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            Abstract
Alveoli are gas-exchange sacs lined by squamous alveolar type (AT) 1 cells and cuboidal, surfactant-secreting AT2 cells. Classical studies suggested that AT1 arise from AT2 cells, but recent studies propose other sources. Here we use molecular markers, lineage tracing and clonal analysis to map alveolar progenitors throughout the mouse lifespan. We show that, during development, AT1 and AT2 cells arise directly from a bipotent progenitor, whereas after birth new AT1 cells derive from rare, self-renewing, long-lived, mature AT2 cells that produce slowly expanding clonal foci of alveolar renewal. This stem-cell function is broadly activated by AT1 injury, and AT2 self-renewal is selectively induced by EGFR (epidermal growth factor receptor) ligands in vitro and oncogenic Kras(G12D) in vivo, efficiently generating multifocal, clonal adenomas. Thus, there is a switch after birth, when AT2 cells function as stem cells that contribute to alveolar renewal, repair and cancer. We propose that local signals regulate AT2 stem-cell activity: a signal transduced by EGFR-KRAS controls self-renewal and is hijacked during oncogenesis, whereas another signal controls reprogramming to AT1 fate.
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                    Figure 1: Development of alveolar type 1 (AT1) and AT2 cells from bipotent progenitors.[image: ]


Figure 2: Mature AT2 cells renew AT1 cells in clonal foci.[image: ]


Figure 3: Activation of AT2 stem cell function in vivo and proliferation in vitro.[image: ]


Figure 4: Transformation of mature AT2 cells by activated Kras.[image: ]


Figure 5: Model of alveolar progenitors and stem cells in development, maintenance, and cancer.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Mature and developing structure of the lung and alveoli.
a, Mature lung showing close up (inset) of transition from bronchial tree to alveoli (from http://www.mayoclinic.com/, with permission). b, Alveoli are surrounded by a dense capillary network in which de-oxygenated blood (blue) from pulmonary arteries is oxygenated (red) and then returned to the heart through pulmonary veins (modified from ref. 51). c, E16.5 Shhâ€“Cre > mTmG mouse lung in which GFP is expressed throughout the epithelium. Lobes are labelled (RAcc, right accessory; RCr, right cranial; RMid, right middle; RCa, right caudal; L, left) and boxed region shows the tip of the accessory lobe that was used for developmental analyses. By E16.5, the bronchial tree has formed and 1â€‰day later sacculation begins as flat (squamous) AT1 and cuboidal AT2 cells mature to generate a functional gas exchange interface. Saccules subsequently undergo subdivision (â€˜secondary septationâ€™) into mature alveoli that provide an extensive gas-exchange surface. Scale bar, 1 mm; d, Schematic of cell morphogenesis during sacculation (sac) (from ref. 52). Progenitors form flat AT1 cells adjacent to capillaries and AT2 cells specialized to secrete surfactant. e, f, eâ€², fâ€², Schematics (e, f) and images (eâ€², fâ€²) of E-cadherin-stained accessory lobe tips at E18.5 and postnatal day 2 (PN2) showing longitudinal (e) and frontal (f) views of maturing AT1 (1) and AT2 (2) cells. P, proximal; D, distal; red, cell junctions (jxn); yellow, apical surfaces. Note lack of AT1 cells distally in sacculating airway. Scale bar, 10â€‰Î¼m (eâ€², fâ€²). g, Quantification of ultrastructural classification of cell types in sacculating airways in E18.3 lungs (see Fig. 1râ€“u). Values shown are the numbers of each progenitor and cell type observed with the indicated ultrastructural features. No cells (n = 36) had features of an AT2> AT1 intermediate (AT1/2) or mature AT2 cell. E, embryonic day; PN, postnatal day.


Extended Data Figure 2 Clonal analysis of alveolar progenitor cells and lineage marking and tracing alveolar type 2 (AT2) cells with LysM-Cre.
a, b, Shhâ€“Creâ€“ER > mTmG embryos were induced in utero with a limiting dose (2 mg) of tamoxifen (tamox) at E15 to pulse-label epithelial cells at the distal lung tips (alveolar progenitors) with GFP (0.2 labelled cells per embryonic lung lobe) shortly before the onset of differentiation then examined 34â€‰days later at PN30. a, An isolated clone (dashed circle) expressing the GFP lineage tag (green) in a PN30 lung. b, Close up of boxed region showing several flat AT1 cells (open arrows) and a cuboidal AT2 cell (filled arrows) within the alveolar clone, indicating that the tagged progenitor was bipotent. Tagged cells are interspersed with unrecombined cells (tdTomato, red). E, embryonic day; PN, postnatal day; Scale bar, 50â€‰Î¼m. câ€“f, Close-ups of alveoli of 1 (c, e) and 2â€‰month old (d, f) LysM-Cre > mTmG lungs stained for the AT2 lineage tag (GFP, green) and the AT2 (c, d) or AT1 (e, f) markers indicated. Note that at 1â€‰month lineage marked cells (green) express the AT2 (c) but not the AT1 marker (e). At 2â€‰months (d, f), the lineage mark is also observed in some flat AT1 cells. Filled arrows, AT2 cells; open arrows, AT1 cells; E, embryonic day; PN, postnatal day. Scale bar, 20â€‰Î¼m (câ€“f).


Extended Data Figure 3 Proliferation analysis of bipotent progenitors and alveolar epithelial cells.
aâ€“d, Late gestational (E17.5, a) and early postnatal (PN7, 14, 21; bâ€“d) lungs stained for Nkx2.1 (green) for epithelial and Ki67 (red) for actively cycling cells. Note essentially exclusive labelling, indicating minimal proliferation of bipotent progenitors (a) or AT1 and AT2 cells (bâ€“d). Arrow, a rare proliferating AT2 cell. Dashes outline distal epithelial tips; dotted line indicates mesothelium. E, embryonic day; PN, postnatal day; Scale bar, 35â€‰Î¼m.


Extended Data Figure 4 Quantification of cell type labelling and long-term lineage contribution of LysM-Cre and SftpCâ€“Creâ€“ER marked cells.
a, Alveolar region of a PN 3 month (mo) Shhâ€“Cre> R26EYFP mouse lung co-stained for GFP (green, epithelial cytoplasm) and LysM (red). Inset shows close-up of boxed region. LysM is detected in cytoplasm of many AT2 cells (filled arrow) but not AT1 cells (open arrow). b, Bronchoalveolar lung region of a PN 2 mo LysM reporter mouse expressing GFP from the endogenous locus stained for E-cadherin (red) to mark airway epithelium and GFP (green) to mark LysM-expressing cells. Note AT2 (filled arrows) but not bronchiolar cells (dashes mark bronchoalveolar junction (Badj)) express the LysM reporter. c, PN 17 mo LysM-Cre > mTmG lung stained for E-cadherin (red) and the AT2 lineage marker (green). Note many marked AT2 cells (filled arrows) but absence of lineage-marked cells in the terminal bronchiole (dashes, Badj). d, e, Lungs from LysM-EGFP (d) and LysM-Cre > mTmG (e) mice of the indicated ages stained for ciliated (acetylated tubulin, acTub, red) and neuroendocrine (NE) cell (CGRP, blue) markers and GFP (green) show no co-expressing cells, indicating ciliated (filled arrowhead) and NE (open arrowhead) cell types do not express LysM and do not derive from AT2 cells. Br, bronchus. fâ€“h, Lungs from LysM-Cre > mTmG mice of the indicated ages stained for the AT2 lineage tag (green), the AT2 cell marker SftpC (red), and the Clara cell marker CCSP (blue) show CCSP+/SftpC+ (double-positive) cells (*) at the Badj, some of which are tagged. Marked double-positive cells are solitary (g) or in doublets (h). i, Lung from PN 1 mo SftpCâ€“Creâ€“ER > mTmG mouse (administered 1 mg tamoxifen at PN19) analysed 13â€‰days after pulse-labelling and stained as in d. Note no co-expressing cells, indicating that ciliated (filled arrowhead) and NE (open arrowhead) cell types are not tagged. jâ€“l, Lungs from mice labelled as in panel i analysed 13 days (j) and 192 days (k, l) later, stained as in f. Note double-positive CCSP+/SftpC+ cells (*) at the Badj, some of which are pulse-labelled (j). After 192 day chase, marked double-positive cells are solitary (k) or in doublets (l). m, Quantification of lung cell types marked under different labelling and lineage trace conditions. The number of marked and total cells of each type scored (and Badj analysed for CCSP+/SftpC+ cells) is shown for each genotype and age analysed. For the SftpCâ€“Creâ€“ER line, the dosage of tamoxifen (tamox) and interval time until analysis is also indicated. Because bronchial maintenance involves proliferation without significant cell dispersion50 (as we find for alveolar maintenance), the presence of marked CCSP+/SftpC+ cells primarily in isolation (>90%) at advanced ages suggests they did not contribute significantly to physiological bronchiolar renewal. d, days; PN, postnatal. Scale bar, 50â€‰Î¼m (aâ€“l), 10â€‰Î¼m (insets in a).


Extended Data Figure 5 Lineage tracing alveolar type 2 (AT2) cells using SftpCâ€“Creâ€“ER.
SftpCâ€“Creâ€“ER > mTmG mice were administered 1 mg tamoxifen (Tamox) at PN18 then analysed later by staining for the lineage label (GFP, green) and AT2 cells (SftpC, red). a, b, 13 days later only AT2 cells are marked (a), whereas after 212 days flat AT1 cells also express the AT2 lineage tag (b). A peripheral renewal focus (mesothelium indicated by dotted line) involving multiple alveoli (asterisks) is shown, similar to results using LysMâ€“Cre. Quantification revealed that 94% of AT2 cells were marked 13â€‰days after tamoxifen induction and 97% after 192â€‰days (see Extended Data Fig. 5m), indicating that the SftpC+ population is maintained by self-duplication, and that new AT2 cells do not derive from another cell population during physiological ageing. PN, postnatal day; bar, 100â€‰Î¼m.


Extended Data Figure 6 Alveolar type 2 (AT2) founder cell functional marker expression and self-duplication in vivo, and reprogramming into AT1 cells in vitro.
aâ€“c, 16â€‰month LysM-Cre > Confetti mouse lung stained for mCFP lineage tag (green), AT2 cell marker (Nkx2.1, red), and DAPI (blue) to identify clonal renewal foci. a, AT2 founder cell (filled arrow) associated with a daughter AT1 cell (open arrow) shown to express the A2L marker LAMP-1 (white), a protein associated with surfactant-containing lysosomes in mature, secretory AT2 cells. b, c, A clonal focus (b, boxed region) in which an AT2 cell has generated two additional AT2 cells (filled arrows) but no AT1 cells (c, close up of boxed region), demonstrating isolated self-duplication without AT1 cell reprogramming in vivo. Scale bars, 25â€‰Î¼m (aâ€“c). d, Freshly isolated AT2 cells (Fig. 3f) cultured 4â€‰days on glass with 10% serum adopt flat AT1 morphology (E-cadherin, green) and initiate AT1 marker expression (Aqp5, not shown). Scale bar, 10â€‰Î¼m.


Extended Data Figure 7 Clonogenic response to activated Kras using SftpCâ€“Creâ€“ER and CCSPâ€“Creâ€“ER.
aâ€“c, Lungs of SftpCâ€“Creâ€“ER (a) and CCSPâ€“Creâ€“ER (b) mice carrying oncogenic KrasLSL-G12D/+ (Kras*) and Rainbow (Rbw), injected with 3 mg (a) or 1 mg (b) of tamoxifen (tamox) at indicated ages to induce Kras* expression and clonal lineage marking of StfpC- and CCSP-positive cells, respectively. Lungs were analysed after 17â€‰days at PN43 (a) or after 39â€‰days at PN81 (b). Note that multifocal tumours result when SftpCâ€“Creâ€“ER mice are induced at 25 (a) days of age, whereas induction of Kras* in CCSPâ€“Creâ€“ER mice at 42â€‰days (b) shows many unresponsive cells and doublets throughout the bronchi (Br) as well as small clonal tumours located at bronchoalveolar duct junctions (Badj). c, An Sftpcâ€“Creâ€“ER mouse carrying Kras* and mTmG alleles induced at PN116 by injection of 2 mg tamox and analysed after 53 days also demonstrates adenomas. Dotted line indicates mesothelium; PN, postnatal day; scale bar, 100â€‰Î¼m.


Extended Data Figure 8 Marker expression analysis of alveolar type 2 (AT2) cell derived adenomas.
LysMâ€“Cre > mTmG, KrasLSL-G12D/+ (abbreviated Kras*) lungs stained for the AT2-lineage marker (GFP, green), the nuclear stain DAPI (blue), and the indicated AT2, AT1, and Clara cell markers (red). aâ€“e, Note tumour cells (green) maintain expression of AT2 markers (a, b) and do not turn on Clara (e) or AT1 markers (c, d), except possibly rare cells (*). câ€² and dâ€² show control (non-tumour) regions with normal AT1 staining (arrows). Scale bars, 10â€‰Î¼m.


Extended Data Table 1 Developmental expression patterns of alveolar epithelial cell markersFull size table
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Pulmonary gas exchange occurs in delicate alveolar sacs lined by two epithelial cell types â€” squamous alveolar type (AT) 1 cells that mediate gas exchange and cuboidal AT2 cells that secrete surfactant to prevent alveolar collapse during breathing. Mark Krasnow and colleagues have used alveolar markers, genetic lineage tracing and clonal analysis to identify alveolar progenitor cells in vivo throughout the mouse lifespan. They find that AT1 and AT2 cells arise from a bipotential progenitor during development. After birth, mature AT2 cells function as facultative stem cells, forming slowly enlarging monoclonal foci of regenerated alveoli. The oncogenic Kras(G12D) mutation permanently activates AT2 self-renewal, hijacking this facultative stem cell function to initiate lung cancer.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
