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            Abstract
Millions of people worldwide with incurable end-stage lung disease die because of inadequate treatment options and limited availability of donor organs for lung transplantation1. Current bioengineering strategies to regenerate the lung have not been able to replicate its extraordinary cellular diversity and complex three-dimensional arrangement, which are indispensable for life-sustaining gas exchange2,3. Here we report the successful generation of functional lungs in mice through a conditional blastocyst complementation (CBC) approach that vacates a specific niche in chimeric hosts and allows for initiation of organogenesis by donor mouse pluripotent stem cells (PSCs). We show that wild-type donor PSCs rescued lung formation in genetically defective recipient mouse embryos unable to specify (due to Ctnnb1cnull mutation) or expand (due to Fgfr2cnull mutation) early respiratory endodermal progenitors. Rescued neonates survived into adulthood and had lungs functionally indistinguishable from those of wild-type littermates. Efficient chimera formation and lung complementation required newly developed culture conditions that maintained the developmental potential of the donor PSCs and were associated with global DNA hypomethylation and increased H4 histone acetylation. These results pave the way for the development of new strategies for generating lungs in large animals to enable modeling of human lung disease as well as cell-based therapeutic interventions4,5,6.
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                    Fig. 1: CBC rescues lung agenesis in Fgfr2-deficient mice.[image: ]


Fig. 2: Generation of fully functional adult lungs in Fgfr2-deficient mice via CBC.[image: ]


Fig. 3: CBC overcomes the defect in the specification of early respiratory progenitors in Ctnnb1-deficient mice and generates functional trachea and lungs.[image: ]
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Extended data

Extended Data Fig. 1 PSCNkx2-1-GFP rescues lung agenesis in Fgfr2-deficient mutants, but lungs are immature.
a, Schematic of experimental procedure (left) and representative macroscopic view of the lungs and heart (ht) from newborn (P0) mice Fgfr2cnull complemented by donor 2i/LIF-cultured PSCNkx2-1-GFP. Right panel depicts GFP signals in the lungs not present in the heart (outlined). b, Representative GFP expression in lung section of P0 Fgfr2cnullâ€‰+â€‰PSCNkx2-1-GFP: strong signals throughout all epithelial tubes, less prominent in the mesenchyme and its derivatives (Ex. large vessels, center). Asterisk (*) marks distal epithelial tubules unable to form distal saccules resulting in immature non-functional lungs. Immunofluorescence of Nkx2-1 and quantitative analysis confirming extensive double-labeling with GFP (single channels shown in small panels). Graph represents meanâ€‰Â±â€‰s.e.m. of % GFP+â€‰lung epithelial cells in five random fields per sample (nâ€‰=â€‰2 animals). câ€“f, Representative immunofluorescence and confocal images of lungs double-labeled with GFP and markers of alveolar type 1 (Pdpn) and type 2 (Sftpc) or airway multiciliated (acetylated Î±-tub) or secretory (Scgb1a1) cells (nâ€‰=â€‰3â€“4 per group). Boxed area (f) enlarged in the right panels. bâ€“f, images also displayed as single channels; DAPI in grey. Scale bars: a, b, câ€“e, f: 1â€‰mm, 20 Î¼m, 10 Î¼m, and 20 Î¼m, respectively.


Extended Data Fig. 2 Effect of PSC cell culture conditions in pluripotency markers.
a, Representative morphology of PSCCAGâ€“GFP colonies and immunofluorescence image of Ssea1 and Pecam expression under the culture conditions listed. b, Representative flow cytometry pseudocolor images (top) and respective histograms (bottom) showing the increased yield of the Ssea1highPecam+ PSCCAGâ€“GFP population and high Ssea1 MFI in cultures treated with VPA/LIF and a2i/VPA/LIF. c, FACS analysis of PSCNkx2-1-GFP cultured on the conditions indicated. Graph shows differences in the yield of Ssea1+Pecam+ (%). Note the effect of the addition of VPA to LIF or a2i/LIF treatment. Bars are meanâ€‰Â±â€‰standard error of nâ€‰=â€‰3 independent experiments in each culture condition. Data were analyzed by one-way ANOVA; differences were significant at **Pâ€‰<â€‰0.01. Scale bars: aâ€‰=â€‰10 Î¼m.

                          Source data
                        


Extended Data Fig. 3 Complemented distal lung of VPA/LIF-treated PSCCAGâ€“GFP Fgfr2 mutants undergo sacculation.
a Representative immunofluorescence confocal imaging depicting the expression of GFP and markers for alveolar type 2 (Sftpc) in the walls of distal saccules in lung sections of P0 VPA/LIF-treated PSCCAGâ€“GFPâ€‰Fgfr2cnull mice (left panel, WT P0 littermate). b, the 3D-SIM image of PSCCAG-GFPâ€‰Fgfr2cnull mice showing at high resolution the staining of alveolar type I surface double-labeled with GFP. Scale bars: a and b,10 Î¼m.


Extended Data Fig. 4 Airway epithelial complementation in Fgfr2cnullâ€‰PSCCAGâ€“GFPnewborn chimeric pups.
a,b, Immunofluorescence and confocal imaging depicting GFP double-labeling (arrows) with cell differentiation markers Scgb1a1 (secretory), Î²-tubulin4 (multiciliated) and Cgrp (neuroendocrine) in lung sections of P0 mice from VPA/LIF-treated PSCCAGâ€“GFPâ€‰+â€‰Fgfr2cnull and WT chimeric littermates; small panels in b depict single channels). c, Percentage of GFP+â€‰cells in the lung and tracheal epithelium as determined by quantitative analysis of GFP signals in sections of newborn P0 PSCCAGâ€“GFPâ€‰Fgfr2cnull animals. Graph, Meanâ€‰Â±â€‰s.e.m. of measurements in 5 random fields per section per sample. Studentâ€™s t-test; **Pâ€‰<â€‰0.01. Right panel, Representative GFP and Sma immunostaining in a histological section of P0 complemented mutant depicting epithelial signals (arrows) consistently strong in intrapulmonary airways (bracket), but variable or low (asterisks) in the extrapulmonary airway (dashed box) and trachea (Tr). Boxed area enlarged on the right. Sma (alpha-smooth muscle actin) labeling airway smooth muscle. Scale bars: a, b, c: 10 Î¼m, 10 Î¼m, and 20 Î¼m, respectively.

                          Source data
                        


Extended Data Fig. 5 Chimerism in the lung alveolar vascular compartment (aâ€“c) and extrapulmonary organs of animals complemented with VPA/LIF-treated PSCCAGâ€“GFP (dâ€“f).
a, Immunofluorescence and confocal imaging of newborn (P0) WTâ€‰+â€‰PSCCAGâ€“GFP, Fgfr2heteroâ€‰+â€‰PSCCAGâ€“GFP and Fgfr2cnullâ€‰+â€‰PSCCAGâ€“GFP chimeric lungs. Representative image of blood vessels showing GFP-Isolectin B4 double-labeled endothelial cells (arrows). b, Percentage of GFP labeling in endothelial (top) and alveolar type I (bottom) cells in P0 WTâ€‰+â€‰PSCCAGâ€“GFP and Fgfr2cnullâ€‰+â€‰PSCCAGâ€“GFP chimeric lungs as determined by morphometric analysis of sections immunostained with Pecam (top) or Hopx and Pdpn (bottom). Graphs: meanâ€‰Â±â€‰s.e.m. of measurements in ten non-overlapping random fields per group (see also Supplementary Fig. 2 and Methods). c, GFP-Sma double-labeling of smooth muscle cells (arrow) in blood vessels (bv) and airways (aw) by immunofluorescence of P0 lungs from PSCCAGâ€“GFP complemented Fgfr2cnull mice. d, Proportion of GFP+â€‰cells in the liver from E15.5 and P0 chimeric mice isolated by FACS. Graph represents meanâ€‰Â±â€‰s.e.m. of PSCCAGâ€“GFP-complemented WT, Fgfr2hetero or Fgfr2cnull animals (nâ€‰=â€‰13, 6, 3 animals, respectively). e, Representative images of GFP expression in liver (left) and kidney (right) from P0 Fgfr2cnullâ€‰+â€‰PSCCAGâ€“GFP (whole-mount and histological sections) and quantitative analysis (bottom) of GFP labeling; graph: meanâ€‰Â±â€‰s.e.m. of % GFP+â€‰cells per field in 5 random fields per group. f, Representative images of GFP expression in the intestine from WT or Fgfr2cnull injected with PSCCAGâ€“GFP (histological sections) and graph showing % GFPâ€‰+â€‰(meanâ€‰Â±â€‰s.e.m., 5 random fields per 5 per group). Statistical analysis (b,dâ€“f): Studentâ€™s t-test; **Pâ€‰<â€‰0.01, NS: statistically non-significant. Scale bars: a, bâ€‰=â€‰10 Î¼m, 5 Î¼m, respectively; e: top panel: 20 Âµm, bottom panel: 1â€‰mm; f: 10 Î¼m.

                          Source data
                        


Extended Data Fig. 6 Low chimerism in VPA/LIF-treated PSCsCAGâ€“GFP Fgfr2cnull embryos and defective lung organogenesis.
GFP expression in whole-mount E15.5 embryos and tissues. a, Variable chimerism in E15.5 WTâ€‰+â€‰PSCsCAGâ€“GFP embryos with different levels of GFP signals in the skin, lung (lu) and heart (ht: outlined). b, Unilateral rescue of the lung (boxed) in E15.5 Fgfr2cnull embryos complemented with VPA/LIF PSCsCAGâ€“GFP; note low chimerism in the esophagus (es) and heart. Scale bars: 1â€‰mm.


Extended Data Fig. 7 Comparative effects of a2i/VPA/LIF with other culture conditions in PSC pluripotency and chimerism.
a, Immunofluorescence and quantitative analysis of Ssea1 expression in PSCCAG-â€“GFP colonies in the various media tested. Top panel, representative images of Ssea1high, Ssea1dim and Ssea1negative colonies. Bottom panel, graphs showing the percent of Ssea1-expressing colonies high, dim or negative as above (left) and percent of Ssea1high colonies (right) in each culture condition. Data are meanâ€‰Â±â€‰s.e.m of the number of colonies per field in five non-overlapping random fields per condition. b, IF of Oct4 and SSEA1in PSCCAGâ€“GFP cultured in the conditions indicated. Left: representative image of Oct4 staining. Right: Graph showing Oct4 expression levels in SSEA1high (dots) or Ssea1 dim/negative pooled (empty dots) PSC colonies cultured as indicated. Mean fluorescent intensity (MFI) of Oct4 as assessed by imaging of 35 random colonies per culture condition (ImageJ). Relative MFI per colony shown as the Oct4 MFI of each colony normalized by the average fluorescent intensity of the PSCs cultured in LIF condition. Graphs in a and b depicting the VPAâ€™s ability to enrich for Ssea1high PSCs and the a2i/VPA/LIF effect in enhancing Oct4 expression but no significant difference in Oct4 levels between Ssea1high and Ssea1dim a2i/VPA/LIF-treated PSCs. c, Percentage of chimera formation as determined by analysis of skin/coat color in pups at P0 from blastocysts injected with PSCs cultured in each condition and transferred to foster mothers. Graph represents meanâ€‰Â±â€‰s.e.m. of the percentage of chimeric pups generated from the PSCs indicated (number of experiments represented by each point in the graph, see Methods). d) Whole-mount brightfield and GFP images of E15.5 embryos showing the high frequency of GFP-expressing chimera formation from WT hosts injected with a2i/VPA/LIF-treated PSCCAGâ€“GFP (see also Table 1). Statistical analysis: one-way ANOVA (a,b) and Studentâ€™s t-test (c); differences considered statistically significant if *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001, NS: non-significant. Scale bars: a, b, dâ€‰=â€‰10 Î¼m, 20 Î¼m, 1â€‰mm respectively.

                          Source data
                        


Extended Data Fig. 8 FACS-based assessment of cell type-specific chimerism in lung and liver from a2i/VPA/LIF -treated Ssea1high PSCCAG-GFP WT, Fgfr2hetero, or Fgfr2cnull hosts.
a, Schematics of the CBC approach (Ssea1high a2i/VPA/LIF-treated PSC donor cells injected into blastocysts hosts, chimeric pups identified at birth), tissue isolation/dissociation and gating strategy for flow cytometry (FACS) analysis of different cell types in the lung. Lung cells (FSC/SCC panels) and singlets (FSC-H/FSC-A) were selected. Within the lung singlets, live cells were gated as an unstained negative control (NC) and hematopoietic (CD45+ versus CD45â€“). In the CD45â€“ gate, we separated epithelial (Epcam+), endothelial (Pecam+) and other non-endothelial lung mesenchymal cells (Pecam/Epcam double negative). The percentage of GFP+â€‰cells was calculated based on the unstained WT negative control gate. b, FACS analysis of complemented lungs (left panels) and liver (right panel) from Ssea1high a2i/VPA/LIF -treated PSCCAGâ€“GFPâ€‰+â€‰WT (nâ€‰=â€‰5) Fgfr2hetero (nâ€‰=â€‰7) or Fgfr2cnull (nâ€‰=â€‰2) animals showing the percentage of GFP labeling in lung (epithelial, endothelial or non-endothelial lung mesenchymal) cells and liver. Graphs (meanâ€‰Â±â€‰s.e.m) depicting GFP labeling in nearly all lung epithelial cells from Fgfr2cnull compared to heterozygous and WT, inconsistent variable labeling in lung endothelial/mesenchymal cells and low proportion of GFP+â€‰cells in liver regardless of the genotype.

                          Source data
                        


Extended Data Fig. 9 Effect of culture conditions in global DNA methylation, DNA methyltransferase gene expression and the patterns of histone modifications by PSCCAGâ€“GFP.
a, Analysis of 5-mC levels of Line-1 repeats in cell homogenates from PSCCAGâ€“GFP cultures in the conditions indicated (nâ€‰=â€‰3 independent experiments); graph represents meanâ€‰Â±â€‰s.e.m. showing significantly lower levels of relative DNA methylation in all conditions compared to LIF. b, Relative levels expression of Dnmt3b and Dnmt3a in PSCCAGâ€“GFP cultures by qPCR analysis; data were normalized by the LIF averaged values and represented as meanâ€‰Â±â€‰s.e.m (nâ€‰=â€‰3 independent experiments). c, Western blot of histone methyltransferases and acetylase from PSCs homogenates (nâ€‰=â€‰3 per condition); expression levels quantitated by densitometry analyses and normalized by LIF values. d, Immunofluorescence of histone H4ac in the PSC-treated cultures indicated (top: representative images). Mean fluorescent intensity (MFI) per colony as assessed by imaging of 20 random colonies per condition, 5 random fields (ImageJ). Graph (bottom) depicting meanâ€‰Â±â€‰s.e.m of MFI confirm the consistently high levels of H4-pan-acetyl expression in a2i/VPA/LIF also seen in Western blots. Statistical analyses: one-way ANOVA (a,b) and unpaired Studentâ€™s t-test (d), significance at *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ****Pâ€‰<â€‰0.0001, NS: non-significant.

                          Source data
                        


Extended Data Fig. 10 Normal growth, differentiation and function of adult lungs from complemented a2i/VPA/LIF-treated PSCCAGâ€“GFP mature animals (see also Figs. 2 and 3).
a, Representative immunofluorescence confocal imaging of P80 a2i/VPA/LIF-treated PSCCAGâ€“GFP Fgfr2cnull and control WTâ€‰+â€‰PSCCAGâ€“GFP lungs double-labeled with GFP and airway differentiation markers multiciliated (Î²-tubulin4) and secretory (Scgb1a1) cells. Arrows: strong GFP overlapping signals in Fgfr2cnull mutants, contrasting with the less prominent signals (* asterisks) in WT; lower panels: single-channel images. b, Flexivent analysis of pulmonary function in CBC-complemented day 80 WT (nâ€‰=â€‰6) and Fgfr2cnull (nâ€‰=â€‰4); graph (meanâ€‰Â±â€‰s.e.m) showing non-significant (NS) difference in the resistance of conducting airways (Rn). c,d, Analysis of body weight in a2i/VPA/LIF PSCCAGâ€“GFP complemented day 80 WT (nâ€‰=â€‰6), Fgfr2hetero (nâ€‰=â€‰3), Fgfr2cnull (nâ€‰=â€‰4) animals (c), and day 50 WT (nâ€‰=â€‰12), Ctnnb1hetero (nâ€‰=â€‰5), Ctnnb1cnull (nâ€‰=â€‰3) animals (d). Graph (meanâ€‰Â±â€‰s.e.m) indicating no significant difference in body weight between genotypes in both Fgfr2 and Ctnnb1 models. e, IF of day50 a2i/VPA/LIF-treated PSCCAGâ€“GFPâ€‰+â€‰Ctnnb1cnull lungs (nâ€‰=â€‰3). Representative image of GFP double labeling with markers of secretory (Scgb1a1) or basal (p63) cells in adult airways (arrows: depicts strong GFP staining contrasting). Statistical analyses: Studentâ€™s t-test (b), one-way ANOVA (c,d); NS: statistically non-significant: Pâ€‰>â€‰0.05. Scale bars: a,eâ€‰=â€‰10 Î¼m, 5 Î¼m, respectively.

                          Source data
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