencing reads were aligned to the 

https://support.illumina.com/sequencing/sequencing_software/igenome.html
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mouse mm10 reference genome (refdata-gex-mm10-2020-A downloaded from 

10xGenomics) using STAR solo (2.7.9a) resulting in three UMI count matrices for 

spliced, unspliced ambiguous counts per cell per gene to enable subsequent 

velocity analysis. During the alignment step UMI deduplication was performed by 

STAR. Droplet filtering was done using the EmptyDrops_CR parameter setting. 

 

After quality control, resulting UMI count matrices from the raw output folder of the 

STAR solo results were pre-processed for further analyses using Scanpy (1.9.3) in 

a Python (3.9.12) environment 167. To filter out low quality cells, doublets, cell debris 

or ambient RNA the following filter criteria were applied to the data. Scrublet was 

used with standard parameters to identify doublets. Cells were selected to contain 

a maximum of 15,000 and a minimum of 1,200 UMI counts. Less than 20 % of all 

UMI counts are allowed to map to a mitochondrial origin. Finally, at least 600 

different genes must be detectable (at least one read mapped to the gene) for each 

cell. To reduce the gene set size, only those genes were kept, which were expressed 

in at least 20 cells (function filter_cells with min_cells paramter set to 20). UMI 

counts underwent normalization in respect to the library size and such that each cell 

contains 10,000 reads using Scanpy’s normalize_per_cell function. The resulting 

counts were log transformed using the log1p function. For dimensionality reduction 

and for data integration with Harmony PCAs were calculated. For that purpose, 500 

genes were selected as highly variable using the highly_variable_genes function. 

20 principal components were identified using the pca function based on these 

highly variable genes. Harmony integration was performed using the 

harmony_integrate function using default parameters. A k-nearest-neighbor 

approach was applied to calculate a neighborhood graph using the neighbors 

function using default paramter setting (15 neighbors) on which Leiden clustering 

was performed with resolutions of 0.4, 0.6, 1.0 and 1.4. A two-dimensional 

visualization of the cells was achieved by calculating UMAPs. Next, automatic cell-

type annotation was performed by calculating the average gene expression of all 

clusters individually. Data were compared to the Mouse Cell Atlas (MCA) using the 

scMCA R package (https://github.com/ggjlab/scMCA) and later corrected by 

additional manual annotation according to LungMAP’s CellCards classification 

(https://lungmap.net/research/cell-cards/)168. Differentially expressed genes (DEGs) 

https://lungmap.net/research/cell-cards/


Material and methods   
 
 
 

28 

were identified by the Scanpy rank_gene_groups function. The method parameter 

for the statistical testing procedure was selected as t-test. For gene set enrichment 

analysis (GSEA) the genes were ranked for the negative decadic logarithm of the 

corresponding p-value multiplied by the sign of the log2-transformed fold change. 

GSEA was performed within R (version 4.3.1) using the GSEA function of the 

clusterProfiler (version 4.10) package 60 using default settings and a gene signature 

extracted from the scRNA-seq data by comparing the gene expression in p7 AMF 

versus all that of all other cells. 

 

Velocity analysis was done using scVelo169 using standard setting. The number of 

highly variable genes was set to 500. First and second order moments were 

calculated with the moments function with parameters n_pcs=30 and 

n_neighbors=30. 

 

The data were exported in H5AD format and subsequently loaded into cellxgene 

v1.1.1 extended by the VIP plugin (v3.1). UMAP plots were generated with the 

Embedding Plot function of cellxgene. The gene specificity function was used to 

generate specificity heat maps indicating the ratio of the expression of a given gene 

in a specific cell type compared to the gene’s expression across all cell types. 

 

With cellxgene, DEGs were calculated using the DEG function comparing selection 

of cells per cluster versus all other cells using Welch’s t-test in cellxgene. FDR 

significance was defined as > 0.05 with an absolute log2(Fold change) of 1. Gene 

enrichment and KEGG analysis were performed using and ShinyGO (version 0.80) 
170. Mus musculus assembly with STRING-db ID mmusculus_gene_ensembl was 

used with mouse genes GRCm39 assembly (taxonomy ID 10090). Visualization was 

performed using GO Biological Process with FDR cutoff set at 0,05 and with 10 

genes as minimum pathway requirement. Pathways were sorted by -log10(FDR) 

and colored with fold enrichment, and chart type was selected as either lollipop or 

barplot_inside. For the cell-cell interaction analysis, the single-cell atlas of mouse 

lung development 2 and the AMF & AMF-like cluster (Fig. S7C) were integrated 

using Seurat (v4.3.0) 171. The single-cell atlas of mouse lung development raw read 

counts (GSE165063) was extracted from the final processed data (obtained by 
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personal correspondence) as were AMF & AMF-like raw read counts. Therefore, 

both datasets were only subjected to normalization with SCTransform prior to a 

dimensional reduction and followed by the integration using Seurat’s Harmony 

algorithm implementation. Clustered data were annotated by label transfer from the 

pre-existing information. The cell-cell interaction analysis was performed using 

CellChat 64 (v2.1.1) 172. Integrated data were subset for the time points “P7”, “P28”, 

“Mock” and “Tam-PR8” (Fig. S7C). Each subset was analyzed individually with the 

CellChat pipeline as described in the vignette using standard parameters. 

CellChatDB.mouse was used as database. Circle plots were created using 

CellChat’s netVisual_circle function. For the heatmap depicting ligand-receptor 

interaction between AMF/AMF-like cells and AT2 cells, probability values were first 

calculated by CellChat’s netVisual_bubble and subsequently plotted with 

ComplexHeatmap (v2.6.2). The heatmap depicts the top 20 ligand-receptor 

interactions identified in P7 AMF to AT2 cells for all four time points. Gene specificity 

was calculated as the ratio between cumulative expression across all cells in a 

cluster (normalized to cell count) and the cumulative expression across all cells (also 

normalized).  
 

3.14.  Alveolosphere assay 
FACS-sorted tdTom+ cells from Gli1Cre-ERT2;tdTomatoflox lungs were centrifuged and 

then resuspended in Dulbecco's Modified Eagle Medium (Life Technologies). 

17,000 tdTom+ cells were mixed with 5,000 alveolar epithelial cells (AECs; defined 

as CD45neg CD31neg EpCAMlow) and mixed at a ratio of 1:1 with cold growth factor-

reduced phenol red-free Matrigel (Corning) as previously described 173. Cultures 

were maintained under air-liquid conditions at a temperature of 37 °C with 5% CO2 

for a duration of 3 weeks to allow the formation of alveolar organoids 

(alveolospheres). The culture medium was changed every other day to provide 

optimal conditions for steady growth and development. Alveolospheres were 

imaged using EVOS M7000 (Thermo Fisher Scientific) and quantified using Fiji. 
 

3.15. Human Samples 
Human donor and COPD biospecimen were provided by the UGMLC Giessen 

Biobank, member of the DZL Platform Biobanking. These samples were subjected 
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to RNA extraction followed by bulk RNA-seq and qPCR as well as 

immunofluorescence. Human ARDS biospecimen were obtained from the CPC-M 

bioArchive at the Comprehensive Pneumology Center (CPC), Munich in 

collaboration with Prof. Herbert B. Schiller & Prof. Jürgen Behr, and were subjected 

to immunofluorescence. 

 

Table 2: List of primer sequences for qPCR. 
 

Gene name 

(human) 

Forward-primer sequence Reverse-primer sequence 

GLI1 AGCCTTCAGCAATGCCAGTGAC GTCAGGACCATGCACTGTCTTG 

CTHRC1 CAGGACCTCTTCCCATTGAAGC GCAACATCCACTAATCCAGCACC 

18s rRNA ACCCGTTGAACCCCATTCGTGA GCCTCACTAAACCATCCAATCGG 

 
3.16.  Statistical analyses and figure assembly 

Quantitative data were assembled and analyzed using GraphPad Prism software 

(GraphPad Software). Results are presented as mean ± standard error of the mean 

(SEM). Statistical comparisons between two groups were performed using Student's 

t-test while one-way ANOVA was used for comparisons involving three or more 

groups with a single variable. Two-way ANOVA was employed for comparisons 

involving multiple groups with two variables. Statistical significance was defined as 

P < 0.05. The number of biological replicates is indicated in the corresponding figure 

legends. Figures were created using Adobe Illustrator (Adobe). 

 

3.17. Data availability  
The bulk and scRNA-seq data generated in this study were deposited on gene 

expression omnibus (GEO) under the accession number GSE248798. Uninjured 

mock control for adult Gli1Cre-ERT2;tdTomatoflox mice was obtained from publicly 

available dataset GSE215094 174.
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4. Results  

4.1. Characterization during developmental alveologenesis, homeostasis 
and whole lifespan in mouse model 

4.1.1. Characterization of AMFs and their fate during developmental 
alveologenesis and adulthood  

To characterize AMFs 175, two independent genetic approaches were employed: 

Acta2-Cre-ERT2; tdTomatoflox to label ACTA2+ cells and Gli1Cre-ERT2; tdTomatoflox to 

label GLI1+ cells (Fig. 1, Fig. 2). Cells were labeled by a single subcutaneous (s.c.) 

injection of tamoxifen at postnatal day 4 (P4), a timepoint that precedes 

alveolarization that starts at P5, and lungs were harvested at various time points 

corresponding to developmental alveologenesis (P7 and P14) and maturation 

(P28), adulthood (P56) and beyond (P182) (Fig. 1A, Fig. 2A). Histological analysis 

of thick sections revealed high abundance of parenchymal Acta2 and Gli1-traced 

tdTom+ at P7 and P14, with gradual decline through P28 to P182 (Fig. 1B, Fig. 2B). 
These cells were mostly ACTA2+ at P7 but not at later timepoints (Fig. 1C, E, Fig. 
2B, E). As expected, the majority of parenchymal tdTom+ cells that were initially 

ACTA2+ were predominantly PDGFRa+ (Fig. 1D, 1E). Thus, they were identified 

as AMFs at P7. The tdTom+ lineage maintained Pdgfra expression throughout all 

analyzed timepoints (Fig. 1D, E). Analysis of Ki-67 immunostaining revealed 

massive proliferation at P7 but not at later timepoints (Fig. 1D, E, Fig. 2C, E). Over 

the course of aging, tdTom+ cells showed locality of lipid accumulation stained with 

LipidTOX preferentially at later timepoints (Fig. 1D, E, Fig. 2D, E). 
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Fig.1 Acta2+ lineage tracing shows that the alveolar myofibroblast lineage is not 
completely cleared following the completion of developmental alveologenesis.  
(A) Timeline and experimental design. (B-D) Immunofluorescence using indicated 

antibodies at various timepoints. (E) Quantification of the different cell populations shown 

by immunofluorescence. IF: Immunofluorescence; ns: Not significant; s.c.: Subcutaneous 

injection. Tam: Tamoxifen. n = 3 per group. Data are represented as mean +/- SEM. * P < 

0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. Scale bars: 100 μm. 
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Fig.2 Gli1+ lineage tracing also confirms the non-clearance of alveolar 
myofibroblast lineage following the completion of developmental alveologenesis.  
(A) Timeline and experimental design. (B-D) Immunofluorescence using indicated 

antibodies at various timepoints. (E) Quantification of the different cell populations shown 

by immunofluorescence. IF: Immunofluorescence; ns: Not significant; s.c.: Subcutaneous 

injection; Tam: Tamoxifen. n = 3 per group. Data are represented as mean +/- SEM. * P < 

0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. Scale bars: 100 μm. 
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4.1.2. Single cell RNA-seq profiling on the fate of AMFs 

RNA-seq survey was carried out on tdTom+ cells that were FACS-sorted from 

Acta2-Cre-ERT2; tdTomatoflox or Gli1Cre-ERT2; tdTomatoflox lungs (Fig. 3). FACS 

analysis confirmed the decline in cell abundance over time (Fig. 3B, K), thus 

agreeing with histological quantifications, and ACTA2+ PDGFRa+ cells were 

detected at P7 (Fig. 3D, F, M). Other cellular clusters included alveolar fibroblasts 

1 and 2 (AF1/2s), peribronchial fibroblasts (PeriFBs), and smooth muscle cells 

(SMCs) (Fig. 3C, G, H, N-P). It was also verified that analyzed cells express Wpre 

(tdTom) but not epithelial or endothelial markers (Data not shown). Interestingly, 

Acta2-lineage traced cells seemed to be more significantly cleared compared to 

Gli1-lineage traced cells over time (Fig. 3B, K), indicating that cells responding 

to hedgehog signaling neonatally represent a more stable cell population and 

therefore retained more than cells that express Acta2. Notably, both datasets 

showed that the remaining cells were largely AF1/2s at later stages (Fig. 3G and 
Fig. 3P), indicating that they may regulate alveolar homeostasis during adulthood 

and aging. Both datasets were integrated (Fig. 3Q, R). Integrative analysis of the 

two datasets at P7 identified the AMF cluster defined as ACTA2+ PDGFRa+ (Fig. 
4A-D, I), which accounted for around 40-45% of total labeled cells at P7 (Fig. 
4E). The AMF cluster was also the most proliferative compared to other clusters 

(Mki67 UMAP plot in Fig. 4C). Other clusters were identified as airway and 

vascular smooth muscle cells (ASMCs and VSMCs, respectively), pericytes, and 

PeriFBs (Fig. 4C, F), and to a lesser extent AF1/2s (Fig. 4C, G). Using this P7 

timepoint where AMFs are most abundant, a gene signature for these cells was 

established. GO analysis of the P7 AMF signature (top 500 differentially 

expressed genes; DEGs) showed that the top enriched pathways were 

dominated by processes related to morphogenesis and development such as 

anatomical structure morphogenesis, tissue development, tube morphogenesis, 

animal organ development, mesenchyme development, and others (Fig. 4H). 
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Fig. 3 Longitudinal single-cell RNA sequencing deconvolutes the heterogeneity of 
the ACTA2+ and GLI1+ lineages. 
(A) Timeline and experimental design. (B) Gating strategy and quantification of 

lineage-labeled cells. (C) Integrative analysis of all timepoints highlighting the AMF 

cluster using the Acta2-Cre-ERT2; tdTomatoflox approach. (D) Integrative UMAP 

showing single- and double-positive cells for Acta2 and Pdgfra. (E) UMAPs for the 

individual timepoints highlighting the AMF lineage. (F) UMAPs from different 

timepoints showing single- and double-positive cells for Acta2 and Pdgfra.  (G-I) 
Quantification of the AMF cluster as well as other clusters across different 

timepoints using the Acta2-Cre-ERT2; tdTomatoflox approach. (J) Timeline and 

experimental design. (K) Gating strategy and quantification of lineage-labeled cells. 

(L) UMAPs for the individual timepoints highlighting the AMF cluster using the 

Gli1Cre-ERT2; tdTomatoflox approach. (M) UMAPs for the individual timepoints 

showing single- and double-positive cells for Acta2 and Pdgfra. (N) Integrative 

analysis of all timepoints highlighting the AMF cluster using the Gli1Cre-ERT2; 

tdTomatoflox approach. (O, P) Quantification of the AMF cluster as well as other 

clusters across different timepoints using the Gli1Cre-ERT2; tdTomatoflox approach. (Q, 
R) Integrative analysis of both Acta2-Cre-ERT2; tdTomatoflox and Gli1Cre-ERT2; 

tdTomatoflox approaches highlighting markers of the constituent clusters. AF1: 

Alveolar fibroblasts 1; AF2: Alveolar fibroblasts 2/Matrix fibroblasts 2/Adventitial 

fibroblasts; AMFs: Alveolar myofibroblasts; PeriFBs: Peribronchial fibroblasts; s.c.: 

Subcutaneous injection; SMCs: Smooth muscle cells. n = 3 for all timepoints for 

Acta2-Cre-ERT2; tdTomatoflox and Gli1Cre-ERT2; tdTomatoflox expect for Gli1Cre-ERT2; 

tdTomatoflox P28 (n = 2). (C-I) For the integrative analysis of the Acta2-Cre-ERT2; 

tdTomatoflox dataset, the initial number of cells sequenced at P7, P28, P182 and 

P365 was 2,812, 1,901, 3,011 and 988, respectively. Clusters 0, 11, 14, 15 and 16 

(leiden 0.4) were identified as contaminants and therefore removed. The final 

number of cells analyzed after removal of contaminants for P7, P28, P182 and P365 

is 2,798, 795, 2,996 and 955, respectively. (L-P) For the integrative analysis of the 

Gli1Cre-ERT2; tdTomatoflox dataset, the initial number of cells sequenced at P7, P28, 

P182 and P365 was 1,474, 8,097, 6,275 and 2,154. Clusters 5, 9, 10 and 11 (leiden 

0.4) were identified as contaminants and therefore removed.  
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Fig. 4 Identification of the alveolar myofibroblast cluster at postnatal day 7.  
(A) Timeline and experimental design. The P7 datasets were extracted from the 

integrative analysis for all timepoints shown in Fig. 3. (B) Integrative and single 

UMAPs at P7. (C) Integrative UMAP highlighting the AMF cluster at P7 and showing 

selected markers. (D-G) Quantification of the AMF cluster as well as other clusters 

at P7. (H) Gene ontology (GO) analysis of the top 500 differentially regulated genes 

(DEGs) in the AMF cluster. (I) Immunofluorescence using indicated antibodies. AF1: 

Alveolar fibroblasts 1; AF2: Alveolar fibroblasts 2/Matrix fibroblasts 2/Adventitial 

fibroblasts; AMFs: Alveolar myofibroblasts; ASMCs: Airway smooth muscle cells; Hi. 

Prolif. AMFs: Highly proliferative AMFs; PeriFBs: Peribronchial fibroblasts; VSMCs: 

Vascular smooth muscle cells. n =3 animals per group. Scale bar: 100 µm. (C) For 

the integrative analysis of the Acta2-Cre-ERT2; tdTomatoflox and Gli1Cre-ERT2; 

tdTomatoflox datasets, the initial number of cells sequenced was 2,813 and 1,474, 

respectively. After removal of contaminants, 2,799 and 1,462 cells were used for the 

analysis. Clusters 6, 7, 16, 18, 19 and 20 (leiden 1.0) were identified as 

contaminants and therefore removed.  
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4.2. Determine the contribution of AMF-like cells to alveolar regeneration 
after lung injury 
 

4.2.1. Mesenchymal cells display a transcriptomic signature that closely 
mimics that of developmental AMFs during lung regrowth following 
pneumonectomy 

There is a consensus that developmental mechanisms are often mimicked 

during regrowth or regeneration of the adult lung. As AMFs are regarded as 

main drivers of developmental alveologenesis, we sought to determine whether 

their transcriptomic signature is enriched in mesenchymal cells during 

compensatory lung growth following unilateral partial pneumonectomy (PNX) 

(Fig. 5). Histological analysis of sham and PNX lungs following surgery showed 

an emergence of proliferative ACTA2+ CTHRC1+ (myofibroblastic) cells in the 

lung parenchyma at day 7 in PNX mice (Fig. 5A-H). In another set of animals, 

lungs were digested, and mesenchymal cells were FACS-sorted and subjected 

to bulk RNA-seq (Fig. 5I). Myofibroblast (MyoFB) genes were among the top 

enriched genes in mesenchymal cells isolated from PNX versus sham, 

including Cthrc1, Calca, Npl, Adam12, Timp1, Sparc, Spp1, and Wisp1 (Fig. 
5J, K). GO analysis showed that such mesenchymal cells were enriched for 

processes that are related to ECM biology, development, and cell motility such 

as ECM organization, structure organization, system development, animal 

organ development, cell migration, cell motility, supramolecular fiber 

organization, collagen fibril organization, and others (Fig. 5L). Importantly, 

gene set enrichment analysis (GSEA) revealed that the AMF signature, defined 

as the top 200 DEGs at P7 (Fig. 4), was significantly upregulated (Adj. P = 3 × 

10-10) in mesenchymal cells derived from PNX lungs (Fig. 5M). These results 

show that the developmental AMF signature is enriched in mesenchymal cells 

during compensatory lung regrowth (Fig. 5N).   
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Fig. 5 Mesenchymal cells upregulate the AMF gene signature after 
pneumonectomy.  

(A) Timeline and experimental design. (B, D) Immunofluorescence using indicated 

antibodies. The regions marked with dashed boxes are magnified in (C, E). (F-H) 
Quantification of the immunofluorescence shown in (B-E). (I) Timeline and 

experimental design. (J) Volcano plot showing upregulation of AMF signature genes 

in PNX versus sham. (K) Heatmap showing the top 50 upregulated genes in PNX 

versus sham. Selected myofibroblast markers are marked in red font. (L) Gene 

ontology (GO) analysis of the top 100 upregulated genes in PNX versus sham. AMF-

related pathways are marked by red font. (M) Gene set enrichment analysis (GSEA) 
showing enrichment of the AMF signature (top 200 DEGs extracted from P7 scRNA-

seq dataset in Fig. 1 and Supplementary file 1 in PNX versus sham. (N) Model 

showing upregulation of the AMF signature in mesenchymal cells during 

regeneration following PNX. AMF: Alveolar myofibroblast; PNX: Pneumonectomy. 

(A-H) n = 3 per group; (K-M) Sham d7 n = 3, PNX d7 n = 3, Sham d14 n = 2, PNX 

d14 n = 3. Data are represented as mean +/- SEM. ** P < 0.01; *** P < 0.001. Scale 

bars: 500 μm.  
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4.2.2. GLI1+ cells are amplified during alveolar regeneration following 
chronic exposure to cigarette smoke 

To show that adult GLI1+ are mobilized during alveolar regeneration, Gli1Cre-ERT2; 

tdTomatoflox mice were subjected to 8 months of room air (RA) or cigarette smoke 

(CS) exposure, and GLI1+ cells were labeled during the last week of exposure (Fig. 
6A). It has been shown that lung emphysema can be reversed by returning the mice 

to RA in parallel to treatment with the inducible nitric oxide synthase (iNOS) inhibitor 

L-N-1-iminoethyl-lysine (L-NIL)165. Histological examination showed a dramatic 

increase in tdTom+ cell abundance during alveolar regeneration (Fig. 6E versus B-
D; H). The data also showed significant upregulation of Acta2 in the parenchyma of 

these L-NIL-treated regenerating lungs (Fig. 6E, I), particularly in GLI1+ cells (Fig. 
6J). Further immunostaining revealed that these cells also express the MyoFB 

marker Cthrc1 (Fig. 6G, K). These data indicate that GLI1+ are amplified and 

display a myoFB-like phenotype during alveolar regeneration following emphysema 

development (Fig. 6L). 
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Fig. 6 GLI1+ cells expand during alveolar regeneration following cigarette smoke 
exposure. 

(A) Timeline and experimental design. (B-G) Immunofluorescence using indicated 
antibodies in different experimental groups. (H-K) Quantification of immunofluorescence 

shown in (B-G). (L) Model showing the expansion of AMF-like cells during alveolar 

regeneration following cigarette smoke exposure. AMF: Alveolar myofibroblast; CS: 

Cigarette smoke; L-NIL: L-N-1-iminoethyl-lysine; RA: Room air. n = 3 per group. Data are 

represented as mean +/- SEM. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 

Scale bars: 100 μm. 
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4.2.3. AMF-like cells emerge in response to influenza virus infection 

To determine whether AMF-like MyoFBs contribute to alveolar regeneration following 

influenza virus-induced lung injury, 8–12-week-old Gli1Cre-ERT2; tdTomatoflox mice were 

treated with tamoxifen before being infected with influenza A/Puerto Rico/8/34 H1N1 

(PR8) or mock, and FACS-sorted tdTom+ cells were subjected to scRNA-seq at day 14, 

a timepoint corresponding to active regeneration (Fig. 7A). The data showed a clear 

emergence of MyoFBs in response to PR8 infection (Fig. 7B-G). These cells were 

enriched for Mki67 as well as typical MyoFB markers including Tnc and Cthrc1 (Fig. 
7H). These cells also expressed Piezo2 (Fig. 7H). To confirm the scRNA-seq data, we 

carried out RNAscope for Cthrc1 and Piezo2, and the results revealed, in addition to an 

increase in the abundance of tdTom+ cells, a striking increase in the expression of 

Cthrc1 and Piezo2 upon infection, particularly in tdTom+ cells (Fig. 7I-R). Interestingly, 

Piezzo2 showed a wider expression pattern compared to Cthrc1 where more than 70% 

of tdTom+ cells expressed Piezo2 (Fig. 7Q) and Piezo2+ tdTom+ (double-positive) cells 

represented 20% of total DAPI+ cells in PR8-infected lungs (Fig. 7R). To investigate 

whether adult GLI1+ cell-derived MyoFBs resemble developmental P7 AMFs, we carried 

out GSEA for the top 200 DEGs constituting the P7 AMF signature identified in Fig. 3 in 

the MyoFB cluster of mock and PR8-infected samples. The results showed significant 

upregulation for this signature in the PR8 sample.  
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Fig. 7 Adult GLI1+ cells give rise to myofibroblasts during regeneration following 
influenza A virus infection.  

(A) Timeline and experimental design. (B-D) Integrative and single UMAP plots for 

mock and PR8-infected samples. (E) Integrative analysis revealing the different 

cellular clusters within the GLI1+ lineage. (F) Quantification of constituent cellular 

clusters in each condition. (G) Quantification of myofibroblasts in each condition. (H) 
UMAP plots for selected proliferation and myofibroblast markers. (I, J) RNAscope 

for Cthrc1 counterstained with DAPI. (K-N) Quantification of Cthrc1 RNAscope. (O, 
P) RNAscope for Piezo2 counterstained with DAPI. (Q, R) Quantification of Piezo2 

RNAscope. (S) Gene set enrichment analysis (GSEA) showing highly significant 

upregulation of the AMF signature (top 200 differentially expressed genes (DEGs) 

of the AMF cluster extracted from P7 scRNA-seq dataset in Fig. 1 and 

Supplementary file 1) in the MyoFB cluster in the PR8 sample compared to mock. 

(T) Heatmap showing the genes used in (S). Every third gene is shown. AF1: 

Alveolar fibroblasts 1; AF2: Alveolar fibroblasts 2/Matrix fibroblasts 2/Adventitial 

fibroblasts; ASMCs: Airway smooth muscle cells i.p.: Intraperitoneal injection; 

MyoFBs: Myofibroblasts; PeriFBs: Peribronchial fibroblasts; PR8: A/Puerto 

Rico/8/34 H1N1; VSMCs: Vascular smooth muscle cells; Tam: Tamoxifen. n =3 

animals per group. The initial number of cells sequenced for mock and PR8 was 

7,630 and 13,675 respectively. Clusters 8, 9, 10, 11, 12 and 13 (leiden 0.6) were 

identified as contaminants and therefore removed. The final number of cells 

analyzed for mock and PR8 are 7,264 and 11,828, respectively. Data are 

represented as mean +/- SEM. ** P < 0.01; *** P < 0.001; **** P < 0.0001. Scale 

bars: 50 μm.  
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4.2.4.  AMF-like cells emerge in response to influenza virus infection share 

conserved transcriptomic signature with that of developmental 
AMFs 

The scRNA-seq datasets from adult mock and PR8-infected mice were also 

integrated with the P7 and P28 (both labeled at P4) datasets (Fig. 8A, B). Integrative 

analysis showed that the MyoFBs emerging after infection cluster with 

developmental AMFs; thus, dubbed them AMF-like cells. Similarly to AMFs, these 

cells are proliferative (Fig. 8F) and express typical MyoFB markers such as Acta2 

(Fig. 8E), Cthrc1 (Fig. 8G), and Tnc (Fig. 8H). GO analysis of the AMF & AMF-like 

cluster in PR8-infected mice showed enrichment for proliferative, ECM, and 

developmental/morphogenic pathways such as cell division, ECM organization, 

tissue development, and others (Fig. 8I). 
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Fig. 8 AMF-like cells expand following influenza A virus infection. 
(A, B) Timeline and experimental design. The P7 and P28 datasets were 

extracted from the integrative analysis for all time points shown in fig. S1J-P. (C) 
Integrative UMAP showing various cellular clusters. (D) Single UMAPs for the 

different experimental conditions highlighting the AMF and AMF-like cluster. (E-H) 
Integrative UMAPs showing selected myofibroblast marker genes in different 

experimental conditions. AMFs and AMF-like cells are highlighted. (I) Gene 

ontology analysis of the top 500 DEGs in AMFs and AMF-like cells in mock and 

PR8 infection. AF1: Alveolar fibroblasts 1; AF2: Alveolar fibroblasts 2/Matrix 

fibroblasts 2/Adventitial fibroblasts; AMFs: Alveolar myofibroblasts; i.p.: 

Intraperitoneal injection; PeriFBs: Peribronchial fibroblasts; PR8: A/Puerto 

Rico/8/34 H1N1; s.c.: Subcutaneous injection; SMCs: Smooth muscle cells. n =3 

per group.  The initial number of cells sequenced for mock and PR8 was 7,630 

and 13,675, respectively. For P7 and P28, 1,474 and 8,087 cells were sequenced, 

respectively. In the integrative analysis, clusters 10, 11, 12, 16, 17 and 19 (leiden 

1.0) were identified as contaminants and therefore removed. The final number of 

cells included in the analysis is 1,458, 7,917, 7,614 and 12,563 for P7, P28, mock 

and PR8, respectively. 
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4.2.5.  AMF-like cells unlike fibrosis-associated MyoFBs (FAMs) are pro- 
regenerative and support AT2 growth ex vivo 

To determine if these AMF-like MyoFBs are pathological or regenerative, first step 

was to compare their transcriptomic signature to bona fide fibrosis-associated 

MyoFBs (hereafter referred to FAMs) that are known to drive aberrant repair and 

remodeling in response to bleomycin injury. In next step, this dataset was integrated 

with the Col1a1-EGFP dataset where CTHRC1 was identified as a marker for such 

pathological FAMs 176(Fig. 9). Strikingly, AMFs and AMF-like cells formed a single 

cluster with FAMs (Fig. 9B-E). GO analysis revealed that the top pathways relate to 

ECM biology and development/morphogenesis such as tube development, tube 

morphogenesis, ECM organization, extracellular structure organization, regulation 

of cell differentiation, tissue morphogenesis, cell morphogenesis and others (Fig. 
9I). Therefore, it is concluded that AMFs and AMF-like cells share a similar 

transcriptomic signature with pathological FAMs. To investigate further, the Gli1Cre-

ERT2 dataset from P7, P28, (adult) mock, and (adult) PR8 was integrated with the 

single-cell atlas of mouse lung development 2 and we carried out CellChat 172 

analysis to reveal cell-cell interactions (Fig. 10A-F). While the P7 AMF cluster 

revealed strong interactions with AT1s and AT2s (Fig. 10C), these interactions were 

weaker at P28 (Fig. 10D). In the adult stage and in the absence of injury (mock), 

weak interactions were observed between the AMF-like cluster with AT1s and AT2s 

(Fig. 10F) while strong interactions were observed after PR8 infection (Fig. 10E). 

These data demonstrate that AMFs and AMF-like cells strongly interact with AT1s 

and AT2. The top targets included collagen-syndecan interactions (Fig. 10G). In line 

with the bioinformatic prediction, organoid cultures showed that tdTom+ cells 

isolated from PR8-infected lungs showed superior ability to support AT2 growth ex 

vivo compared to their mock-derived counterparts (Fig. 10H-J). Although the AT2-

supportive ability after infection might not be directly attributable to the AMF-like 

cluster, these data hint to an important in vivo role for GLI1+ cells in promoting 

alveolar regeneration following influenza virus-induced lung injury in vivo. 
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Fig. 9 AMFs and AMF-like cells show high resemblance to fibrosis-associated 
myofibroblasts that arise during aberrant repair. 

(A) Timeline and experimental design for the integration of the datasets with 177. (B) 
Integrative analysis of the indicated timepoints and samples. (C) UMAPs for the 

individual timepoints highlighting AMFs, AMF-like cells, and FAMs in addition to the 

corresponding cluster frequencies. Note that AMFs and AMF-like cells cluster 

together with Cthrc1+ myofibroblasts (FAMs) identified in Tsukui et. Al 2020. (D) 
UMAPs for Cthrc1 across the different timepoints and samples. (E-L) UMAPs from 

the integrative analysis showing single- and double-positive cells for the indicated 

genes. (M) GO analysis of the top DEGs in the AMF/AMF-like/FAM cluster. (N) 
Gene ontology analysis of top DEGs in the AMF/AMF-like/FAM cluster. AF1: 

Alveolar fibroblasts 1; AF2: Alveolar fibroblasts 2/Matrix fibroblasts 2/Adventitial 

fibroblasts; AMFs: Alveolar myofibroblasts; Bleo: Bleomycin; FAMs: Fibrosis-

associated myofibroblasts; i.p.: Intraperitoneal injection; PeriFBs: Peribronchial 

fibroblasts; PR8: A/Puerto Rico/8/34 H1N1; s.c.: Subcutaneous injection; SMCs: 

Smooth muscle cells; Tam: Tamoxifen. 
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Fig. 10 AMF-like cells support AT2 growth ex vivo.  
(A, B) Timeline and experimental design. The datasets shown in Fig. S5 were 

integrated with the mouse lung development atlas. (C-F) Cell-cell communication 

networks highlighting interactions between AMFs & AMF-like cells with other cell 

types. (G) Heatmap showing the top ligand-receptor interaction candidates. (H) 
Timeline and experimental design for the generation of organoids. (I) Overview of 

wells with organoids at day 21 and immunofluorescence using indicated antibodies. 

(J) Quantification of organoid number and size. (H-J) n = 6 per group. Data are 

represented as mean +/- SEM. **** P < 0.0001. Scale bars: (I) 1 mm for well 

overviews and 50 μm for immunofluorescence. aCap: aerocytes; Adventitial FB: 

Adventitial fibroblasts; AMF: Alveolar myofibroblasts; Arterial maEC: macrovascular 

arterial endothelium; AT1: Alveolar type 1 cells; AT2: Alveolar type 2 cells; gCap: 

general capillary cells; i.p.: Intraperitoneal injection; PR8: A/Puerto Rico/8/34 H1N1; 

s.c.: Subcutaneous injection; Prolif. MyoFB: Proliferative myofibroblasts; Tam: 

Tamoxifen; Venous maEC: macrovascular venous endothelium; Wnt2+ FB: Wnt2+ 

fibroblasts. (C-F) Thickness of line indicates interaction strength.  
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4.2.6.  Pre-existing FGF10+ alveolar fibroblasts do not give rise to AMF-like 
cells  

To investigate whether AMF-like cells appearing after influenza infection share the 

same cellular origin as those seen in lung fibrosis. FAMs have been shown to be of 

mesenchymal origin and featuring an important role for the transcription factor TBX4 
178. It has also been previously reported that FAMs  derive from FGF10+ 

lipofibroblasts, a cell type that belongs to AFs 179–181. In previous work, FGF10+ 

cells, a population that predominantly includes AFs has been shown to contribute to 

myofibroblast formation in the fibrotic lung . To further explore this, the recently 

developed Fgf10Cre-ERT2 mouse line was used for lineage tracing of AFs in the adult 

lung 5,182–184. This approach contrasts with previous methods where Cre activity was 

primarily active during embryonic development. Mice were treated with tamoxifen to 

label pre-existing FGF10+ cells, and two weeks after the final tamoxifen injection, 

they were infected with the PR8 influenza virus (Fig. 11A, B). Histological analysis 

showed that lineage-labeled cells representing AFs were dramatically lost and were 

very few during regeneration (Fig. 11C-G). Cthrc1 expression was, as expected, 

upregulated in response to PR8 infection (Fig. 11C-F, H). While some tdTom+ cells 

expressed Cthrc1 at baseline (mock), this expression was dramatically lost after 

infection (Fig. 11C-F, I, J).  
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Fig. 11 Pre-existing FGF10+ alveolar fibroblasts do not contribute to Cthrc1+ 
AMF-like cells after influenza virus infection.  
(A, B) Timeline and experimental design. (C-F) RNAScope for Cthrc1 and 

immunofluorescence for ACTA2 counterstained with DAPI in mock and PR8 

samples. (G-J) Quantification of cell populations. i.p.: Intraperitoneal injection; PR8: 

A/Puerto Rico/8/34 H1N1; Tam: Tamoxifen. n = 3 per group. Data are represented 

as mean +/- SEM. ** P < 0.01; **** P < 0.0001. Scale bars: 100 μm. 
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4.3. Test the functional requirement of AMF-like cells for lung 

regeneration 

4.3.1. Selective ablation of P4-labeled GLI1+ cells impairs alveolar 
regeneration following influenza virus-induced lung injury 

Our longitudinal lineage-tracing data suggest that a portion of cells labeled at P4 

survive into adulthood and might be important to promote regeneration following 

PR8 infection. Thus, taking advantage of the sequential control of recombination 

and ablation offered by the Gli1Cre-ERT2; tdTomatoflox mice were crossed with 

iDTRflox mice to generate Gli1Cre-ERT2; tdTomatoflox; iDTRflox mice to label 

developmental AMFs at P4, let the animals reach adulthood, infect them with PR8, 

and ablate surviving lineage-labeled cells during the regeneration phase (Fig. 12). 
Littermate (Gli1Cre-ERT2; tdTomatoflox; iDTRflox) controls were also infected with PR8 

but received PBS instead of DTX (Fig. 12B). To better contextualize the data, 

lungs from P7 and P56 time points (both labeled at P4) were included in the 

histological analysis (Fig. 12A). The IF data demonstrated that while the number 

of AMFs and their descendants dramatically decreases from P7 to P56 (Fig. 12C, 
D, K), but these P4-labeled GLI1+ cells expand upon infection (Fig. 12E, K), and 

they are significantly ablated in the PR8+DTX group (Fig. 12F, K). Around 62.3% 

of tdTom+ cell express Cthrc1 in PR8-infected lungs, but this phenomenon 

dramatically decreases in ablated lungs (Fig. 12L). In PR8-infected lungs, around 

48-53% of CTHRC1+ cells derive from lineage-labeled cells (Fig. 12M). 
Confirming that ablation dramatically targeted Cthrc1+ tdTom+ cells, in the lung 

parenchyma (Fig. 12N). Importantly, histological analysis revealed that ablated 

lungs showed impaired regeneration with persistent damage (Fig. 12O-R), as well 

as dysplastic repair as evident by KRT5+ cell accumulation (Fig. 14). On the 

contrary, PBS-treated control mice showed significant regeneration, with tdTom+ 

cells occupying alveolar walls of the regenerating areas that are adjacent to still 

non-resolved regions (Fig. 12E). Of note, tdTom+ cells were observed near AT2s, 

suggesting crosstalk between the AMF as a mesenchymal niche cell and AT2 as 

an epithelial stem and progenitor cells. The alveolosphere assays shown in Fig. 
10I-J support the notion that the GLI1+ cell lineage serves as a niche for AT2 as 

1) GLI1+ cells are permissive for alveolosphere formation and 2) GLI1+ cells 
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derived from PR8-infected lungs display higher potential to support AT2 growth 

compared to those isolated from mock-infected lungs. 
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Fig. 12 Ablation of P4-labeled GLI1+ cells during the regeneration phase leads 
to persistent damage following influenza A virus-induced lung injury.  
(A, B) Timeline and experimental design. (C-F) Immunofluorescence for AGER and 

SFTPC in the different experimental groups. The endogenous tdTomato signal is 

shown in red. The dashed boxes are magnified in (C’-F’). (G-J) 
Immunofluorescence for CTHRC1 in the different experimental groups. The 

endogenous tdTomato signal is shown in red. The dashed boxes are magnified in 

(G’-J’). (K-N) Quantification of the different cell populations shown by 

immunofluorescence. (O, P) Hematoxylin and eosin staining of control and ablated 

lungs. (Q, R) Quantification of lung damage. DTX: Diphtheria toxin; i.p.: 

Intraperitoneal injection; IF: Immunofluorescence; s.c.: Subcutaneous injection; 

Tam: Tamoxifen. n = 3 per group. Data are represented as mean +/- SEM. ** P < 

0.01; *** P < 0.001; **** P < 0.0001. Scale bars: 100 μm. 
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4.3.2.  Ablation of P4-labeled GLI1+ cells following influenza A virus-
induced lung injury leads to aberrant repair and dysplastic repair 

 

Ablation of P4-labeled GLI1+ cells following IAV-infection significantly impacts lung 

repair processes, revealing pronounced structural alterations leading to dysplastic 

and aberrant tissue remodeling (Fig. 13A, B). Quantitative analysis using obtained 

digital masks highlighted this interstitial deposition of collagen fiber stained with 

aniline blue in the PR8-DTX group compared to the PR8-PBS control group (Fig. 
13C, D). 

Immunofluorescence staining with specific antibodies for ACTA2 and KRT5 

demonstrated disrupted cellular and extracellular matrix patterns, further 

underscoring the role of these cells in maintaining proper lung repair mechanisms 

(Fig. 14 A-D’). 
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Fig. 13. Ablation of P4-labeled GLI1+ cells following influenza A virus-induced 
lung injury leads to aberrant repair and accumulation of collagen  

(A, B) Aniline blue staining in PR8-PBS and PR8-DTX experimental group. (C, D) 
Digital mask acquired following Orbit quantification shown in red. DTX: Diphtheria 

toxin; PR8: A/Puerto Rico/8/34 H1N1. n= 3 per group. Scale bars: 1 mm. 
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Fig. 14 Ablation of the P4-labeled GLI1+ cells enhance dysplastic repair 
following influenza-A virus infection.  
(A, A’) Timeline and experimental design. (B, B’) Representative hematoxylin and 

eosin stains. Scale bars: 1mm. (C, C’) Immunofluorescence using the indicated 

antibodies. (D, D’) High-magnification images of the regions shown in dashed boxes 

in (C, C’). Single-channel images of the regions marked in (D, D’) are shown in the 

right panel. DTX: Diphtheria toxin; i.p.: Intraperitoneal injection; PR8: A/Puerto 

Rico/8/34 H1N; s.c.: Subcutaneous injection; Tam: Tamoxifen. Scale bars: 500 μm. 
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4.3.3. Ablation of GLI1+ cells preferentially depletes AMF-like cells and 
impairs alveolar regeneration following influenza virus-induced lung 
injury 

The data described above suggest that GLI+ cells emerge and expand in response 

to influenza virus-induced lung injury. To test the requirement of adult GLI1+ cells, 

Gli1Cre-ERT2; tdTomatoflox; iDTRflox mice were infected with PR8, cells were labeled, 

and DTX or PBS was administered at days 10, 11, and 12 (Fig. 15A, B). Since the 

GLI1+ population is heterogeneous, it was pertinent to determine which clusters are 

depleted upon ablation and whether the failed regeneration phenotype is associated 

with loss of MyoFBs. Therefore, the remaining tdTom+ cells from DTX-treated 

animals and total tdTom+ cells from PBS-treated animals were FACS-sorted and 

subjected to scRNA-seq (Fig. 15E, F). The analysis revealed that the MyoFB cluster 

was preferentially depleted while the proportion of the AF1/2 clusters was not 

significantly altered (Fig. 15E-K). GSEA was performed for the AMF signature in the 

MyoFB cluster and a highly significant downregulation of this signature was 

observed in the ablated group (Fig. 15L). A heatmap showing downregulation of 

selected genes is shown in (Fig. 16D).  
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Fig. 15 GLI1+ cell ablation during regeneration preferentially depletes AMF-
like cells and significantly downregulates the AMF signature.  

(A, B) Timeline and experimental design. (C) Brightfield and fluorescent images 

validating tdTom+ cell ablation. (D) Hematoxylin and eosin stains and digital masks 

showing impaired regeneration upon cell ablation. (E) Integrative analysis of control 

and ablated samples. (F) UMAPs for the individual samples highlighting the MyoFB 

cluster. (G, H) Quantifications of AF1/2 and MyoFB clusters in both experimental 

conditions. (I-K) UMAPs showing selected MyoFB marker genes in both 

experimental conditions. (L) Gene set enrichment analysis (GSEA) showing 

significant downregulation of the P7 AMF signature (top 200 DEGs extracted from 

P7 scRNA-seq dataset in Fig. 3 in the PR8-DTX sample. (C, D) n = 3 per group. 

Data are represented as mean +/- SEM.  *** P < 0.001. AF1: Alveolar fibroblasts 1; 

AF2: Alveolar fibroblasts 2/Matrix fibroblasts 2/Adventitial fibroblasts; DTX: 

Diphtheria toxin; Hi. Prolif. FBs: Highly proliferative fibroblasts; i.p.: Intraperitoneal 

injection; MyoFBs: Myofibroblasts; PeriFBs: Peribronchial fibroblasts; PR8: 

A/Puerto Rico/8/34 H1N1; SMCs: Smooth muscle cells; Tam: Tamoxifen. n =3 

animals per group. The initial number of cells sequenced for PR8-PBS and PR8-

DTX was 8,230 and 6,075, respectively. Cluster 10 (leiden 0.4) was identified as a 

contaminant and therefore removed. The final number of cells analyzed for PR8-

PBS and PR8-DTX are 8,199 and 6,049 respectively. 
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4.3.4. The failed regeneration phenotype after ablation of GLI1+ is 
associated with loss of MyoFBs and not AFs 

As another layer of validation to confirm that AMF-like MyoFBs are preferentially 

ablated (Fig. 16A), GSEA for AF1 and AF2 signatures were also carried out in the 

respective clusters and, unlike the AMF signature, we could not detect strong 

differences in the ablated samples compared to controls (Fig. 16B, C, E, F). Finally, 

GO analysis of the MyoFB AMF-like cluster showed that while typical developmental 

and ECM pathways were highly enriched in the control group, these pathways were 

not enriched in the ablated sample (Fig. 16G); rather, the top pathways in the 

ablated sample include apoptotic and cell death pathways in addition to metabolic 

processes (Fig. 16G). 
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Fig. 16 Ablation of GLI1+ cells preferentially downregulate the AMF but not 
the alveolar fibroblast gene signature. 
(A) Timeline and experimental design. (B) Gene set enrichment analysis for the P7 

AF1 signature (top 200 DEGs) in the AF1 cluster in PBS and DTX groups. (C) Gene 

set enrichment analysis for the P7 AF2 signature (top 200 DEGs) in the AF2 clusters 

in PBS and DTX groups. (D) Heatmap showing the top 200 DEGs of the P7 AMF 

signature in the MyoFB (AMF-like) cluster in PBS and DTX groups. Every third gene 

is shown. (E) Heatmap showing the P7 AF1 signature (the top 200 DEGs) in the 

AF1 cluster in PBS and DTX groups. Every third gene is shown. (F) Heatmap 

showing the P7 AF2 signature in the AF2 clusters in PBS and DTX groups. Every 

third gene is shown. (G) Gene ontology analysis for the top 500 DEGs in control 

and ablated samples. AF1: Alveolar fibroblasts 1; AF2: Alveolar fibroblasts 2/Matrix 

fibroblasts 2/Adventitial fibroblasts; AMF: Alveolar myofibroblast; DTX: Diphtheria 

toxin; i.p.: Intraperitoneal injection; PR8: A/Puerto Rico/8/34 H1N1; Tam: 

Tamoxifen. 
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4.3.5.  AMF-like cells are severely reduced in human COPD lungs and 
their persistent activation is associated with lethal non-resolving 
fibrotic ARDS 

To investigate the significance of our findings in the human context, IF was carried 

out on sections from human donor and COPD lung explants. While donor lungs 

showed baseline levels of CTHRC1 and KI-67 expression in the alveolar regions 

(Fig. 17A, C, E), the expression of these markers was almost completely diminished 

in the enlarged alveoli of emphysematous COPD lungs (Fig. 17B, D, F). Gene 

expression analysis using lung homogenates from these explanted lungs confirmed 

the strong downregulation of GLI1 (Fig. 17G) and CTHRC1 (Fig. 17H). Finally, IF 

on lung sections from autopsies from IAV ARDS patients revealed strong expression 

of ACTA2 and CTHRC1 in heavily remodeled regions of the lung, a pattern that is 

reminiscent of interstitial lung disease such as idiopathic pulmonary fibrosis (IPF) 

(Fig. 17I-K). These findings indicate that persistent activation of AMF-like cells in 

response to IAV-induced pneumonia is likely linked to non-resolving fibrosis in lethal 

ARDS. 
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Fig. 17 Perturbation of AMF-like cells is associated with failed regeneration in 
the human lung.  
(A, B) Immunofluorescence using the indicated antibodies on donor and COPD lung 

explants. (C, D) High-magnification images of the regions shown in the dashed 

boxes in (A, B). The letter “v” in (C, D) indicates blood vessels. (E-F) Single-channel 

images of the regions shown in (C, D). (G, H) Quantitative PCR on lung 

homogenates from donor and COPD lung samples. (I) Immunofluorescence using 

the indicated antibodies on an ARDS lung autopsy. (J) High-magnification image of 

the region shown in the dashed box in (I). (K) Single-channel images of the region 

shown in (J). (G, H) n = 6 per group. Data are represented as mean +/- SEM. ** P 

< 0.01. Scale bars: (A, B, I) 1 mm; (C, D, E, F, J, K) 100 μm. ARDS: Acute respiratory 

distress syndrome; COPD: Chronic obstructive pulmonary disease.  
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4.4. Model 

Fig. 18 Model for the role of the AMFs and AMF-like cells in development and 
regeneration 175. 
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5. Discussion 
 

5.1. AMFs in lung development, lung homeostasis and aging 

 

Mouse lung development is a meticulously coordinated process involving multiple 

stages and diverse cell types, each regulated by specific signalling pathways. This 

development is significantly influenced by mesenchymal-epithelial interactions, 

which depend on paracrine signalling mediated by secreted ligands and direct cell-

cell contacts 185,186. Previous literature has alluded to the fact that alveolar 

myofibroblasts (AMFs) play a crucial role in lung development, particularly during 

the alveolarization phase, which is essential for forming the intricate alveolar 

network necessary for efficient gas exchange 79. Despite the importance of the AMF 

lineage in orchestrating this critical part of lung development, this cell type remains 

vastly understudied 35,44. With this study we aim to better our understanding by 

providing temporal characterization of AMFs during lung development, 

homoeostatic as well as the aging lung. Using genetic lineage tracing, scRNA-seq, 

and histological analysis, we uncover the dynamic behaviour of AMFs, our data 

confirmed that ACTA2+ PDGFRα+ cells are hallmarks of AMFs during the early 

postnatal period, specifically at postnatal day 7. These cells exhibit high proliferative 

activity during this period, consistent with their role in promoting alveolar formation 

through the deposition of ECM components that scaffold the developing alveoli. 

Unlike previous reports 48,50, we could also observe the persistence of these cells 

beyond the completion of alveologenesis and into adulthood, albeit in a reduced and 

less proliferative state. The gradual decline of AMFs during postnatal lung 

maturation aligns with existing literature which describes the resolution of alveolar 

myofibroblasts 187 41,48. Our data also indicate that a subset of these cells persists 

into adulthood, particularly those traced using the Gli1Cre-ERT2 model, which marks 

cells responding to hedgehog signalling during neonatal development. This 

persistence may reflect the existence of a reserve population of Ptch1 responsive 

fibroblasts that can be reactivated under specific conditions, such as lung injury, to 

contribute to the tissue repair. These results also suggest a potential transition into 

other fibroblast lineages or maintenance of a quiescent state until reactivation is 

necessary. As the lung matures, the remaining AMFs appear to transition into a 
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homeostatic role, potentially involved in maintaining alveolar structure and function. 

The observation that these cells continue to express PDGFRα and maintain a more 

AF-like phenotype suggests that they may contribute to the ongoing turnover and 

maintenance of the lung’s ECM, which is crucial for the integrity and functionality of 

the alveoli. This finding is further corroborated by recent literature showing that lung 

fibroblasts, although less active post-development, can be reprogrammed into a 

more proliferative and ECM-producing state in response to injury or disease188. 

Such reprogramming underscores the plasticity of fibroblasts and their ability to 

adapt to the changing needs of the lung 179,189.  

Our lineage-tracing data demonstrating the persistence of AMFs into adulthood and 

even into aging, albeit in a less active form, also raises important questions about 

their potential involvement in age-related lung diseases, such as IPF and COPD. 

The presence of these cells in aged lungs might also predispose the tissue to fibrotic 

responses under pathological conditions. This hypothesis is supported by literature 

suggesting that aging is associated with increased fibroblast activity and ECM 

deposition, leading to fibrosis 190,191. The findings that Gli1+ AMFs are more 

persistent than Acta2+ AMFs indicate that different subpopulations of myofibroblasts 

may have distinct roles in lung maintenance and response to injury, potentially 

providing targets for age-related chronic lung diseases. There are currently no 

transgenic or knockin mouse lines that allow exclusive labeling of AMFs without 

collateral labeling of other populations, such as SMCs or AFs. Moreover, while our 

scRNA-seq analyis deconvolutes the cellular heterogeneity of labeled populations 

and can also predict differentiation trajectories, it cannot trace the cell origin at later 

time points or during aging. This limitation hinders our ability to fully understand the 

dynamic changes and lineage relationships of AMFs over time. Future research 

using intersectional genetics will allow the neonatal labeling of a pure AMF 

population and following the fate of these cells during adulthood. 

 

5.2. AMF-like cells in lung Injury and regeneration 

 

The data involving lineage-tracing raised important question about implication of 

AMFs and their descendant quiescent progeny whether they mimic an AMF-like 

program playing a crucial role in the lung regeneration. There is also a growing 

consensus that developmental mechanisms are recapitulated during repair and 
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regeneration in the adult lung following injury. This concept is particularly relevant in 

conditions such as IPF and ARDS, where repetitive microinjuries trigger a cycle of 

injury and repair, ultimately hijacking morphogenic pathways and leading to aberrant 

remodelling, fibrosis, and respiratory failure. Using animal models for compensatory 

lung growth following pneumonectomy, balanced regeneration after cigarette smoke 

exposure, and alveolar repair following influenza-virus-induced ARDS, our findings 

reveal that mesenchymal cells with an AMF-like program emerge in models of 

compensatory lung growth after unilateral pneumonectomy and GLI1+ 

mesenchymal cells emerge to promote balanced alveolar regeneration following 

cigarette-smoke-induced emphysema. These cells contribute significantly to 

alveolar regeneration by driving de novo alveolarization, thereby playing a crucial 

role in repair and remodelling lung tissue. Previously, it has been shown that Gli1+ 

mesenchymal cells promote metaplastic differentiation of airway progenitors into 

KRT5+ basal cells and nancanonical GLI1 signaling has been shown to promote 

stemness in lung adenocarcinoma 192,193. We provide evidence that these 

mesenchymal cells exhibit a gene expression profile with a substantial overlap with 

the developmental AMFs. This includes upregulation of genes related to ECM 

organization, proliferation and cell motility, such as Cthrc1, Piezo2, Mki67 and Nrep. 

Our integration approach confirmed that AMFs and the myofibroblasts emerging 

after influenza infection indeed share a conserved transcriptomic signature with 

developmental AMFs, gene ontology analysis revealed enrichment with terms like 

cell division, cell cycle, cellular differentiation and cell proliferation beside tissue 

development and tube morphogenesis.  These data further suggests that the 

mechanisms driving lung structure and formation during development are 

redeployed to repair and restore lung function after injury, demonstrating that a 

subset of mesenchymal cells that mimic developmental AMFs plays a crucial role in 

lung repair. Our data also indicate a strong interaction between AMF-like cells and 

AT2 cells which is of particular interest, as AMF-like cells may provide a 

mesenchymal niche essential for AT2 cell maintenance and proliferation. Recent 

literature has shown that during lung development, AMFs interact closely with AT1 

cells through signalling pathways involving PDGF, WNT, SHH, and IGF 35,42,194. 

Disruption of these pathways impairs alveolarization, suggesting that similar 

interactions are critical during adult lung regeneration. Our data showing AMF-like 

cells supporting AT2 cell function during Influenza-induced ARDS further 
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underscores their importance in facilitating epithelial regeneration and highlights the 

intricate crosstalk between mesenchymal and epithelial compartments crucial for 

effective tissue repair. 

 

Another intriguing aspect of this study is the strong similarity between AMF-like cells 

and profibrotic FAMs. Our previous work along with other studies has shown that 

FGF10+ or PDGFRA+ AFs as source of FAM 179,195 . Our data further suggestes 

that FGF10+ AFs do not give rise to AMF-like cells during lung regeneration in 

contrast to aberrant repair and fibrosis where we and others have shown that they 

are an important source of FAMs 178,193,194. While the latter cells are detrimental to 

AT2s, AMF-like cells may represent niche cells that promote the growth of AT2s. 

Whether the cellular origin per se determines if the arising MyoFBs are regenerative 

(AMF-like) or profibrotic (FAM) requires further investigations. Some recent reports 

have also identified Cthrc1 and Postn+ as a marker of transitional fibroblasts that 

give rise to FAMs 196. In contrast to AMF-like cells, other mesenchymal populations 

such as peribronchial fibroblasts (PeriFBs) might also play distinct roles in lung 

repair. PeriFBs and PeriFB-like cells are thought to be more involved in airway repair 

rather than alveolar regeneration 174,197. Ex vivo alveolosphere assays also confirms 

that enrichment of AMF-like cells, but not PeriFBs (Data not shown), enhances 

colony forming efficiency in alveolosphere formation, indicating that AMF-like cells 

possess the specific morphogenic potential required for regenerating alveolar 

compartments. To date, there is a gap in the knowledge regarding fibroblasts 

heterogeneity, a recent study and initiative “CellCards” 168 has helped bridge this 

divide but further work in this direction is needed to develop a comprehensive lung 

mesenchymal cell atlas to demystify both the lung fibroblast biology and their 

pathology 78. 

Advances in the sequential labelling and timely controlled deletion of cells in 

transgenic mice using cre-inducible expression of the diphtheria toxin receptor 

(DTR) have significantly expanded our ability to investigate the functional 

requirements of specific genes in lung injuries 198–201.  This approach allows to 

precisely target and delete specific cell populations at desired time points, providing 

a powerful tool to study the roles of these cells and their underlying mechanisms 

under pathological conditions. In this lieu, previous studies have shown that ablation 

of Gli1+ cells ameliorates multi-organ fibrosis 202, we have recently shown that  
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partial ablation of GLI1+ cells greatly prevented vascular remodeling in response to 

hypoxia and attenuated the increase in right ventricular systolic pressure and right 

heart hypertrophy 96. Our data in this study suggest that the selective ablation of 

both P4-labeled GLI1+ cells and GLI+ AMF-like cells in adult lungs significantly 

impaired the repair processes, leading to exaggerated dysplastic repair in areas of 

extensive damage. This finding is particularly notable given the relatively low 

abundance of AMF-like cells, yet their critical role in maintaining lung homeostasis 

and promoting effective regeneration. Taken together, our data with comprehensive 

transcriptomic profiling of AMF-like cells throughout lung development, adulthood, 

and regeneration reveals that adult AMF-like cells upregulate a developmental gene 

signature during alveolar regeneration. This ability of AMFs to reactivate 

developmental programs and deploy their specific morphogenic potential 

underscore their significance in both normal and pathological lung repair processes 

further supporting the idea that these cells recapitulate developmental processes to 

drive tissue repair. Importantly, the ablation of AMF-like cells disrupts these 

processes, leading to impaired regeneration and increased fibrosis, particularly in 

pathological conditions such as severe ARDS.  

 

5.3. Implications for regeneration and therapeutic strategies 

 

Previous studies have associated lung mesenchymal cells with various human 

diseases. These cells play a critical role in the development, maintenance, and 

repair of lung tissue by participating in several signalling pathways that regulate 

homeostasis, maintain pulmonary homeostasis and modulate immune response by 

releasing trophic factors and responds to injury 51,203–205. However, in chronic lung 

diseases, their ability to facilitate repair is diminished, contributing to disease 

pathogenesis through altered secretory and immunomodulatory properties 206,207. In 

chronic obstructive pulmonary disease (COPD), mesenchymal cells contribute to 

pathological remodelling of the lung tissue. COPD is often complicated by 

pulmonary hypertension (PH), where the increased pressure in the pulmonary 

arteries exacerbates the disease. In this context, we have recently shown that GLI1 

is upregulated in COPD lungs with pulmonary hypertension.  Additionally, in COPD 

with emphysema, the destruction of alveolar structures is partly driven by the 

dysregulated activity of mesenchymal cells, which fail to repair the damaged tissue 
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effectively 95. Idiopathic pulmonary fibrosis (IPF) is another condition where lung 

mesenchymal cells are significantly involved. In IPF, these cells become activated 

and proliferate abnormally, leading to excessive deposition of extracellular matrix 

and fibrosis, this pathological process results in the stiffening of lung tissue and 

severe impairment of gas exchange 208–211. Notably, our previous work has identified 

metformin and rosiglitazone in the management of TGFβ1-mediated fibrogenesis 
179,212. Acute respiratory distress syndrome (ARDS) is a severe condition 

characterized by rapid onset of widespread inflammation in the lungs 98,213. Lung 

mesenchymal cells are also implicated in the inflammatory response and tissue 

repair processes in the ARDS 214. However, their role just like other chronic lung 

disease can be a double-edged sword. While these cells contribute to the repair of 

damaged alveolar structures, their excessive activation can lead to fibrosis and long-

term impairment of lung function.  The interplay between mesenchymal cells with 

other niches such as immune, epithelial and endothelial cells is a complex process 

and remains an area of active research. To further understand our findings from 

murine models in human disease, we analysed human tissue material from patients 

with COPD and influenza-induced ARDS. Our findings revealed that AMF-like cells 

are severely reduced in human COPD lungs, where this dysregulation and lack of 

mechanical force exerted by these cells might contribute to ineffective repair of 

alveolar structures and the progression of emphysema. Our data also indicate that 

their persistent activation is associated with lethal non-resolving fibrotic ARDS, 

further complicating the disease and reducing recovery chances. Future research 

should focus on identifying specific markers and response pathways involved in 

AMF activation during regeneration, which could reveal potential therapeutic targets 

for modulating AMF-like activity. Targeting these pathways could help mitigate 

damage by ensuring timely activation of AMFs while preventing their divergence into 

a fibrotic, FAM-like phenotype, thereby allowing necessary repair processes to 

proceed. The persistence of AMFs into adulthood and the emergence of AMF-like 

cells during injury repair suggest that these cells could be harnessed to enhance 

repair in conditions where lung function is compromised. Conversely, controlled 

upregulation of the AMF-like program might benefit conditions where lung 

regeneration is impaired, such as aging or chronic lung diseases. However, precise 

modulation of the AMF program might prevent the activation of fibrotic pathways that 

could worsen lung pathology. 
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Collectively, these findings suggest that AMF-like cells are key players in lung 

regeneration, with their activity finely balanced between promoting scarless 

regeneration and potentially leading to non-resolving fibrosis. This balance is 

influenced by the microenvironmental and molecular cues they receive, which can 

either support their regenerative potential or drive them towards a fibrotic 

phenotype. Manipulating these cues offers a promising avenue for developing 

innovative therapeutic strategies aimed at promoting alveolar regeneration in 

chronic lung diseases. Future research should focus on elucidating the signalling 

mechanisms that balance repair and fibrosis in AMF-like cells, with the aim of 

developing targeted therapies that promote lung regeneration without inducing 

fibrosis.
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6. Conclusion 
 

This study provides a comprehensive characterization of alveolar myofibroblasts 

(AMFs) and their critical roles in lung development, homeostasis, and 

regeneration. Our findings underscore the pivotal role of AMFs in forming and 

maintaining alveolar structures during lung maturation and their reactivation in 

response to lung injury. The persistence of AMFs into adulthood and their 

reactivation as AMF-like cells during lung regeneration highlight their significance 

in both normal and pathological lung repair processes. 

 

AMFs are characterized by expression of ACTA2+ PDGFRα+, are highly 

proliferative during the early postnatal period, contributing to alveolar formation 

through ECM deposition. Contrary to previous reports, a subset of these cells 

persists beyond developmental alveologenesis into adulthood, maintaining a 

homeostatic role in the lung. AMF-like cells re-emerge during lung regeneration 

following pneumonectomy, cigarette smoke exposure, and influenza-virus-induced 

ARDS. These cells recapitulate developmental programs to drive de novo 

alveolarization, playing a crucial role in tissue repair. AMF-like cells interact closely 

with alveolar type II (AT2) cells, providing a supportive niche essential for effective 

tissue repair. This interaction is critical for maintaining lung homeostasis and 

facilitating recovery from injury. While AMF-like cells are essential for promoting 

regeneration, their prolonged activation under pathological conditions can lead to 

non-resolving fibrosis. This dual role highlights the need for precise modulation of 

AMF activity to balance repair and fibrosis. 

 

The findings suggest potential therapeutic strategies targeting AMF-like cells to 

enhance lung repair while minimizing the risk of fibrosis. Understanding the 

molecular cues that govern AMF activation and differentiation could lead to 

innovative treatments for chronic lung diseases.
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7. Limitations 
Despite the advances laid forward by this work, several limitations should be 

acknowledged. The conclusions drawn from this study are primarily based on 

mouse models, including those involving pneumonectomy, cigarette smoke 

exposure, and influenza virus-induced lung injury. While these models are 

highly informative, there may be differences in AMF-like cell behaviour and lung 

regeneration mechanisms between mice and humans. Therefore, the direct 

translation of these findings to human lung disease requires further validation in 

human tissue samples to ensure conserved phenotype between the two or 

utilize advanced humanized models. The study provides a critical snapshot of 

AMFs and AMF-like cell behaviour at various stages of development, 

homeostasis, aging, and regeneration. However, the inherently dynamic nature 

of lung regeneration challenges the temporal resolution of scRNA-seq and 

related analyses, potentially obscuring the full continuum of cellular transitions 

and interactions over time. Future studies could greatly benefit from longitudinal 

approaches that enable real-time tracking of these cells across different stages 

of injury and repair. Advanced single-cell lineage tracing technologies, such as 

heritable DNA barcoding, could be employed to integrate lineage history with 

single-cell transcriptomic profiles 215. This approach would offer a more 

comprehensive and precise understanding of cellular dynamics during lung 

regeneration, capturing the intricate temporal patterns that current methods may 

miss. The heterogeneity within lung fibroblasts population remains another area 

of uncertainty. The findings suggest that different subpopulations of AMF-like 

cells may have distinct roles in balanced regeneration versus fibrosis. However, 

the exact molecular markers, transcription factors and signalling pathways that 

define and influence these subpopulations are not fully elucidated, leaving gaps 

in the understanding of how to selectively target regenerative versus AMF-like 

cell driven-fibrotic phenotype switching. We also incorporated ex vivo assays, 

including alveolosphere formation, to evaluate the regenerative potential of 

AMF-like cells. While these assays are instrumental in providing insights, they 

may not fully replicate the intricate in vivo lung environment, where diverse cell 

types and biophysical forces converge. Consequently, the findings from ex vivo 



Limitations                                                                      
 

87 

models should be interpreted with caution and rigorously validated in vivo to 

confirm their applicability to bona fide lung regeneration processes. Additionally, 

in vivo validation could reveal context-dependent behaviours of AMF-like cells 

that are not evident in ex vivo conditions, further emphasizing the importance of 

complementary in vivo studies. A more comprehensive understanding of lung 

regeneration will likely require integrating ex vivo findings with advanced models 

such as PCLS that better mimic the complexity of the lung’s microenvironment. 

Given these limitations, future research could greatly benefit by using dual 

recombinase-mediated intersectional genetic reporters 216–218, where using both 

Dre-rox and Cre-loxP recombinations will allow labelling of a pure AMF 

population neonatally and following the fate of these cells during adulthood, 

therefore improving the temporal resolution of such investigations. Another 

important area of focus should be the development of targeted therapeutic 

strategies that can modulate AMF-like cell activity without affecting other vital 

cellular functions. This could include the use of nanoparticle-based delivery 

systems or localized gene editing techniques  219. Incorporating studies on the 

role of biophysical forces, such as mechanical stretch and lung biomechanics, 

in the activation of AMF-like cells during regeneration 220. Understanding how 

these forces interact with molecular signals could lead to new approaches for 

targeted lung repair. 
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8. Summary  
This work investigated the critical role of AMFs in lung development, homeostasis, 

and regeneration, with a particular focus on their behaviour during postnatal lung 

maturation and in response to various lung injuries. Utilizing advanced genetic 

lineage tracing, scRNA-seq, and detailed histological techniques, this research 

explores the dynamic nature of AMFs and their descendants, revealing their 

significance not only in early lung development but also in adult lung repair 

processes. The study begins with a thorough examination of lung development, 

highlighting the prominent presence of AMFs during the alveolarization phase. 

AMFs, characterized by their ACTA2+ PDGFRα+ markers, play a pivotal role in 

forming the alveolar network by depositing essential ECM components. While these 

cells were traditionally thought to resolve after developmental alveologenesis, the 

findings suggest that a subset of AMFs persists into adulthood, particularly those 

responsive to hedgehog signalling during neonatal stages. This persistence 

suggests the existence of a reserve population of fibroblasts that can be reactivated 

under specific conditions, such as lung injury, to contribute to tissue repair. 

In the context of lung injury, the study explores the reactivation of AMF-like cells 

during lung regeneration following pneumonectomy, cigarette smoke exposure, and 

influenza virus-induced ARDS. The results demonstrate that these cells recapitulate 

developmental programs to drive lung repair, particularly through the process of de 

novo alveolarization. However, a dual role of AMF-like cells is uncovered, showing 

that while they are essential for promoting regeneration, their prolonged activation 

under pathological conditions can lead to non-resolving fibrosis. 

 

This work emphasizes the complex nature of AMFs and AMF-like cell behaviour, 

particularly their involvement in both scarless regeneration and fibrotic processes. It 

suggests that the balance between these outcomes is influenced by 

microenvironmental cues and molecular signals, offering potential avenues for 

therapeutic intervention. The study concludes with a call for further research into the 

mechanisms governing AMF-like cell activity, with the goal of developing targeted 

therapies that harness their regenerative potential while minimizing the risk of 

chronic lung diseases.
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9. Zusammenfassung  
Diese Arbeit untersucht die kritische Rolle von AMFs bei der Entwicklung, 

Homöostase sowie der Regeneration der Lunge mit einem besonderen Fokus auf 

ihr Verhalten während der postnatalen Lungenreifung und als Reaktion auf 

verschiedene Lungenverletzungen. Unter Verwendung fortschrittlicher genetischer 

Abstammungsanalysen, scRNA-Sequenzierung sowie detaillierter histologischer 

Techniken, erforscht diese Studie die dynamische Natur der AMFs und ihrer 

Nachkommen und zeigt ihre Bedeutung nicht nur in der frühen Lungenentwicklung, 

sondern auch in den Reparaturprozessen der adulten Lunge auf. Die Studie beginnt 

mit einer umfassenden Untersuchung der Lungenentwicklung und hebt die starke 

Präsenz der AMFs während der Alveolarisierungsphase hervor. AMFs, welche 

durch ihre ACTA2+ PDGFRα+ Marker gekennzeichnet werden, spielen eine 

zentrale Rolle bei der Bildung des alveolären Netzwerkes durch Ablagerung 

wesentlicher ECM-Komponenten. Während man bisher davon ausging, dass sich 

diese Zellen nach der Alveologenese auflösen, deuten die Ergebnisse darauf hin, 

dass eine Untergruppe der AMFs bis ins Erwachsenenalter bestehen bleibt, 

insbesondere diejenigen, die während des neonatalen Stadiums auf Hedgehog-

Signale reagieren. Diese Persistenz deutet auf eine Existenz einer 

Reservepopulation von Fibroblasten hin, welche unter bestimmten Bedingungen, 

wie beispielsweise nach einer Lungenverletzung, reaktiviert werden können, um zur 

Gewebereparatur beizutragen.  

Im Zusammenhang mit Lungenverletzungen untersucht diese Studie die 

Reaktivierung von AMF-ähnlichen Zellen während der Regeneration der Lunge 

nach Pneumektomie, Zigarettenrauch-Exposition sowie Influenzavirus induziertem 

ARDS. Die Ergebnisse zeigen, dass diese Zellen Entwicklungsprogramme erneut 

durchlaufen, um die Lungenreparatur voranzutreiben, insbesondere durch den 

Prozess der de novo Alveolarisierung. Allerdings wird eine doppelte Rolle der AMF-

ähnlichen Zellen aufgedeckt, welche zeigt, dass sie zwar für die Förderung der 

Regeneration wesentlich sind, ihre anhaltende Aktivierung unter pathologischen 

Bedingungen jedoch zu einer sich nicht auflösenden Fibrose führen kann. 

Diese Arbeit unterstreicht die komplexe Natur der AMFs sowie das Verhalten AMF-

ähnlicher Zellen, insbesondere ihre Beteiligung sowohl an narbenloser     

Regeneration als auch an fibrotischen Prozessen. Es deutet darauf hin, dass das 
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Gleichgewicht zwischen diesen Ergebnissen durch die Mikroumgebung und 

molekularen Signalen beeinflusst wird, was potenzielle Ansatzpunkte für 

therapeutische Eingriffe bietet. Die Studie schließt mit einem Aufruf zur weiteren 

Forschung der Mechanismen, welche die Aktivität der AMF-ähnlichen Zellen 

steuern, mit dem Ziel, gezielte Therapien zu entwickeln, die ihr regeneratives 

Potenzial nutzen, während das Risiko chronischer Lungenerkrankungen minimiert 

wird. 
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