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SUMMARY

Branching morphogenesis is a fundamental process governing pulmonary development, epithelial differen

tiation, and functional maturation. Here, we report a multilevel branching lung organoid (BLO) model 

generated from primary tip epithelial cells using a robust, chemically defined protocol. These BLOs exhibit 

characteristic dendritic architectures with proximodistal patterning and alveolar-sac-like structures. Time- 

resolved single-cell RNA sequencing reveals that BLOs comprise both proximal airway and distal alveolar 

epithelial populations and recapitulate the developmental trajectories of lung epithelial lineages in vitro. 

Live-cell imaging further demonstrates that the spatial organization and branching dynamics of BLOs closely 

resemble those of native murine pulmonary epithelium in vivo. Upon transplantation into bleomycin-injured 

murine models, BLO-derived cells further mature and ameliorate pulmonary fibrosis. Together, these findings 

establish BLOs as a powerful platform for investigating lung branching morphogenesis, epithelial lineage 

specification and regeneration.

INTRODUCTION

Organoid technology provides a promising in vitro platform for 

modeling tissue development, regeneration, and disease by re

constructing organ-specific cell lineages in three dimensions.1

To date, although organoids have been established for multiple 

organs,1,2 including lung, intestine, liver, and brain, most epithe

lial organoids remain structurally simplistic. They typically form 

spherical cysts lacking higher-order spatial organization, making 

it difficult to infer tissue identity and model tissue morphogenesis 

and developmental patterning.

This limitation is particularly evident in lung organoid systems. 

Current airway and alveolar organoids fail to recapitulate the 

highly ordered branched architecture of the pulmonary epithe

lium.3–11 Recent studies have shown that lung bud organoids 

derived from pluripotent stem cells (PSCs) can exhibit branch

ing-like morphologies12; however, these structures display 

disorganized branching patterns and poorly regionalized epithe

lial cell types in vitro. Moreover, off-target lineages, such as gut 

epithelium, frequently arise during PSC differentiation, further 

limiting their utility.13 Consequently, current lung organoid 

models remain constrained in their ability to faithfully model 

lung development, particularly with respect to recapitulating 

the ordered branched architecture of the pulmonary epithelium. 

In parallel, advances in PSC differentiation and 3D culture sys

tems have enabled the generation of embryo-like structures 

that mimic early developmental events, including blastocyst for

mation and gastrulation.14–17 While powerful, these systems 

generally fail to progress beyond pre-organogenesis stages. 

Thus, alternative strategies are required to reconstruct lung 
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Figure 1. Generation and characterization of BLOs from E10.5 lung tip epithelium 

(A) Schematic overview of the strategy used to generate BLOs. 

(B) Bright-field images comparing branching morphogenesis under the 2C condition, 2C supplemented with single factor, and the optimized ‘‘ALL’’ condition, in 

which 2C is combined with MTG, FGF10, and Vc. Top row, montages; bottom row, single-field images. Scale bars, 500 μm. 

(C) Heatmap showing the expression of lung epithelial lineage markers across different culture conditions. 

(legend continued on next page) 
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morphogenetic programs such as branching morphogenesis 

to enable precise modeling of epithelial fate decisions and 

regeneration.

Branching morphogenesis is a defining feature of lung devel

opment, establishing the dendritic architecture required for sub

sequent epithelial differentiation and functional maturation.18,19

In the mouse, lung branching initiates around embryonic day 

(E) 10.5, when the lung primordium bifurcates into left and right 

buds and undergoes iterative branching to generate a stereo

typed dendritic architecture with defined proximodistal 

patterning, giving rise to four lobes in the right lung and a single 

lobe in the left lung.20 This process is governed by coordinated 

epithelial-mesenchymal signaling, with pathways such as fibro

blast growth factor (FGF), Wnt, and bone morphogentic protein 

(BMP)/transforming growth factor β (TGF-β) playing essential 

roles.21–23 Disruption of key regulators, including FGF10 or fibro

blast growth factor receptor 2 (FGFR2), results in severe branch

ing defects,24,25 highlighting the importance of accurately 

modeling this process.

Here, we establish branching lung organoids (BLOs) that reca

pitulate multilevel branching morphogenesis, epithelial lineage 

specification, and alveolar maturation, providing a versatile plat

form for studying lung development and regeneration.

RESULTS

Generation of BLOs from E10.5 lung tip epithelium 

under chemically defined conditions

Current lung organoid systems typically form simple spherical 

structures and fail to recapitulate the branched architecture of 

the lung in vivo. These limitations arise largely from inappropriate 

cell sources and the use of undefined culture components. Adult 

lung epithelial cells exhibit restricted differentiation capacity, 

whereas PSC-derived lung epithelium often diverges from native 

developmental states. In addition, undefined components such 

as serum may interfere with morphogenetic programs required 

for branching.26 We therefore hypothesized that both the devel

opmental identity of the starting epithelial population and precise 

control of culture conditions are critical for establishing multilevel 

BLOs in vitro. To test this, embryonic lung buds were isolated 

from E10.5 institute of cancer research (ICR) mouse embryos, 

and stromal cells were removed to obtain epithelial tip frag

ments. These fragments were embedded in Matrigel and 

cultured under chemically defined conditions (Figure 1A).

We first performed a systematic screen of small molecules and 

growth factors involved in signaling pathways known to regulate 

lung branching morphogenesis and epithelial fate specification 

(Table S1). Among the tested factors, only the FGF signaling 

agonist FGF7 promoted epithelial tip proliferation, whereas other 

factors either had minimal effects or induced apoptosis 

(Figure S1A). Based on this result, a second round of screening 

was conducted in the presence of FGF7. We found that the 

Wnt signaling agonist CHIR99021 synergized with FGF7 to 

enhance epithelial expansion and induce branching morphol

ogies (Figure 1B).

We next evaluated additional factors in combination with 

FGF7 and CHIR99021. Monothioglycerol (MTG), vitamin C (Vc), 

and FGF10 further improved branching complexity (Figure 1B) 

and epithelial differentiation (Figure 1C), whereas BMP4, TGF- 

β1, retinoic acid (RA), roxadustat, and EPZ5676 inhibited branch

ing (Figure 1B). Compared with treatment using FGF7 and 

CHIR99021 alone, the addition of FGF10, Vc, and MTG together 

enhanced multilevel branching and pulmonary epithelial lineage 

differentiation (Figures 1B and 1C). Based on these results, we 

established a chemically defined medium consisting of five com

ponents: CHIR99021, FGF7, FGF10, Vc, and MTG.

Under these conditions, lung epithelial tips exhibited progres

sive growth and expansion. By day 4, pronounced epithelial 

budding and branching were evident. With prolonged culture, 

the organoids continued to generate higher-order branches, 

with terminal regions expanding into alveolar-sac-like structures 

(Figure 1D). In contrast, BMP4, RA, and epidermal growth factor 

(EGF), which were included in previously reported lung branch

ing organoid systems,12 failed to enhance branching and disrup

ted branching in our system (Figure S1B). We therefore termed 

these structures branching lung organoids （BLOs), reflecting 

their characteristic dendritic architecture.

To characterize the molecular identity of BLOs, we performed 

whole-mount immunofluorescence analysis. BLOs uniformly ex

pressed the lung lineage marker NKX2-1, as well as alveolar 

epithelial markers including SFTPC, HOPX, and RAGE, confirm

ing their pulmonary epithelial identity (Figure 1E). Given the distal 

tip origin of BLOs, we further examined whether proximodistal 

patterning emerged during organoid development. Time-course 

analyses were performed on BLOs collected at days 2, 4, 6, 8, 

and 11 using whole-mount and sectioned immunofluorescence 

staining. The proximal airway marker SOX2 and distal epithelial 

marker SOX9 displayed distinct and spatially segregated 

expression patterns, with SOX2 enriched in central regions and 

SOX9 localized to distal branching tips (Figures 2A and 2B). 

SOX2 expression was initiated by day 2, progressively increased 

through day 8, and subsequently decreased by day 11, indi

cating the establishment and maintenance of proximodistal 

patterning followed by epithelial lineage differentiation. ICAM1+ 

transitional cells27 were detected at the interface between 

SOX2+ and SOX9+ regions (Figures 2A and 2B). Distal alveolar 

markers were activated in a staged manner, with HOPX and 

SFTPC emerging after day 4 (Figure S1C). Distal alveolar-sac- 

like structures contained both alveolar type 1 (AT1) and type 2 

(AT2) cells, with AT1 cells exhibiting flattened morphologies 

and AT2 cells interspersed between AT1 cells (Figures 2C and 

S1C). Consistent with these observations, bulk RNA sequencing 

(RNA-seq) revealed progressive differentiation of BLO-derived 

cells from distal progenitors toward AT2 and AT1 fates, accom

panied by a marked enrichment of mature AT2- and AT1-associ

ated gene signatures at later stages of culture (Figure 2D).

(D) Representative images of BLOs from days 0 to 9, together with a live fluorescence image of a day− 10 organoid stained for F-actin. Days 8–10, montages. 

Scale bar, 500 μm. 

(E) Representative whole-mount immunofluorescence images of day 13 BLOs stained for NKX2-1, SFTPC, HOPX, and RAGE. Left panels (montages) show 

whole-organoid views, and right panels show higher-magnification images of boxed regions. Scale bars, 500 (left) and 100 μm (right). 

See also Figure S1.

ll
OPEN ACCESS Article 

1506 Developmental Cell 61, 1504–1520, July 8, 2026 



A

D

C

B

Figure 2. BLOs recapitulate proximal-distal patterning and lineage progression 

(A) Whole-mount immunofluorescence analysis of BLOs at days 2, 4, 6, 8, and 11, and of E10.5 lung tips, stained for SOX9, SOX2, and ICAM1. Days 8 and 11 are 

montages. For days 4–11, higher-magnification views of boxed regions are shown on the right. Scale bars, 200 μm. 

(B) BLO sections at days 4, 6, 8, and 11 stained for the same marker as in (A). Days 8 and 11 are montages. Yellow dashed boxes indicate regions shown at higher 

magnification in the right panels. Scale bars, 200 μm (left) and 100 μm (right). 

(C) Immunofluorescence staining of day 18 BLO section for SFTPC, HOPX, and RAGE. The image is a montage. Right panels show higher-magnification views of 

boxed regions 1 and 2. Scale bars, 200 (left) and 50 μm (right). 

(D) Gene expression dynamics of BLOs at days 8, 11, and 18. 

See also Figure S1.
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Figure 3. BLOs reconstruct lung epithelial developmental lineages in vitro 

(A) UMAP visualization of single-cell transcriptomes from BLOs. 

(B) Bar plots showing the number of cells in each identified cell type (left). Dot plot depicting the expression of representative genes across BLO cell types (right). 

(legend continued on next page) 
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Together, these results indicate that BLOs undergo coordi

nated multilevel branching and proximodistal patterning and 

generate regionally organized proximal and distal epithelial cells, 

closely recapitulating features of native lung development.

BLOs reconstruct lung epithelial developmental 

lineages in vitro

Given that BLOs are derived from early lung buds and undergo 

proximodistal patterning, we examined whether BLOs recapitu

late lung epithelial developmental trajectories in vitro. To this 

end, we performed single-cell RNA-seq (scRNA-seq) on BLOs 

collected at days 2, 4, 6, 8, 11, and 19 of culture, together with 

E10.5 lung tips as a developmental reference (Figure 3A). This 

analysis yielded high-quality transcriptomes from 57,150 cells, 

with a median of 3,448 genes and 13,508 unique molecular iden

tifiers (UMIs) detected per cell (Figure S2A). Uniform manifold 

approximation and projection (UMAP) analysis revealed diverse 

epithelial populations across successive stages of culture. Early- 

stage BLOs (days 2–11) were enriched for distal progenitors, 

transient progenitors, immature alveolar cells, and proximal 

airway progenitors, as well as differentiated proximal airway lin

eages including club, ciliated, and neuroendocrine cells. In 

contrast, late-stage BLOs (day 19) were predominantly 

composed of mature AT1 and AT2 cell populations (Figures 3A 

and 3B). Cells committed to distal epithelial fates constituted 

the majority of the BLO population throughout culture, whereas 

proximal airway lineages represented a smaller fraction 

(Figure 3B). With extended culture, distal lineages exhibited pro

gressive maturation, accompanied by a further reduction in 

proximal populations, indicating that the defined culture condi

tions preferentially support distal epithelial specification.

Developmental trajectory analysis of distal lineages revealed a 

continuous differentiation pathway from distal progenitors to 

AT2 and subsequently AT1 cell fates (Figure 3C). This process 

was accompanied by a progressive enrichment of mature AT1 

populations at later culture stages, consistent with the immuno

fluorescence findings previously described (Figure 2C). Concur

rently, trajectory analysis of proximal lineages demonstrated a 

differentiation process from distal progenitors into proximal 

airway progenitors and their downstream epithelial derivatives 

(Figure 3D). These observations indicate that BLOs undergo 

distal-to-proximal lineage specification during branching 

morphogenesis.

To assess the fidelity of BLOs relative to native lung develop

ment, we compared BLO transcriptomes with a mouse lung 

epithelial developmental atlas spanning E9.5 through the 

neonatal stage (Figure S2B).28 Trajectory alignment revealed 

that BLO differentiation paths closely mirrored those observed 

in vivo, with comparable distributions of distal and proximal 

epithelial populations (Figure 3E). Correlation analysis demon

strated strong transcriptional similarity between corresponding 

cell types in BLOs and fetal or post-natal lungs (Figure S2C). 

Principal-component analysis (PCA) further positioned BLOs 

along the developmental timeline, with day 19 BLOs aligning 

closely with E17.5 mouse lungs (Figure S2D). Moreover, consis

tent with in vivo signal response,29 treatment of BLOs with dexa

methasone, cyclic AMP (cAMP), and isobutylmethylxanthine 

(DCI) accelerated alveolar epithelial maturation, and upregulated 

AT2 and AT1 marker genes (Figures S2E and S2F). Immunofluo

rescence analysis showed that SFTPC expression transitioned 

from a broad distribution to a more restricted pattern localized 

to AT2 cells. Under DCI treatment, BLOs more readily formed 

alveolar-sac-like structures compared with control conditions 

(Figure S2G).

Together, these results demonstrate that BLOs reconstruct 

lung epithelial developmental lineages in vitro, providing a 

temporally resolved platform for studying pulmonary develop

ment and maturation.

Branching dynamics of BLOs

We next characterized the branching dynamics of BLOs. Using 

bright-field time-lapse microscopy, we tracked BLO growth 

over the first 5 days of culture. During early development, 

BLOs exhibited two distinct growth modes. Type-I organoids re

mained quiescent for the first 1–2 days before entering a rapid 

expansion phase preceding bud initiation (Figures 4A and 

S3A), whereas type-II organoids grew at a near-constant rate 

and initiated budding significantly earlier (Figures 4B, 4C, and 

S3B). Notably, both types reached comparable sizes at the onset 

of budding (Figure 4D), suggesting the existence of a size- 

dependent threshold for bud initiation.

By day 5, BLOs formed higher-order branched architectures 

(Figure 4E). Consistent with mammalian lung development, 

which proceeds through three canonical branching modes— 

domain branching, planar bifurcation, and orthogonal bifurca

tion—BLOs exhibited all three patterns (Video S1). Among these, 

planar bifurcation was the most frequent, followed by domain 

branching and orthogonal bifurcation (Figure 4F).

To quantitatively compare BLO branching architectures with 

those of in vivo lungs, we developed a branching kernel compo

sition vector (BKCV), a scalable tree-embedding framework. We 

defined two fundamental branching events as level-1 (L1) ker

nels—budding (branching) and clefting (bifurcation). Level-2 

(L2) kernels consist of two connected L1 kernels. After emulating 

all possible non-isomorphic L2 kernels, we constructed a 

branching kernel atlas (Figures 4G and S3C). Each branching 

tree was then represented as a BKCV, encoding the relative fre

quencies of individual L2 kernel types (Figures 4G and S3C).

Dimensionality reduction of BKCVs using UMAP revealed that 

branching tree development maps onto a continuous trajectory 

in low-dimensional space (Figure 4H). To validate this concept, 

we sequentially pruned thinnest branches from adult mouse 

airway trees until a certain number of nodes remained to simulate 

the mouse airway at different development stages (Figure S3D). 

Indeed, this generated a continuous putative developmental tra

jectory. Mouse and human lungs occupied distinct regions of 

the UMAP space, indicating species-specific branching pro

grams, and were clearly separated from another branched 

(C and D) Differentiation trajectory analysis of distal (C) and proximal (D) lineages. DC, diffusion component. 

(E) Force-directed graph layouts (ForceAtlas2 [FA]) integrating BLOs with naturally developing lung (NDL) datasets spanning E9.5 to P0. Left panels show the 

distribution of cell types in NDL (left) and BLOs (right). Right panels depict the alignment of developmental stages between NDL (left) and BLOs (right). 

See also Figure S2.

ll
OPEN ACCESSArticle 

Developmental Cell 61, 1504–1520, July 8, 2026 1509 



A

D

E F

G H

CB

Figure 4. Branching dynamics of BLOs 

(A and B) Distinct growth and budding behaviors of type 1 (A) and type 2 (B) BLOs. Top, segmentation masks used for quantitative analysis; middle, representative 

time-lapse image montages; bottom, quantification of organoid area and circularity over time for representative BLOs of each type. Scale bars, 100 μm. 

(C) Quantification of budding onset time in type 1 and type 2 BLOs (n = 6 for type 1; n = 9 for type 2). Dots represent individual BLOs. Error bars indicate mean ± SD. 

p < 0.0001 by Welch’s t test. 

(D) Area at starting point and at budding in two types of organoids in type 1 and type 2 BLOs (n = 6 for type 1; n = 9 for type 2). Dots represent individual BLOs. Error 

bars indicate mean ± SD. p > 0.05 by unpaired t test. 

(E) Bright-field image of a representative day-6 BLO illustrating three distinct branching modes within a single organoid. Scale bar, 100 μm. 

(F) Quantification of the relative frequencies of three branching modes observed in day 6 BLOs (n = 5). Dots represent individual BLOs. Error bars indicate 

mean ± SD. 

(G) Schematic illustration of the branching kernel atlas. 

(H) UMAP visualization of BKCVs derived from mouse airway, human airway, mouse salivary gland, and BLOs datasets. R-Cr, right cranial lobe; R-Mi, right middle 

lobe; R-Cu, right caudal lobe; R-Ac, right accessory lobe. Dashed line indicates the inferred trajectory of mouse airway development. 

See also Figure S3.
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Figure 5. Individual components of the chemical cocktail are indispensable for BLO induction and lineage differentiation 

(A) Representative images of organoids cultured under indicated conditions. Organoids were derived from E10.5 lung tips and cultured under ALL, ALL-Vc, ALL- 

MTG, or ALL-FGF10 conditions for 21 days (montage), or under ALL-CHIR or ALL-FGF7 conditions for 7 days. Scale bars, 500 μm. 

(B) Heatmap showing the expression of lung epithelial progenitor, AT2, and AT1 markers in cells under indicated conditions. 

(legend continued on next page) 
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organ, the salivary gland. Strikingly, BLOs clustered closely with 

mouse lung trees, particularly those corresponding to early 

developmental stages (Figure 4H). Together, these analyses 

demonstrate that BLOs faithfully recapitulate the dynamic 

branching behaviors and architectural features of in vivo lung 

morphogenesis.

Essential factors governing BLO formation

Lung branching morphogenesis is orchestrated by both extrinsic 

cues from the surrounding environment and intrinsic properties of 

the cells.19 To define the essential components required for BLO 

formation in our culture system, we systematically omitted individ

ual small molecules from the induction medium. Among all condi

tions tested, withdrawal of the Wnt agonist CHIR99021 or FGF7 

produced the most severe phenotypes. In both cases, branching 

morphogenesis was completely abolished, and the lung bud tip 

epithelium formed only small, cystic organoids, indicating a failure 

to initiate bud outgrowth and proliferation (Figure 5A). These find

ings demonstrate that CHIR99021 and FGF7 are indispensable for 

BLO initiation and early morphogenetic expansion.

Removal of other small molecules, including FGF10, Vc, or 

MTG, also compromised branching features of BLOs, albeit to 

varying extents (Figure 5A). To assess the molecular conse

quences of these perturbations, we performed bulk RNA-seq 

on BLOs cultured under each dropout condition. Across all con

ditions, omission of any single component led to increased 

expression of distal lung epithelial progenitor markers, including 

Sox9, Etv5, Gata6, and Foxa2, concomitant with reduced 

expression of alveolar epithelial maturation genes. These 

included AT2 cell markers (Sftpa1, Sftpd, Napsa, and major his

tocompatibility complex class II [MHC class II]-complex-related 

genes) and AT1 cell markers (Pdpn and Spock2), indicating 

impaired lineage maturation (Figure 5B).

Comparative transcriptomic analyses revealed both shared 

and component-specific transcriptional responses (Figure 5C). 

Genes commonly downregulated upon withdrawal of FGF10, 

MTG, or Vc were significantly enriched for pathways related to 

MHC class II complex assembly and antigen presentation 

(Figure 5D), whereas the number of genes commonly upregu

lated across all conditions was minimal. In contrast, removal of 

each component led to the induction of a substantial and largely 

distinct set of uniquely upregulated genes (Figure 5C), indicating 

that these factors act through partially overlapping yet mecha

nistically divergent regulatory programs.

Notably, Vc withdrawal elicited a pronounced and distinctive 

transcriptional response. Genes specifically upregulated under 

this condition were strongly enriched for pathways involved in 

cell-cycle regulation and chromatin remodeling (Figure 5E), 

including Kdm5d, Ezh2, Suv39h1, Dnmt1, Smarca4, and Ssrp1 

(Figure 5F). These genes are highly expressed in distal lung pro

genitors but are normally downregulated during AT1 and AT2 

maturation (Figure 5F). Among them, Suv39h1 has been reported 

to suppress surfactant gene expression in the fetal lung,31 while 

Dnmt1 is required for proper proximodistal patterning and restric

tion of AT2 cell fate.32 Our previous work demonstrated that Vc 

enhances somatic cell reprogramming through epigenetic mech

anisms, including modulation of histone modifications33 and DNA 

methylation.34 These findings suggest that Vc promotes BLO 

morphogenesis and functional maturation, at least in part, by 

facilitating appropriate epigenetic state transitions. By compari

son, genes uniquely upregulated upon MTG withdrawal were en

riched for pathways associated with Wnt signaling and regulation 

of epithelial cell migration (Figure 5G), whereas genes specifically 

induced by FGF10 withdrawal were primarily related to trans

membrane transport processes (Figure 5H).

In addition to chemical cues, we next asked whether the intact 

spatial organization of lung bud tip epithelium is required for BLO 

formation. To address this, we dissected tip epithelium into 

smaller clusters and embedded them in Matrigel under the 

same induction conditions used for intact tissue. Remarkably, 

all epithelial clusters generated multilevel branching structures 

comparable to those derived from intact tip epithelium 

(Figure S4A). To further characterize these structures, we 

performed RNA-seq on BLOs derived from epithelial clusters. 

Transcriptomic analyses revealed a high degree of correlation 

between samples (Figure S4B), with significant enrichment of 

genes involved in lung epithelial branching and alveolar develop

ment (Figures S4C and S4D). These findings demonstrate that 

BLO formation does not depend on the intact spatial architecture 

of the starting tissue, highlighting an intrinsic self-organizing ca

pacity of lung epithelial clusters under defined culture conditions.

The intrinsic branching potential of lung tip epithelium prompted 

us to examine whether BLO formation is conserved across genetic 

backgrounds and developmental stages. Tip epithelium isolated 

from E10.5 C57BL/6 embryos generated BLOs with characteristic 

branching morphologies, indistinguishable from those derived 

from ICR mice (Figures 6A and S5A). This indicates that the BLO 

induction system is reproducible across mouse strains.

To assess developmental competence, we isolated lung bud 

tip epithelium or distal epithelial clusters from embryos spanning 

E9.5–E18.0 and subjected them to 3D culture. Tip epithelium iso

lated between E9.5 and E12.0 exhibited a 100% efficiency in 

forming multilevel branched structures (Figures 6A, 6C, and 

S5A), comparable to E10.5-derived BLOs. In contrast, branching 

efficiency progressively declined from E12.5 onward, dropping 

to approximately 20% by E14.0 (Figure 6C). Tip or distal epithe

lium isolated after E14.5 lost the capacity for branching morpho

genesis and instead formed simple cystic organoids (Figure 6B).

(C) Venn diagrams depicting the numbers of overlapping upregulated (left) and downregulated (right) genes in ALL-Vc, ALL-MTG, or ALL-FGF10 conditions 

compared with the ALL condition. 

(D) Gene Ontology (GO) term enrichment analysis of the commonly downregulated genes shown in (C) (right). 

(E) GO term enrichment analysis of genes uniquely upregulated under the ALL-Vc condition shown in (C) (left). 

(F) Heatmap showing the expression of genes associated with cell proliferation and chromatin remodeling across ALL and ALL-Vc conditions (left), mouse lung 

reference cells from Guo et al., 202330 (middle), and BLO-derived cell populations (right). 

(G) GO term enrichment analysis of genes uniquely upregulated under ALL-MTG condition shown in (C) (left). 

(H) GO term enrichment analysis of genes uniquely upregulated under ALL-FGF10 condition shown in (C) (left). 

See also Figure S4.
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Figure 6. Comparable features of BLOs derived from E9.5 to E14.0 lung tip epithelium 

(A) Representative images (montages) of BLOs generated from lung tip epithelium isolated at E9.5 (11 days in culture), E10.5 (11 days), E11.5 (11 days), E12.0 

(8 days), E12.5 (8 days), E13.0 (11 days), E14.0 (13 days), and E10.5 (11 days) from C57 mice. Scale bars, 500 μm. 

(B) Representative images of organoids generated from lung distal epithelial cluster isolated at E15.0, E16.0, E17.0, and E18.0. Scale bars, 500 μm. 

(C) Percentage of organoids displaying branching structures across embryonic stages from E9.5 to E14.0. More than 10 organoids were quantified per devel

opmental stage. The exact number of organoids analyzed in each experimental batch is listed in Table S3. Each dot represents an independent experimental 

batch. Error bars indicate mean ± SD. 

(D) Violin plots showing the number of detected genes (left) and the percentage of mitochondrial transcripts (right) in BLOs across all indicated groups. 

(E) UMAP visualization of BLOs at comparable differentiation stages (E10.5 and E11.5 at day 11; E12.5 at day 9). 

(F) Dot plot summarizing marker gene expression across identified BLO cell types. 

(G) Cellular composition of BLOs. 

(H) Representative images (montages) of E11.0-derived BLOs cultured for 18, 30, and 60 days. Scale bars, 500 μm. 

(I) Quantification of organoid width and height for E11.0- and E13.0-derived BLOs after 30 days in culture (n = 3). Dots represent individual BLOs. Error bars 

indicate mean ± SD. 

See also Figure S5.
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Together, these results define a restricted developmental win

dow from E9.5 to E14.0 during which lung progenitor cells retain 

intrinsic competence for in vitro branching morphogenesis.

Comparable features of BLOs derived from E9.5 to 

E14.0 lung tip epithelium

To compare the cellular composition of BLOs derived from 

different genetic backgrounds and developmental stages, we per

formed scRNA-seq on day 11 BLOs generated from lung bud tip 

epithelium of distinct origins. High-quality scRNA-seq datasets 

were obtained for all samples (Figure 6D). UMAP analysis revealed 

that BLOs derived from E10.5 embryos of both ICR and C57BL/6 

backgrounds, as well as those derived from E11.5 and E12.5 

ICR embryos, clustered closely and largely overlapped 

(Figure 6E), indicating similar cellular states across conditions.

Cell-type annotation showed that all BLOs contained compa

rable epithelial compositions, encompassing both distal and 

proximal lung epithelial lineages (Figures 6E and 6F). Consistent 

with our earlier observations, distal epithelial populations consti

tuted the predominant cell type in BLOs, whereas proximal 

airway epithelial cells represented only a minor fraction 

(Figure 6G). Although the relative proportions of individual cell 

types varied modestly among BLOs, the overall cellular compo

sition was largely conserved. Neuroendocrine epithelial cells 

were not detected in BLOs derived from E10.5 C57BL/6 or 

E11.5 ICR embryos, which likely reflects their low abundance 

and limited capture efficiency in these samples.

To further evaluate molecular similarities and differentiation 

trajectories, we collected BLOs derived from E9.5 to E14.0 

lung bud tip epithelium at multiple time points for bulk RNA- 

seq. Transcriptomic analyses revealed that all BLO samples 

clustered tightly and exhibited high pairwise correlations, yet 

they were clearly separated from their corresponding primary 

tip epithelium (Figure S5B), indicating transcriptional remodeling 

during in vitro culture. PCA showed that BLO transcriptomes 

were ordered primarily by culture duration rather than develop

mental origin (Figure S5C), suggesting a shared differentiation 

trajectory over time.

Consistent with this progression, extended culture resulted in 

downregulation of stem cell associated genes, whereas upregu

lated genes were enriched for pathways related to lung epithelial 

differentiation, including alveolar maturation and lipid metabolic 

processes (Figures S5D and S5E). Notably, BLOs derived from 

different developmental stages could be maintained long term 

in culture. Over the course of 1 month, BLOs underwent substan

tial expansion, reaching diameters of approximately 1 cm and 

occupying the surrounding Matrigel matrix (Figures 6H and 6I).

Despite these shared features, we observed subtle differences 

in growth dynamics. BLOs derived from E13.0 lung tip epithelium 

underwent proximodistal patterning during branching morpho

genesis between days 2 and 8 of culture, similar to E10.5 

BLOs (Figure S5F). However, E13.0-derived BLOs initiated 

branching, and expression of alveolar markers SFTPC and 

HOPX was activated earlier than in E10.5-derived BLOs 

(Figures S5A and S5G). These findings indicate that BLOs 

derived from E9.5 to E14.0 embryos share comparable tran

scriptional landscapes and differentiation programs, while re

taining stage-dependent differences in the timing of branching 

and lineage maturation.

Transplantation of BLO-derived cells ameliorates 

bleomycin-induced pulmonary fibrosis

To evaluate the functional potential of BLO-derived cells in vivo, 

we tested their regenerative efficacy in a bleomycin-induced pul

monary fibrosis model. Pulmonary fibrosis is a chronic and pro

gressive disease characterized by extensive destruction of the 

distal lung epithelium,35 for which effective regenerative strate

gies remain limited. Given the robust capacity of BLOs to 

generate distal lung epithelial lineages, we hypothesized that 

transplantation of BLO-derived cells could promote epithelial 

regeneration and attenuate fibrotic pathology.

BLOs were generated from E10.5 lung bud tip epithelium consti

tutively expressing mtdTomato and cultured for 11 days 

(Figures S6A and S6B). At this stage, BLOs exhibited cellular fea

tures resembling those of the E15.5–E16.0 fetal lung (Figure S2D). 

Previous studies have reported that E15.5 whole lung cells exhibit 

the highest engraftment efficiency following transplantation 

compared with other developmental stages.36 However, trans

plantation of E15.5 whole lung cells cannot reconstruct alveolar 

structures in vivo. Whether transplantation of E15.5 epithelium 

alone can regenerate injured lung tissue remains unclear. To test 

it, BLOs were subsequently dissociated into single-cell suspen

sions and delivered via intratracheal instillation into mice subjected 

to bleomycin-induced lung injury. Engraftment and regenerative 

outcomes were assessed at 7, 21, 56, and 180 days post-trans

plantation (dpt) (Figure S6A). At 7 dpt, mtdTomato+ donor-derived 

cells were detected within injured lung regions, indicating success

ful survival and engraftment. Notably, the mtdTomato+ cell popu

lation expanded at 21, 56, and 180 dpt (Figures 7A and S6D), 

demonstrating long-term persistence, proliferation, and integra

tion of BLO-derived cells in vivo.

To assess the impact of transplantation on fibrotic pathology, 

we performed micro-computed tomography (micro-CT) anal

ysis, which revealed a marked reduction in fibrotic lesions in 

transplanted mice compared with bleomycin-only controls 

(Figure 7B). Histological analyses using hematoxylin and eosin 

(H&E) and Masson’s trichrome staining further demonstrated 

substantial restoration of lung parenchymal architecture and a 

pronounced decrease in collagen deposition following BLO- 

derived cell transplantation (Figures 7C and S6C).

Immunofluorescence staining using specific markers for 

alveolar epithelium, endothelial cells, and mesenchymal cells 

confirmed that engrafted tdTomato+ BLO-derived cells integrated 

with host endothelial and mesenchymal compartments, consis

tent with their participation in the reconstitution of gas-exchange 

units (Figures 7D and 7E). Consistently, pulmonary function tests 

(PFTs) revealed significant functional improvements in trans

planted mice, including increased total lung capacity and forced vi

tal capacity, reduced airway resistance, and enhanced lung 

compliance, relative to bleomycin-treated controls (Figure 7F).

To assess whether BLO-derived cells from different stages 

exhibit similar regenerative capacity, we additionally transplanted 

cells derived from day 18 BLOs generated from E10.5 tissue and 

day 10 BLOs generated from E12.5 tissue. In all cases, donor- 

derived cells engrafted and formed new alveolar structures within 

injured lung regions (Figures S6E–S6H), indicating that regenera

tive potential is maintained across these BLO stages.

To precisely define the in vivo differentiation states of 

BLO-derived cells during lung repair, we performed scRNA-seq 
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Figure 7. Transplantation of BLO-derived cells ameliorates BLM-induced pulmonary fibrosis 

(A) Direct fluorescence stereomicroscopy image showing mtdTomato+ BLO-derived cells engrafted in lungs at 21 dpt. Scale bar, 2 mm. 

(B) Representative CT images of lungs from the bleomycin (BLM)-injured control group and the mtdTomato+ BLO cell transplantation group at 21 and 180 dpt. 

(legend continued on next page) 
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on sorted mtdTomato+(donor-derived) and mtdTomato− (endoge

nous) cell populations at 28 and 90 dpt (Figures S7A and S7B). 

Cell-type annotation based on lineage-specific markers revealed 

that the mtdTomato+ population was predominantly composed 

of epithelial cells (Figures S7C–S7F). Among these, AT1 cells rep

resented the largest fraction (50%–64.8%), followed by AT2 cells 

(32.5%–44.8%) and a small population of AT2-to-AT1 transitional 

cells (2.2%–3.3%) (Figures 7G and S7G). Importantly, donor- 

derived alveolar epithelial cells uniformly lacked expression of 

Sox9 and instead expressed high levels of mature lineage markers. 

AT1 cells expressed Pdpn, Clic5, and Ager, whereas AT2 cells ex

pressed Abca3, Lamp3, and Slc34a2 (Figure 7H). These results 

indicate that day 11 BLO-derived cells undergo further differentia

tion and maturation in vivo following transplantation, contributing 

to epithelial repair of the injured lung. Notably, BLO-derived AT1 

and AT2 cells exhibited high expression of MHC-class-II-associ

ated genes involved in antigen presentation and host defense,37

with expression levels comparable to those observed in endoge

nous alveolar epithelial cells (Figure 7H). This suggests that BLO- 

derived alveolar cells acquire functional properties resembling 

their native counterparts. In contrast, scRNA-seq revealed minimal 

contributions from proximal airway epithelial lineages, including 

basal, secretory, and ciliated cells (Figure S7H), consistent with 

the distal fate bias observed during in vitro BLO differentiation. 

These findings were further validated by in situ immunofluores

cence analysis (Figure S7I).

DISCUSSION

In summary, BLOs recapitulate key features of lung epithelial 

development, including canonical branching morphogenesis, 

proximodistal patterning, epithelial lineage progression, and 

alveolar maturation (Table S4), providing a robust and versatile 

platform for investigating lung development and regeneration.

Branching morphogenesis is a fundamental process underly

ing lung development, coordinating epithelial growth, proximo

distal patterning, and functional maturation.18,19,22 To date, 

in vitro studies of this process have largely relied on two exper

imental platforms: whole lung explant cultures and lung organoid 

systems. Whole lung explants preserve native tissue architec

ture and cellular diversity but can typically be maintained for 

only 2–3 days,38,39 limiting experimental perturbation and long- 

term analysis. Moreover, the simultaneous presence of proximal 

and distal epithelium, together with mesenchymal and endothe

lial compartments, complicates the dissection of epithelial- 

intrinsic mechanisms governing proximodistal and lineage differ

entiation. In contrast, BLOs are initiated exclusively from lung 

bud tip epithelium and are devoid of mesenchymal components 

and pre-existing proximal epithelium. Despite this minimal 

starting configuration, BLOs undergo robust branching morpho

genesis, proximodistal patterning, and epithelial lineage differ

entiation in a manner reminiscent of in vivo lung development. 

Notably, BLOs grow rapidly, reaching diameters approaching 

1 cm within 1 month, and maintain stable multilevel branching ar

chitectures over 60 days. This extended temporal window en

ables systematic perturbation and longitudinal analysis of 

branching morphogenesis and epithelial differentiation, which 

is difficult to achieve with whole lung explant culture models. 

On the other hand, BLOs derived from PSCs have been reported 

previously12; however, these systems often exhibit disorganized 

branching patterns, aberrant spatial distribution of cell types, 

and limited maturation of alveolar lineages, particularly the 

absence of fully differentiated AT1 cells in vitro. In contrast, 

BLOs display region-specific cellular organization and generate 

alveolar-sac-like structures composed of mature AT1 cells with 

characteristic flattened morphology. Moreover, BLOs recapitu

late stereotyped branching programs—domain branching, 

planar bifurcation, and orthogonal bifurcation—that closely 

mirror those observed during native lung development, under

scoring their fidelity as a developmental model.

Multiple factors have been implicated in regulating lung 

branching morphogenesis.19,22 In vivo studies have emphasized 

the essential roles of mesenchymal cells, particularly smooth 

muscle progenitors, in shaping epithelial branching.40 Surpris

ingly, BLOs undergo extensive and stereotypic branching 

morphogenesis in the absence of mesenchymal components. 

Furthermore, fragmentation of the initiating lung bud tip epithe

lium does not impair branching capacity, indicating that neither 

epithelial-mesenchymal physical interactions nor the initial 

spatial integrity of the epithelium is strictly required for branch

ing. Instead, our findings support the notion that soluble niche 

signals—classically provided by mesenchyme in vivo—are suffi

cient to drive epithelial branching programs.22 Consistent with 

this paradigm, BLO formation and growth are dependent on 

Wnt and FGF signaling. Removal of the Wnt agonist 

CHIR99021 or FGF7 completely abolished BLO growth and 

branching. Interestingly, withdrawal of FGF10 had minimal ef

fects on branching, suggesting ligand-specific roles within 

the FGF family. This observation aligns with previous studies 

identifying FGF7, but not FGF10, as essential for the growth 

(C) H&E and Masson’s trichrome staining of lung sections under conditions shown in (B). Scale bar, 200 μm. 

(D) Immunofluorescence analysis of lung sections at 7, 21, 56, and 180 dpt showing mtdTomato+ BLO-derived cells co-expressing SFTPC or PDPN. Yellow stars 

indicate cells co-expressing mtdTomato and SFTPC, and white stars indicate cells co-expressing mtdTomato and PDPN. Insets show higher-magnification 

views of regions outlined by yellow dashed boxes. Nuclei were counterstained with DAPI. Scale bars, 50 (main) and 20 μm (insets). 

(E) Immunofluorescence staining of lung sections at 7, 21, 56, and 180 dpt illustrating the spatial relationship between engrafted mtdTomato+ donor cells and host 

stromal and endothelial compartments. Co-staining for PDGFRα and CD31. Yellow stars denote PDGFRα+ mesenchymal cells adjacent to donor cells, and white 

stars denote CD31+ endothelial cells adjacent to donor cells. Insets show higher-magnification views of boxed regions. Scale bars, 50 (main) and 20 μm (insets). 

(F) Pulmonary function test parameters measured in PBS sham-operated controls (n = 5), BLM-injured controls (n = 5), and BLM-injured mice transplanted with 

mtdTomato+ BLO-derived cells (n = 6). Error bars represent mean ± SEM. Statistical significance was assessed by one-way ANOVA with multiple comparisons. 

*p < 0.05, **p < 0.01, ***p < 0.001. 

(G) UMAP visualization of endogenous (1,423 cells; mtdTomato-negative) and donor-derived (22,248 cells; mtdTomato-positive) epithelial populations at 28, 90, 

and 180 dpt, colored by annotated cell types. Cells are fluorescence-activated cell sorting (FACS) sorted on tdTomado, and only epithelial cells are plotted. 

(H) Dot plot comparing the expression of lung lineage markers between endogenous epithelial cells and BLO-derived donor cells. 

See also Figures S6 and S7.
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and self-renewal of lung-bud-tip-derived epithelial stem cells.41

Beyond Wnt and FGF signaling, Vc and MTG also contributed 

to BLO branching morphogenesis and lineage maturation. Our 

previous work demonstrated that Vc markedly promoted PSCs 

generation, primarily through epigenetic mechanisms involving 

histone modifications33 and DNA methylation.34 Interestingly, 

in BLOs, Vc uniquely suppressed chromatin remodeling and 

cell-cycle-associated genes that are highly expressed in distal 

epithelial progenitors, thereby facilitating AT1 and AT2 cell matu

ration. These effects were distinct from those of MTG and 

FGF10, suggesting that Vc promotes epithelial maturation 

through specific epigenetic transitions, the precise mechanisms 

of which warrant further investigation.

In addition to extrinsic cues, the intrinsic competence of the 

epithelial starting population critically determines BLO forma

tion. We found that lung bud tip epithelium isolated between 

E9.5 and E14.0 could generate BLOs, whereas tip or distal 

epithelial tissues from E14.5 to E18.0 formed only simple spher

ical organoids. Branching efficiency declined progressively after 

E12.0, highlighting a restricted developmental window during 

which epithelial progenitors retain intrinsic branching capacity. 

Although BLOs derived from E9.5 to E14.0 embryos exhibited 

comparable cellular and molecular features, they displayed sub

tle differences in growth and differentiation dynamics, indicating 

that developmental history influences the timing—but not the 

overall trajectory—of in vitro differentiation. These findings 

further suggest that, beyond medium composition, the induction 

of lung epithelial progenitors equivalent to their in vivo counter

parts is a critical consideration for optimizing PSC-derived lung 

organoid systems.

BLOs comprise heterogeneous populations of distal and 

proximal lung epithelial cells whose composition dynamically 

evolves over prolonged culture. During early stages (days 

1–11), SOX2+ proximal progenitors localize centrally, whereas 

Sox9+ distal progenitors occupy branching tips. ICAM1+ 

transitional cells are detected at the interface between these 

domains, indicating a spatially defined intermediate state. 

scRNA-seq further confirms the presence of distal progenitors, 

immature alveolar cells, and SOX2+ proximal airway progeni

tors, as well as differentiated proximal cell types, including 

neuroendocrine, ciliated, and secretory club cells. At later 

stages, the progenitor pool contracts, mature AT2 cells 

become predominant, and mature AT1 cells and transitional 

states emerge along the alveolar differentiation continuum. 

This temporal progression reflects both the intrinsic multipo

tency of lung bud tip epithelial cells and sustained activation 

of Wnt signaling via CHIR99021. Consistent with previous re

ports showing that Wnt activation promotes distal fate specifi

cation while suppressing proximal differentiation,42 prolonged 

Wnt signaling in BLOs drives progressive maturation toward 

distal alveolar lineages. Consequently, proximal epithelial dif

ferentiation is relatively restrained. Modulating or counterbal

ancing Wnt activity may therefore be required to generate orga

noids encompassing the full spectrum of lung epithelial 

lineages. Importantly, BLOs not only generate large numbers 

of mature AT1 and AT2 cells but also reconstruct distal lung ar

chitecture, forming micro-alveolar sac structures. These fea

tures position BLOs as a powerful platform for establishing 

complex alveolar structures involving epithelial-immune-endo

thelial interactions and investigating their cellular crosstalk that 

are central to lung physiology and disease.

Finally, the chemically defined nature of the BLO induction 

system provides a clean and tractable experimental frame

work for mechanistic studies. Recent large-scale single-cell 

atlases have greatly expanded our understanding of lung 

development,43–50 revealing numerous candidate regulators 

of epithelial fate specification and branching morphogenesis. 

However, functional validation of these factors in vivo remains 

challenging due to system complexity and the time required to 

generate genetic models. BLOs offer an efficient alternative 

for testing genetic and epigenetic regulators identified through 

atlas studies, enabling rapid dissection of their roles in 

branching morphogenesis and lineage differentiation in 

epithelial-specific contexts. Notably, although BLO formation 

occurs independently of mesenchymal support in vitro, BLO- 

derived cells retain the capacity to integrate with host stromal 

and endothelial cells in vivo, contribute to alveolar reconstruc

tion, and improve lung function. These findings suggest po

tential utility of BLO-derived cells in lung regenerative 

applications.

Limitations of the study

Despite its utility, the current BLO system has several limitations. 

BLOs are derived from embryonic mouse lung tissue, limiting 

scalability and direct translation to human systems. In addition, 

BLOs generate a minor fraction of proximal airway lineages un

der current culture conditions. Future studies should focus on 

deriving BLOs from PSCs or expandable progenitors and opti

mizing signaling conditions to more fully recapitulate lung epithe

lial diversity and development.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-TTF1 Abcam Cat#ab76013; RRID:AB_1310784

Mouse monoclonal anti-Hop Antibody (E-1) Santa Cruz Biotechnology Cat#sc-398703; RRID:AB_2687966

Rabbit polyclonal anti-SFTPC Invitrogen Cat#PA5-102493; RRID: AB_2851895

Mouse monoclonal anti-RAGE R&D Cat#MAB1179; RRID:AB_2289349

Rabbit polyclonal anti-Sox9 Milipore Cat# AB5535; RRID: AB_2239761

Rabbit monoclonal anti-Sox2 Cell Signaling Technology Cat#23064; RRID: AB_2714146

Mouse polyclonal anti-ICAM-1 R&D Cat# AF796; RRID: AB_2248703

Hamster monoclonal anti-PDPN DSHB Cat#8.1.1; RRID: AB_531893

Rabbit monoclonal anti- PDGFR alpha Abcam Cat# ab203491; RRID: AB_2892065

Goat polyclonal anti-CD31 R&D Cat# AF3628; RRID: AB_2161028

Mouse monoclonal anti-acetylated Tubulin Sigma Cat# T7451;RRID: AB_609894

Mouse monoclonal anti-CC10(E-11) Santa Cruz Biotechnology Cat# sc365992; RRID: AB_10915481

Donkey polyclonal anti-rabbit IgG (H+L) (Alexa Fluor® 568) Thermo Fisher Cat# A10042; RRID: AB_2534017

Donkey polyclonal anti-goat IgG (H+L) (Alexa Fluor® 647) Thermo Fisher Cat# A-21447; RRID: AB_2535864

Donkey polyclonal anti-rat IgG (H+L) (Alexa Fluor® 568) Thermo Fisher Cat# A78946; RRID: AB_2910653

Goat polyclonal anti- hamster IgG (H+L) (Alexa Fluor® 647) Thermo Fisher Cat#A21451; RRID: AB_2535868

Donkey polyclonal anti-mouse IgG (H+L) (Alexa Fluor® 488) Thermo Fisher Cat#A21202; RRID: AB_141607

Donkey polyclonal anti-mouse IgG (H+L) (Alexa Fluor® 568) Thermo Fisher Cat#A10037; RRID: AB_11180865

Donkey polyclonal anti-rabbit IgG (H+L) (Alexa Fluor® 488) Thermo Fisher Cat#A21206; RRID: AB_2535792

Goat polyclonal anti-rat IgG (H+L) (Alexa Fluor® 647) Thermo Fisher Cat#A21247; RRID: AB_141778

Biological samples

Mouse lung This paper N/A

Chemicals, peptides, and recombinant proteins

Dispase II Gibco Cat#17105-041

Matrigel Corning Cat#354234

DMEM/F12 Gibco Cat#11330032

N2 supplement Gibco Cat#17502-048

B27 Gibco Cat#17504-044

Penicilin-Streptomycin Gibco Cat#15140-122

CHIR99021 Targetmol Cat#T2310;

FGF7 R&D Cat#251

FGF10 Peprotech Cat#100-26

BMP4 R&D Cat# 314-BP

TGF-β1 Peprotech Cat#100-21

SHH R&D Cat# 464-SH

Roxadustat Selleck Cat#S1007;

Vitamin C Sigma Cat#49752

Monothioglycerol Sigma Cat#M6145

EPZ5676 Targetmol Cat#T3099;

RA MCE Cat# HY-14649;

EGF R&D Cat#2028-EG-200

Bleomycin sulfate Macklin Cat#B802467;

Papain Worthington Cat#LS003126

BSA Miltenyi Biotec Cat#130-091-376

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TRIzol Reagent Invitrogen Cat#TR118

fetal bovine serum NTC Cat#SFBE

Liberase TM Roche Cat#LIBTM-RO

DNase I Worthington Biochemicals Cat#LS006343

ACK lysing buffer ThermoFisher Cat#A1049201

4% paraformaldehyde Coolaber Cat#SL1830

sucrose solutions Macklin Cat#:C17413261;

OCT Sakura Cat#4583

TritonX-100 Yeasen Cat#20107ES20;

PBS Cytiva Cat#SH30256.01

SPY-555-FastActTM Cytoskeleton Cat#SC205

DAPI Invitrogen Cat#D1306

Critical commercial assays

Chromium Next GEM Single Cell 3′ GEM, 

Library & Gel Bead Kit v3.1

10X Genomics Cat#PN-1000121

VAHTS mRNA-seq v2 Library 

Prep Kit for Illumina

Vazyme Cat#NR605

Masson‘s trichrome staining kit Solarbio Cat# G1346

Deposited data

RNA sequencing data (raw and analyzed data) This paper GSE303739

scRNAseq sequencing data (raw and analyzed data) This paper GSE303739

Public scRNA-seq data Negretti et al.46 GSE165063

Public scRNA-seq data Zepp et al.47 GSE149563

Public scRNA-seq data Strunz et al.48 GSE141259

Public scRNA-seq data Angelidis et al.49 GSE124872

Experimental models: Organisms/strains

Mouse: C57/6J Rosa26-mTmG The Jackson Laboratory RRID:IMSR_JAX007576

Mouse: CD-1®(ICR) IGS Guangdong Vital River Laboratory 

Animal Technology Co., Ltd.

No.201

Mouse: C57BL/6J GemPharmatech Co., Ltd. No. N000013

Software and algorithms

Napari(v0.5.4) N/A https://www.python.org/

Fiji Schneider et al.51 https://imagej.net/software/fiji/

Networkx(v3.4.2) Hagberg and Conway52 https://github.com/networkx/networkx

Umap-learn(v0.5.7) McInnes et al.53 https://umap-learn.readthedocs. 

io/en/latest/

micro-SAM(v1.3.1) Archit et al.54 https://github.com/computational- 

cell-analytics/micro-sam

Matplotlib(v3.1.0) Hunter et al.55 https://matplotlib.org/stable/

FlowJo (v10.8.1) BD Biosciences N/A

Bowtie2 N/A http://bowtie-bio.sourceforge.net/ 

bowtie2/index.shtml

RSEM N/A https://github.com/deweylab/RSEM

STAR (v2.7.6a) N/A https://github.com/alexdobin/STAR

R (v4.2.2) R Core Team https://www.r-project.org/

ggplot2 (v3.3.2) N/A https://github.com/tidyverse/ggplot2

Seurat (v4.3.0) N/A http://www.satijalab.org/seurat

Python (v3.11) Python Software Foundation https://www.python.org/

Scanpy (v1.9.6) N/A https://scanpy.readthedocs.io/en/stable/

scVI (v1.4.1) N/A https://scvi-tools.org/

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All animal experiments were performed in accordance with the Guide for the Animal Use and Care Protocol (AUCP, GZLAB-AUCP- 

2024-10-A03) and approved by the Animal Ethics Committee of Guangzhou Laboratory. Mice were housed with a 12-hlight-dark 

cycle at 18-23◦C and 40-60% humidity in the animal facility at Guangzhou Laboratory. Wild-type ICR and C57BL/6 mice were pur

chased from Charles River Laboratories, SCXK (Yue) 2022-0063. Rosa26-mTmG (C57BL/6J background) mice (gifts from Qi Chen 

lab). Wild-type pregnant female ICR and C57BL/6 mice (8-10 weeks old) were used for embryonic lung isolation. Male C57BL/6J mice 

(8-10 weeks old) were subjected to a bleomycin (BLM)-induced fibrotic injury model.

Organoid culture

Branching lung organoids (BLOs) derived from mouse embryonic lung tip epithelium were cultured in the medium consisting of 

DMEM/F12 (Gibco, #11330032) supplemented with 1% N2 supplement (Gibco, #17502-048), 2% B27 supplement (Gibco, 

#17504-044), and 1% penicillin–streptomycin (Gibco, #15140-122), 3 μM CHIR99021 (Targetmol,T2310) and 10 ng/ml FGF7(R&D, 

#251), 0.4 mM monothioglycerol (Sigma, #M6145), 50 ug/ml vitamin C (Sigma, #49752), and 10 ng/ml FGF10 (Peprotech, #100-26).

METHOD DETAILS

Isolation and microdissection of mouse embryonic lung distal tip epithelium for BLO induction

Timed pregnancies were established in ICR or Rosa26-mTmG C57BL/6 mice, with the morning of vaginal plug detection designated 

as embryonic day 0.5 (E0.5). Pregnant females were euthanized at embryonic days E9.5 to E18.0, and embryos were harvested. After 

sterilization of the abdominal surface with 75% ethanol, uterine horns were excised and embryos were isolated under a stereomicro

scope. Embryonic lungs at the indicated developmental stages were carefully dissected and incubated in 10 U/mL Dispase II (Gibco, 

#17105-041) for 5–10 min to facilitate separation of epithelial and mesenchymal compartments. Following enzymatic digestion, the 

mesenchyme was gently removed by mechanical dissection under a stereomicroscope, yielding purified lung epithelial tissues.

The procedure for harvesting epithelial starting material was adapted according to developmental stage and tissue morphology:

E9.5 embryos: At this stage, the laryngotracheal groove has just emerged ventrally from the foregut and initiated bifurcation. The 

entire nascent lung bud was isolated and processed as described above to obtain primordial lung epithelium for culture.

E10.5–E16.5 embryos (pseudoglandular stage): After mesenchymal removal, the most distal epithelial tip regions of the lung buds 

were precisely microdissected using an insulin syringe needle (BD, #328421) or further mechanically dissociated into smaller epithe

lial clusters using tungsten needles (F.S.T., #10130-05) for organoid culture.

Embryos beyond E16.5 (canalicular and saccular stages): Following mesenchymal removal, terminal epithelial clusters were simi

larly microdissected using an insulin syringe needle and used for organoid culture.

Culture medium formulation for BLO induction

Isolated distal tip epithelium or terminal epithelial clusters were embedded in 50 μL droplets of Matrigel (Corning, #354234) and 

placed at the center of each well in a 24-well plate. After Matrigel polymerization, the appropriate culture medium was added to 

each well. Cultures were maintained at 37 ◦C in a humidified incubator with 5% CO₂, and the medium was refreshed every 48 h.

The basal medium used for all experiments consisted of DMEM/F12 (Gibco, #11330032) supplemented with 1% N2 supplement 

(Gibco, #17502-048), 2% B27 supplement (Gibco, #17504-044), and 1% penicillin–streptomycin (Gibco, #15140-122).

For specific experimental conditions, the basal medium was further supplemented as follows:

Initial screening conditions: The basal medium was individually supplemented with candidate small molecules or growth factors. A 

complete list of all screened factors, including catalog numbers and working concentrations, is provided in Table S1.

2C condition (2C medium): The basal medium was supplemented with CHIR99021 and FGF7.

Final optimized condition (ALL medium): The basal medium was supplemented with the 2C combination together with three addi

tional components: monothioglycerol (MTG), vitamin C (Vc), and FGF10.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Palantir (v1.4.2) N/A https://palantir.readthedocs.io/en/ 

latest/notebooks/Palantir_sample_ 

notebook.html

CellRank (v2.0.7) N/A https://cellrank.readthedocs.io/en/ 

latest/notebooks/tutorials/index.html

Matlab (vR2023a) N/A https://matlab.mathworks.com/

ZEN 2.3 SP1 Zeiss N/A
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Withdrawal assay conditions: Modified versions of the ALL medium were generated by omitting a single small molecule, including 

ALL–Vc, ALL–MTG, ALL–FGF10, ALL–CHIR99021, and ALL–FGF7.

Assessment of branching-inducing capacity of lung tip epithelium

The branching-inducing capacity of lung tip epithelium was evaluated primarily based on characteristic morphological progression 

observed during daily monitoring of organoid cultures. The criteria were defined as follows:

(1) Sustained proliferation: lung tip /distal epithelial cluster exhibited robust growth during the early culture period, characterized 

by a continuous increase in organoid volume and the persistent generation of new branches up to day 8.

(2) Hierarchical branch formation: Primary (first-order) branches emerged within the first 4 days, followed by the sequential 

appearance of secondary and higher-order branches. By day 8, organoids established a well-organized dendritic architecture.

(3) Diversity of branching modes: Individual organoids displayed multiple branching modalities characteristic of in vivo lung 

development, including domain branching, planar bifurcation, and orthogonal bifurcation.

(4) Core scaffold with peripheral elaboration: Mature organoids developed a central dendritic scaffold that served as a structural 

framework for continued morphogenesis, including further branch extension and differentiation of distal termini into sac-like 

structures.

Live-cell imaging

Live-cell imaging of branching lung organoids (BLOs) was performed using organoids generated as described above. Briefly, isolated 

E10.5 lung tip epithelium was embedded in Matrigel and plated into glass-bottom 24-well plates (Cellvis, P24-1.5H-N) for time-lapse 

imaging. Organoids were imaged on an inverted microscope (Eclipse Ti2-E, Nikon) equipped with a 10×/0.45 NA objective. A Spectra 

X light engine (Lumencor) was used for fluorescence imaging and the exposure time for each channel was 200 ms. The full field of 

view was recorded every 10 min for approximately 5 days. During imaging, cultures were maintained in an OKO live-cell incubation 

chamber under a humidified atmosphere at 37 ◦C with 5% CO₂. For image analysis, The mask of recorded date was extracted with 

the napari plugin micro-SAM, which is based on the Segment Anything Model (SAM).54 Morphological quantification and dynamic 

analysis of organoid growth and branching behavior were subsequently performed by a customized Matab script.

BLOs skeletonization analysis

The recoded 3D image stack of the BLOs at Day5 was segmented using Labkit plugin of Fiji to generate mask. The raw mask would be 

carefully checked and manually corrected if any error was found. A spline smoothing algorithm was performed on each image slice to 

get smooth 2D boundaries. For smoothing in 3D, the mask was converted into a stl file using ‘‘3D Viewer’’ plugin of Fiji and then im

ported to the software of Meshlab. Laplacian Smooth and down-sampling were used to get a smooth 3D surface. After converting the 

smoothed mask into an image stack, a customized Fiji script would skeletonize the mask image and convert the skeleton into a tree 

structure which stores in a JSON or HDF5 file.

The mouse airway data were downloaded from the National Toxicology Program of U.S Department of Health and Human Services 

(https://cebs-ext.niehs.nih.gov/cahs/report/lapd/web-download-links).The human airway data were downloaded from a Pulmonary- 

Tree-Repairing project (https://github.com/m3dv/pulmonary-tree-repairing?tab=readme-ov-file). The mouse salivary gland data 

were gathered from the paper ‘‘Inflationary theory of branching morphogenesis in the mouse salivary gland (2022)’’56.

Branching tree similarity analysis

We invented a method named branching kernel composition vector (BKCV) to do the branching tree similarity analysis. Firstly, the 

branching tree was checked and modified (if necessary) into a binary branching tree by merging nodes with only one child and split

ting nodes with more than 3 children. Next, all nodes except root and leaf nodes would be classified into one of the two common

sensical branching types: budding (or branching) and clefting (or bifurcation). These two branching types were defined as level-1 (L1) 

branching kernels. The criteria we used to classify L1 kernel are detailed in Figure S3C Level-2 (L2) kernel is defined as two connected 

L1 kernels. Considering the spatial configuration, the connection was further subdivided into a 2D version (the dihedral angle of the 

two planes defined by the connected nodes is smaller than 30◦) or a 3D version (the dihedral angle is bigger than 30◦). After emulating 

all the possible non-isomorphic L2 kernels, a branching tree kernel atlas had been constructed (Figure 4G). Of note, one can 

construct a kernel atlas based on the problem one is interested in, such as degenerating some branching kernels we listed or adding 

the length of the connecting edge as extra parameter to gain more kernels. For any given branching tree, one can count the number of 

all different L2 kernels. The percentage composition of each type of kernel is obtained by dividing its number by the total number of L2 

kernels. The collection of all type kernels’ percentage is the BKCV.

The Uniform Manifold Approximation & Projection (UMAP) was used to do the dimension reduction of all BKCVs. Considering the 

BKCV is percentage composition, the change of BKCV will be much less when adding same amount nodes into a tree with more 

nodes than a tree with less nodes. So we used the distance metric of Canberra (dCanberra = 
∑n

1
|xi − yi |

|xi + yi |
, for x = [x1; x2; …;

xn] and y = [y1;y2;…;yn]) instead of Euclidean during UMAP calculation for balancing the node number difference effect. To mimic 

the data of different mouse airway development stages, the adult mouse airway trees were pruned the thinnest branch sequentially till 

certain number of nodes left: 1200 (Mouse Airway-P1), 800 (Mouse Airway-P2), 500 (Mouse Airway-P3), 200 (Mouse Airway-P4) and 
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50 (Mouse Airway-P5) nodes (Figure S5D). For human airway, the pruning process was similar. The Human Airway-P1 left 150 nodes, 

Human Airway-P2 and P3 left 100 and 50 nodes, respectively. The putative mouse airway development trace in UMAP was obtained 

by linking the data center sequentially from Mouse Airway-P1 to Mouse Airway-P5.

Bleomycin-induced lung injury model and cell transplantation

Bleomycin injury model

Bleomycin (BLM) was freshly prepared in sterile saline at a stock concentration of 25 mg/mL and stored at − 80 ◦C. Immediately 

before use, the stock solution was diluted to 0.5 mg/mL with sterile saline. Seven days prior to cell transplantation (day− 7), male 

C57BL/6 mice (9–10 weeks old) received a single intratracheal instillation of BLM at a dose of 1 mg/kg body weight. Control 

(sham) mice were administered an equivalent volume of sterile PBS via the same route.

Preparation of donor cells

BLOs were generated from E10.5 or E12.5 embryos of Rosa26-mTmG reporter mice on a C57BL/6 background. Organoids were 

cultured to the indicated stages prior to transplantation (E10.5-derived BLOs: day 11 or day 18; E12.5-derived BLOs: day 10). For 

cell dissociation, organoids were gently released from Matrigel and enzymatically digested with papain at 37 ◦C for 10 min to generate 

single-cell suspensions. Cells were washed in 0.04% bovine serum albumin (BSA), passed through a 100 μm cell strainer to remove 

aggregates, and resuspended in culture medium at a final concentration of 1.2 × 107 cells/mL.

Transplantation procedure

On day 0, BLM-injured mice received an intratracheal injection of 6 × 105 donor cells in a total volume of 50 μL of culture medium. 

Donor cells were derived from mTmG-positive organoids, allowing in vivo tracking by constitutive membrane-targeted mtdTomato 

fluorescence.

Tissue harvest and imaging

At 21 days post-transplantation (dpt), mice were euthanized and lungs were perfused with PBS. Whole lungs were then explanted 

and imaged ex vivo using a stereomicroscope (Zeiss Axio Zoom.V16) to assess the gross distribution and engraftment of mtdTo

mato-positive donor cells.

Measurement of mouse lung function

At 21 days post-transplantation, pulmonary function was assessed in three experimental groups: PBS sham-operated control (N = 5); 

BLM-injured control (N = 5); and BLM-injured mice transplanted with mtdTomato-positive cells from BLOs (N = 6).

Mice were weighed and anesthetized with an intraperitoneal injection of Avertin to ensure adequate sedation for the procedure. 

Once a sufficient depth of anesthesia was confirmed, a midline incision was made in the neck skin using surgical scissors, and 

the connective tissue surrounding the trachea was carefully blunt-dissected with forceps to expose the trachea. A small incision 

(approximately 1 mm) was then made in the trachea, into which a tracheal cannula was inserted and secured with a cotton thread.

Following cannulation, each mouse was connected via the endotracheal cannula to a small animal pulmonary function testing sys

tem (PFT, DSI Buxco). Pulmonary function parameters, including vital capacity (VC), forced vital capacity (FVC), airway resistance 

(RI), quasi-static lung compliance (Cchord), and dynamic lung compliance (Cdyn), were assessed using standardized measurement 

protocols. Data acquisition, analysis, and result generation were performed using the FinePointe software system, ensuring precise 

and reproducible evaluation of lung function in mice.

Small-animal micro-computed tomography (micro-CT)

Lung morphology was assessed and compared among BLM-injured control mice and BLM-injured mice that received BLOs-derived 

cell transplantation at 21 or 180 dpt. Mice were anesthetized by intraperitoneal injection of Avertin to ensure immobilization during 

image acquisition. Micro-CT scans were performed using a PerkinElmer small-animal micro-CT system. Images were acquired with a 

field of view ranging from 1 to 8 cm and a tunable spatial resolution between 5 and 200 μm, achieving a maximal resolution of 2.3 μm. 

The scan speed was set to 3.9 s per rotation, with a minimum radiation dose of 5 mGy. The total acquisition time was approximately 

4 min per mouse. All projection data were reconstructed using the system’s control panel software and further processed with Quan

tum GX Basic Analysis Software to generate digital images for subsequent analysis.

Bulk RNA library preparation and sequencing

Total RNA was extracted from BLOs using TRIzol Reagent (Invitrogen, TR118) following the manufacturer instructions. Subsequently, 

sequencing libraries were constructed using the VAHTS mRNA-seq v2 Library Prep Kit for Illumina (NR605, Vazyme). Library 

sequencing was performed on an Illumina NovaSeq X Plus platform (ANNOROAD GENE TECHNOLOGY).

Single-cell RNA library preparation and sequencing

Organoids were carefully separated from Matrigel using insulin syringe needles (BD, #328421) and enzymatically dissociated into 

single cells by incubating with 10 U/mL Papain (Worthington, LS003126) at 37 ◦C for 20 minutes. Digestion was terminated by adding 

an equal volume of 10% fetal bovine serum (FBS, NTC, #SFBE). The resulting cell suspension was filtered through a 40-μm strainer 

(Falcon, 352340) and centrifuged at 300× g for 5 min at 4 ◦C. Then cell pellet was then resuspended in PBS containing 0.04% BSA 

(Miltenyi Biotec, #130-091-376) and adjusted to a final concentration of 1 × 106 cells/mL. For single-cell RNA sequencing library con

struction, single cells from each sample were loaded onto the Chromium Single Cell 3′ Kit v3.1 (10× Genomics) / the 10× Genomics 
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Chromium platform (v3.1 chemistry) to generate single-cell gel beads-in-emulsion (GEMs), enabling barcoding of full-length cDNA 

from individual cells. Following incubation, GEMs were disrupted, and cDNA was amplified by PCR. Single-cell 3‘ gene expression 

libraries were constructed using 10 μL of amplified cDNA and purified with SPRIselect beads. Library quality and fragment size dis

tribution were assessed using a Qsep 100 system, and concentrations were quantified by Qubit 4.0 fluorometer. Finally, libraries were 

sequenced on an Illumina Novaseq X Plus platform (ANNOROAD GENE TECHNOLOGY). BLOs samples prepared for Single-cell 

RNA-seq were listed in Table S2.

Flow cytometric sorting and scRNA-seq of post-transplant lung tissues

Lung tissues were harvested at 28, 90, and 180 dpt from mice that received transplants of mtdTomato-positive BLO-derived cells. 

Excised lungs were finely minced and enzymatically dissociated in a digestion cocktail containing 1.25 mg/mL Liberase TM (Roche, 

LIBTM-RO) and 100 U/mL DNase I (Worthington Biochemicals, LS006343) at 37 ◦C for 30 min in a water bath. The resulting single-cell 

suspension was filtered through a 100 μm cell strainer (Falcon, 352360) to remove undigested tissue fragments, followed by red blood 

cell lysis using ACK lysing buffer (ThermoFisher, A1049201).

Wild-type lung cells were used as negative controls to establish gating parameters for fluorescence-based sorting. Engrafted 

donor-derived cells were identified by constitutive mtdTomato fluorescence and sorted into mtdTomato-positive and mtdTo

mato-negative populations using a BD FACS Aria Fusion flow cytometer. Sorted cells were immediately processed for single-cell 

RNA-seq library preparation using the 10x Genomics Chromium platform, following the same procedures described above for 

scRNA-seq analysis of BLOs. Generated libraries were sequenced and analyzed to characterize the transcriptional profiles of en

grafted donor cells and host lung cell populations at different post-transplantation time points.

Bulk RNA-seq data analysis

Following sequencing, paired-end reads were aligned to a transcriptome index generated from GENCODE mm10 annotations using 

Bowtie257 and RSEM.58 Gene expression levels were quantified as both raw counts and Transcripts Per Kilobase Million (TPM). The 

raw count matrix served as the input for downstream differential expression analysis conducted using DESeq259 within the R/Bio

conductor environment (v3.16).60 To capture gene expression variability, the top 5,000 highly variable genes were identified and 

used for principal component analysis (PCA) and correlation analysis. Dynamic gene expression patterns during the tip organoid in

duction process were further explored using Mfuzz clustering.61 Functional enrichment of differentially expressed genes was as

sessed via Gene Ontology (GO) analysis using the R package clusterProfiler,62 applying a significance threshold of p < 0.05. All sta

tistical analyses and data visualizations were performed in R(v4.2.2), with plots generated using ggplot2 (v3.3.2).63

Single-cell RNA-seq analysis of BLOs

Data Processing, Cell Filtering and Clustering

Raw data quality assessment was performed using FastQC. FASTQ files were aligned to the mouse genome (mm10) using the 

STARsolo module of STAR (v2.7.6a).64 Data processing was carried out with Scanpy (v1.9.6),65 retaining cells with UMI 

counts < 80,000, detected gene numbers between 1,000-9,000, and mitochondrial gene percentage <20% for subsequent analysis. 

Doublets were identified and removed using Scrublet.66 A total of 57,150 high-quality cells were retained after filtering. All data were 

normalized using ‘scanpy.pp.normalize_total’ followed by log-transformation by ‘scanpy.pp.log1p’. Highly variable genes (HVGs) 

were identified using ‘scanpy.pp.highly_variable_genes’.

Data Integration and Latent Representation

To mitigate technical biases across sampling timepoints and experimental batches, we employed a deep generative modeling frame

work for data integration. Specifically, scVI (v1.4.1)67 was utilized to model the raw count matrix through variational inference. Sub

sequently, the scANVI (single-cell annotation-trained Variational Inference) module68 was implemented for semi-supervised learning, 

incorporating preliminary cell-type annotations to achieve a biologically refined low-dimensional latent embedding (X_scANVI). This 

latent space served as the foundation for downstream dimensionality reduction, manifold learning, and trajectory inference. Global 

cell distributions were visualized using UMAP.69

Lineage Partitioning and Trajectory Reconstruction

Datasets were partitioned into proximal and distal lineages based on anatomical and functional markers. In the X_scANVI latent 

space, k-nearest neighbor (k-NN) graphs were constructed (k=30–50). For the proximal lineage, cell-type-based downsampling 

(capped at 5,000 cells per group) was applied to prevent high-abundance populations from biasing the trajectory. Diffusion 

Maps70 were employed to capture continuous transitions in cellular states. Specific Diffusion Components (DCs) were selected 

for optimized projection to best capture biologically relevant transitions, such as alveolar differentiation in the distal lineage and 

branching morphogenesis in the proximal lineage, while excluding components representing confounding technical variation.

Pseudotime Modeling and Dynamics Inference. The developmental root was defined by searching for extrema within the diffusion 

embedding among cells sampled at E10.5 Tip. Based on this root, Diffusion Pseudotime (DPT) was calculated to measure local con

tinuity, while Palantir (v1.4.2)71 was used to estimate differentiation entropy. Directional trajectories were reconstructed using the 

CellRank (v2.0.7)72 framework. A PseudotimeKernel was constructed to compute transition probabilities based on DPT gradients. 

Differentiation flows were visualized as streamlines projected onto the UMAP space, with background shading representing Palantir 

pseudotime.
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Strain and Source Conservation Analysis

To evaluate the robustness of BLO differentiation across varying progenitor sources and genetic backgrounds, we performed an in

tegrated analysis of BLOs initiated from different embryonic days (E10.5, E11.5, and E12.5) and mouse strains (C57BL/6). Samples 

collected at comparable differentiation stages (Day 9-11) were integrated using the Harmony (v0.0.10)73 algorithm within the Scanpy 

environment to mitigate source-specific batch effects while preserving biological variation. The resulting integrated manifold was 

visualized via UMAP to assess the convergence of cell-type identities and the conservation of differentiation programs across diverse 

initial developmental states and genetic backgrounds.

Integrated analysis of multiple datasets

Data Preprocessing

A natural developing lung (NDL) atlas, comprising 7,434 high-quality cells, was used as a reference. Cells were filtered based on UMI 

counts (<150,000), gene features (1,000–11,000), and mitochondrial content (<20%). Clusters were annotated using canonical lung 

markers (Figure S3B). To mitigate potential bias driven by overrepresented cell types and ensure balanced lineage representation 

during integration, the BLOs dataset was downsampled to a maximum of 300 cells per cluster.

Reference-based Integration

Datasets were independently normalized using Seurat (v4.3.0) SCTransform,74 and 3,000 highly variable genes (HVGs) were 

selected. We utilized Canonical Correlation Analysis (CCA) to identify Mutual Nearest Neighbor (MNN) anchors,75 effectively miti

gating batch effects between the in vitro culture (BLOs) and in vivo tissue (NDL). The resulting joint embedding validated that 

in vitro lineages converged with their in vivo counterparts.

Topology and Visualization

The integrated Seurat object was converted via dior/diopy76 for analysis in Scanpy. A KNN graph was constructed using the top 20 

PCs. We employed Partition-based Graph Abstraction (PAGA)77 to resolve developmental connectivity, and the final manifold was 

visualized using a ForceAtlas2 layout,78 color-coded by cell type.

Transcriptomic Similarity

We further evaluated the similarity between BLOs and natural lung cell states via cluster-level correlation analysis in Scanpy. Hier

archical clustering ‘sc.tl.dendrogram’ and correlation matrices ‘sc.pl.correlation_matrix’ were computed based on averaged expres

sion profiles to quantify the transcriptomic alignment across developmental stages.

Maturity Evaluation

To assess the developmental maturity of BLOs, we compared them against the epithelial lineages of longitudinal mouse lung devel

opment atlas spanning E9.5 to postnatal 24 months, integrated from multiple publicly available datasets. Single-cell RNA-seq data 

were aggregated into pseudo-bulk expression matrices by summing counts across all epithelial cells for each developmental stage. 

Data normalization was performed using limma-voom,79 and global transcriptomic similarities were evaluated via Principal Compo

nent Analysis (PCA).

ScRNA-seq analysis of post-transplant lung tissue

Paired-end sequencing reads were aligned to mm10 genome (appended with tdTomato sequences) using the cellranger (v6.1.1). 

Data preprocessing was performed with Python library Scanpy (v1.6.0). Low-quality cells were filtered out based on the following 

criteria: less than 1,000 and greater than 6,000 detected genes, the sum of UMI counts exceeding 30,000, and mitochondrial 

gene percentage greater than 10%. After filtering, 25976 cells were retained from the endogenous samples, and 23843 cells from 

the donor-derived samples. The HVGs were conducted for PCA and then found the neighbors for each cell with 30 PCs. UMAP 

was used for dimensionality reduction and visualization. Leiden clustering was processed on the HVGs calculated across each sam

ple. Cell annotation was performed on these samples at 28, 90, and 180 dpt respectively, with marker genes associated with each 

cluster. Epithelial cells were subsequently selected for re-dimensionality reduction analysis.

Histopathological analysis

For histopathological analysis, the lung tissue samples were fixed overnight at 4 ◦C in 4% paraformaldehyde (PFA, Coolaber, 

SL1830-500 mL), followed by graded dehydration in sucrose (Macklin, #57-50-1) solutions of increasing concentrations (10%, 

20%, 30%). The tissues were then embedded in OCT (Sakura, #4583) compound and sectioned at a thickness of 10μm using a cryo

stat (Leica, CM 3050 S). Sections were mounted on poly-lysine-coated glass slides (Citotest, #188105) and stored at 4◦C until further 

processing for immunostaining or histopathological analysis. Hematoxylin and eosin (H&E) staining (Kit, Solarbio, G1121) and Mas

son‘s trichrome staining (Kit, Solarbio, G1346) were performed according to standard protocols. Regions of interest in each section 

were identified and delineated using a Digital Pathology Scanner (Leica Aperio CS2).

Immunostaining

Cultured branching lung organoids were fixed in 4% paraformaldehyde (PFA) for 30 min and followed by overnight dehydration in 

30% sucrose at 4◦C. The organoids were then embedded in OCT (Sakura, #4583) compound and cryosectioned at a thickness of 

10 um. Sections were mounted on poly-lysine-coated glass slides and stored at 4◦C until further processing.

For immunostaining, BLO and lung tissue sample section slides washed three times with PBS, permeabilized with 0.5% TritonX- 

100 for 20 min, and subsequently blocked with blocking buffer (5% BSA in PBS) at room temperature for 1 hour. The sections were 

ll
OPEN ACCESSArticle 

Developmental Cell 61, 1504–1520.e1–e8, July 8, 2026 e7 



then incubated overnight at 4 ◦C with the following primary antibodies were used: NKX2-1 (1:200, Abcam, ab76013), HOPX (1:50, 

Santa Cruz, sc398703), SFTPC (1:400, Invitrogen, PA5-102493), RAGE (1:800, R&D, MAB1179), SOX9 (1:200, Milipore, AB5535), 

SOX2 (1:200. Cell Signaling Technology, #23064), ICAM1 (1:100, R&D, AF796), PDPN (1:50, DSHB, #8.1.1), PDGFRα (1:500, Abcam, 

ab203491), CD31/PECAM-1 (1:100, R&D, AF3628), ACTUB (1:500, Sigma, T7451), CC10 (1:50, Santa Cruz, sc365992). The next day, 

slides were washed three times with PBS for 10 min each, followed by incubation with Alexa Fluor-conjugated Donkey or Goat anti- 

mouse/rabbit/rat/goat/hamster secondary antibodies (488/568/647, 1:500, Thermo Fisher) at room temperature for 2 hours. After 

secondary antibody incubation, slides were washed three times with PBS (10 min per wash), and nuclei were stained with DAPI (In

vitrogen, D1306) for 10 min. Finally, slides were washed twice with PBS and mounted using appropriate mounting media (KeyGEN 

BioTECH, KGA1523-5). Imaging was performed using either Andor Dragonfly 200 or Olympus IXplore SpinSR confocal microscope. 

Antibodies used for staining are detailed in the key resources table.

Whole-mount immunostaining and live-cell staining

For whole-mount immunostaining, organoids were fixed in 4% PFA for 1 hour, followed by three washes with PBS. Samples were 

then incubated with blocking buffer at 4 ◦C overnight. The next day, primary antibodies: NKX2-1 (1:200, Abcam, ab76013), HOPX 

(1:50, Santa Cruz, sc398703), SFTPC (1:400, Invitrogen, PA5-102493), RAGE (1:800, R&D, MAB1179), SOX9 (1:200, Milipore, 

AB5535), SOX2 (1:200. Cell Signaling Technology, #23064), ICAM1 (1:100, R&D, AF796) were incubated at 4 ◦C for 3 days. After pri

mary antibodies incubation, samples were washed three times with PBST (0.05% Tween-20 in PBS), each wash lasting 1 hour. Alexa- 

conjugated donkey or goat secondary antibodies (488/568/647, 1:500, Thermo Fisher) were then applied for 2 days at 4◦C. This was 

followed by three additional 1 hours washes with PBST. Nuclei were counterstained with DAPI for 30 minutes. For live-cell F-actin 

labelling, the fluorescent dye SPY-555-FastActTM (Cytoskeleton, SC205) was diluted 1:1000 in lung branching organoids medium 

and incubated for 24 hours, allowing for the visualization of red fluorescence in live organoid cells. For both whole-mount imaging, 

multi-layer (z-stack) and large field images were acquired using either Andor Dragonfly 200 or Olympus IXplore SpinSR confocal mi

croscope. Antibodies used for staining are detailed in the key resources table.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analysis

Statistical analyses were performed using MATLAB. Details regarding the number of biological replicates, the specific statistical tests 

applied, and the exact P values used to determine statistical significance are provided in the corresponding figure legends.

Software

In addition to the aforementioned software/plugins, the following tools were utilized: The Kappa plugin in FIJI51 was used to quantify 

curvature and fluorescence intensity along curved ROIs. Wide-field data masks were generated using the "micro-SAM"54 plugin in 

Napari, which implements the Segment Anything Model (SAM). Mask morphology quantification was done by a custom MATLAB 

script. 3D volume rendering was performed in Napari. A custom Python module (based on NetworkX) processed graph/tree struc

tures. Dimensionality reduction using UMAP53 was computed via Python’s umap-learn package. Figures were created using 

MATLAB or Python’s Matplotlib.55
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