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SUMMARY
Alveolar regeneration requires the coordinated engagement of epithelial stem cells and mesenchymal niche
cells to restore the intricate alveolar architecture of the lung. The current paradigm is that certain aspects of
lung organogenesis are mimicked during injury repair in the adult stage. Here, we employ a longitudinal sin-
gle-cell transcriptomic survey to fate map lung mesenchymal cells throughout development and adulthood.
We show that myofibroblasts that are reminiscent of developmental alveolar myofibroblasts (AMFs), termed
AMF-like cells, are activated during alveolar regeneration following influenza-virus-induced lung injury.
Although AMF-like cells share a similar transcriptomic signature with myofibroblasts that are associated
with aberrant repair and fibrosis, these cells do not derive from fibroblast growth factor 10-positive alveolar
fibroblasts, and their dysregulation is associated with failed alveolar regeneration in humans. Our data
emphasize the role played by developmental mechanisms in alveolar regeneration and highlight the
context-dependent nature of myofibroblast biology and function during injury repair.
INTRODUCTION

Lung development concludes with the alveolar stage, where

primitive alveolar sacs are subdivided into the smallest respira-

tory units of the lung, the alveoli. During developmental alveolo-

genesis, a mesenchymal cell population emerges that shares

common characteristics with fibroblasts and smooth muscle

cells (SMCs) and is commonly referred to as secondary crest
Cell Reports 44, 115248, Febru
This is an open access article under the CC BY-NC-ND
myofibroblasts (SCMFs) or simply alveolar myofibroblasts

(AMFs).1–4 AMFs express alpha smooth muscle actin (Acta2),

platelet-derived growth factor receptor alpha (Pdgfra), and gli-

oma-associated oncogene homolog 1 (Gli1) and are believed

to promote alveologenesis.5–18 Signaling pathways such as insu-

lin-like growth factor (IGF), WNT, and sonic hedgehog have been

implicated in AMF formation.18–20 To date, it is widely believed

that after developmental alveologenesis is fulfilled, AMFs are
ary 25, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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eliminated from the lung via apoptotic clearance.21,22 There are

some lines of evidence implying that AMF-like cells and/or the

accompanying developmental mechanisms might be involved

in alveolar repair and regeneration during adult life. For example,

it was previously shown that the engraftment of neonatal

ACTA2+ fibroblasts in elastase-challenged adult mouse lungs

(intratracheal instillation of elastase leads to a severe form of

alveolar destruction and emphysema) improves alveolar

repair.23 More recently, it was shown that mesenchymal cell

contraction is critical not only for alveolar septation during lung

development but also for compensatory lung growth following

unilateral partial pneumonectomy (PNX) in adult mice, although

such findings were not directly attributed to AMFs or AMF-like

cells.24 These data support the notion that AMF-associated

developmental events might be mimicked during alveolar regen-

eration in the injured adult lung.

On the other hand, acute respiratory distress syndrome

(ARDS) represents a serious health threat worldwide. The mor-

tality rate for patients with ARDS is around 40%, and current

treatment is mainly supportive in the absence of strategies and

therapeutic agents that can promote alveolar regeneration.

While basic research has identified multiple populations of

epithelial progenitor and stem cells that are responsible for the

repair process, such as subsets of airway and alveolar epithelial

cells and their transitional states,25–30 little is known about the

mesenchymal niche that hosts these cells within the lung tissue

and influences their behavior during injury and regeneration. We

have previously shown that resident mesenchymal cells assist

alveolar regeneration by producing fibroblast growth factor 10

(FGF10), which acts on epithelial progenitors to promote repair

following influenza A virus (IAV) infection.31 FGF7 derived from

mesenchymal alveolar niche cells (MANCs) is also important

for alveolar repair following IAV infection.32 The critical role

played by mesenchymal cells in the context of pneumonia-

induced ARDS was further emphasized with the identification

of damage-responsive fibroblasts (DRFibs) that produce the

extracellular matrix (ECM) protease ADAMTS4 and drive lethal

immunopathology.33 In this study, we investigated whether

AMF-like cells are involved in lung regrowth and regeneration.

Using lineage tracing, single-cell transcriptomics, three-dimen-

sional (3D) confocal imaging, and ex vivo organoid assays, we

show that AMF-like cells emerge during alveolar regeneration.

Our data demonstrate that developmental mechanisms are

mimicked to restore lung homeostasis following viral pneumonia

and that their persistent activation or loss is associated with non-
Figure 1. Identification of the alveolar myofibroblast cluster at P7

(A) Timeline and experimental design. The P7 datasets were extracted from the

(B) Integrative and single UMAPs at P7.

(C) Integrative UMAP highlighting the AMF cluster at P7 and showing selected m

(D–G) Quantification of the AMF cluster as well as other clusters at P7.

(H) Gene Ontology (GO) analysis of the top 500 differentially regulated genes (DE

(I) Immunofluorescence using indicated antibodies.

AF1, alveolar fibroblasts 1; AF2, alveolar fibroblasts 2/matrix fibroblasts 2/advent

cells; Hi. Prolif. AMFs, highly proliferative AMFs; PeriFBs, peribronchial fibroblas

100 mm. (C) For the integrative analysis of the Acta2-Cre-ERT2; tdTomatoflox and

2,813 and 1,474, respectively. After removal of contaminants, 2,799 and 1,462 ce

identified as contaminants and therefore removed.

See also Figures S2–S6 and Data S1.
resolving human lethal ARDS or chronic obstructive pulmonary

disease (COPD), respectively.

RESULTS

Characterization of AMFs and their fate during
developmental alveologenesis and adulthood
TocharacterizeAMFs, two independent genetic approacheswere

employed: Acta2-Cre-ERT2; tdTomatoflox to label ACTA2+ cells

and Gli1Cre-ERT2; tdTomatoflox to label GLI1+ cells (Figure S1).

Cells were labeled by a single subcutaneous (s.c.) injection of

tamoxifen at post-natal day (P)4, a time point that precedes alveo-

larization that starts at P5, and lungs were harvested at various

time points corresponding to developmental alveologenesis (P7

and P14) and maturation (P28), adulthood (P56), and beyond

(P182) (Figures S1A and S1J). Histological analysis of thick sec-

tions revealed a high abundance of parenchymal Acta2-traced

tdTom+ at P7 and P14, with a gradual decline through P28 to

P182 (Figures S1B–S1F). These cells were mostly ACTA2+ at P7

but not at later time points (Figures S1B–S1D and S1G). As ex-

pected, the majority of parenchymal tdTom+ cells that were

initially ACTA2+ were predominantly PDGFRa+ (Figures S1E

and S1H). Thus, they were identified as AMFs at P7. The tdTom+

lineage maintained Pdgfra expression throughout all analyzed

time points (Figures S1E and S1H). Analysis of Ki-67 immuno-

staining revealed massive proliferation at P7 but not at later time

points (Figure S1I). Similar analysis of the GLI1+ cell lineage

labeled at P4 and analyzed at various time points also confirmed

that the AMFs can be labeled using this experimental approach

(Figures S1J–S1R). Like AMFs labeled using the Acta2-Cre-

ERT2; tdTomatoflox approach, analysis of GLI1+ cells also showed

that these cells are initially ACTA2+ (Figure S1K) and predomi-

nantly proliferative at P7 (Figures S1N and S1O) and that both fea-

tures essentially diminish over the time course of alveolar matura-

tion, adulthood, and beyond (Figures S1Q and S1R).

To further characterize these cells, a longitudinal single-

cell RNA sequencing (scRNA-seq) survey was carried out on

tdTom+ cells that were fluorescence-activated cell sorted from

Acta2-Cre-ERT2; tdTomatoflox orGli1Cre-ERT2; tdTomatoflox lungs

(Figure S2). Fluorescence-activated cell sorting (FACS) analysis

confirmed the decline in cell abundance over time (Figures S2B

and S2K), thus agreeing with histological quantifications

(Figures S1F and S1P), and ACTA2+ PDGFRa+ cells were de-

tected at P7 (Figures S2D, S2F, and S2M). Other cellular clusters

included alveolar fibroblasts 1 and 2 (AF1/2s), peribronchial
integrative analysis for all time points shown in Figure S2.

arkers.

Gs) in the AMF cluster.

itial fibroblasts; AMFs, alveolar myofibroblasts; ASMCs, airway smooth muscle

ts; VSMCs, vascular smooth muscle cells. n = 3 animals per group. Scale bar:

Gli1Cre-ERT2; tdTomatoflox datasets, the initial numbers of cells sequenced were

lls were used for the analysis. Clusters 6, 7, 16, 18, 19, and 20 (Leiden 1.0) were
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fibroblasts (PeriFBs), and SMCs (Figures S2C, S2G, S2H, and

S2L–S2P). We also verified that analyzed cells express Wpre

(tdTom) (Figures S3A and S3B) but not epithelial or endothelial

markers (Figure S3C). Interestingly, Acta2-lineage-traced cells

seemed to be more significantly cleared compared to Gli1-line-

age-traced cells over time (Figures S1F, S1P, S2B, and S2K),

indicating that cells responding to hedgehog signaling neona-

tally represent a more stable cell population and therefore re-

tained more than cells that express Acta2. Notably, both data-

sets showed that the remaining cells were largely AF1/2s at

later stages (Figures S2G and S2P), indicating that they may

regulate alveolar homeostasis during adulthood and aging. Inte-

grative analysis of the two datasets at P7 identified the AMF clus-

ter defined as ACTA2+ PDGFRa+ (Figures 1A–1C and 1I), which

accounted for around 40%–45% of total labeled cells at P7

(Figure 1E). The AMF cluster was also the most proliferative

compared to other clusters (Mki67 uniform manifold approxima-

tion and projection [UMAP] plot in Figure 1C). Other clusters

were identified as airway and vascular SMCs (ASMCs and

VSMCs, respectively), pericytes, PeriFBs (Figures 1C and 1F),

and, to a lesser extent, AF1/2s (Figures 1C and 1G). Using this

P7 time point where AMFs are most abundant, we established

a gene signature for these cells (Data S1). Gene Ontology (GO)

analysis of the P7 AMF signature (top 500 differentially ex-

pressed genes [DEGs]) showed that the top enriched pathways

were dominated by processes related to morphogenesis and

development, such as anatomical structure morphogenesis, tis-

sue development, tube morphogenesis, animal organ develop-

ment, mesenchyme development, and others (Figure 1H).

Mesenchymal cells display a transcriptomic signature
that closely mimics that of developmental AMFs during
lung regrowth following PNX
It is widely believed that certain aspects of lung development are

mimicked during regrowth or regeneration of the adult lung. As

AMFs are regarded as main drivers of developmental alveolo-

genesis, we sought to determine whether their transcriptomic

signature is enriched inmesenchymal cells during compensatory

lung growth following unilateral partial PNX (Figure 2). Histolog-

ical analysis of sham and PNX lungs following surgery showed

an emergence of proliferative ACTA2+ CTHRC1+ (myofibroblas-

tic) cells in the lung parenchyma at day 7 in PNX mice

(Figures 2A–2H). In another set of animals, lungs were digested,

and mesenchymal cells were fluorescence-activated cell sorted
Figure 2. Mesenchymal cells upregulate the AMF gene signature after

(A) Timeline and experimental design.

(B–E) Immunofluorescence using indicated antibodies (B and D). The regions ma

(F–H) Quantification of the immunofluorescence shown in (B)–(E).

(I) Timeline and experimental design.

(J) Volcano plot showing upregulation of AMF signature genes in PNX versus sh

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

(L) Gene Ontology (GO) analysis of the top 100 upregulated genes in PNX versus

(M) Gene set enrichment analysis (GSEA) showing enrichment of the AMF signatur

in PNX versus sham.

(N) Model showing upregulation of the AMF signature in mesenchymal cells duri

AMF, alveolar myofibroblast; PNX, pneumonectomy. (A–H) n = 3 per group and (K–

(F–H) Data are represented as mean ± SEM. **p < 0.01 and ***p < 0.001. Scale b

See also Data S1.
and subjected to bulk RNA-seq (Figure 2I). Myofibroblast

(MyoFB) genes were among the top enriched genes in mesen-

chymal cells isolated from PNX versus sham, including

Cthrc1, Calca, Npl, Adam12, Timp1, Sparc, Spp1, and Wisp1

(Figures 2J and 2K). GO analysis showed that such mesen-

chymal cells were enriched for processes that are related to

ECM biology, development, and cell motility, such as ECM orga-

nization, structure organization, system development, animal

organ development, cell migration, cell motility, supramolecular

fiber organization, collagen fibril organization, and others (Fig-

ure 2L). Importantly, gene set enrichment analysis (GSEA) re-

vealed that the AMF signature, defined as the top 200 DEGs at

P7 (Figure 1; Data S1), was significantly upregulated (adjusted

[adj.] p = 3 3 10�10) in mesenchymal cells derived from PNX

lungs (Figure 2M). These results show that the developmental

AMF signature is enriched in mesenchymal cells during compen-

satory lung regrowth (Figure 2N). We also investigated the signa-

ture of the other developmental P7 clusters and observed signif-

icant downregulation for AF1 (adj. p = 3 3 10�10), significant

enrichment for PeriFBs (adj. p = 4.312 3 10�8), and weaker

enrichment for AF2 (adj. p = 0.0003136), ASMCs (adj. p =

0.0006079), and VSMCs + pericytes (adj. p = 0.005663) in D7

PNX compared to sham (data not shown).

AMF-like cells emerge in response to influenza virus
infection
To determine whether AMF-like MyoFBs contribute to alveolar

regeneration following influenza-virus-induced lung injury, 8- to

12-week-old Gli1Cre-ERT2; tdTomatoflox mice were treated with

tamoxifen before being infected with influenza A/Puerto Rico/

8/34 H1N1 (PR8) or mock, and fluorescence-activated cell-

sorted tdTom+ cells were subjected to scRNA-seq at day 14, a

time point corresponding to active regeneration (Figure 3A).

The data showed a clear emergence of MyoFBs in response to

PR8 infection (Figures 3B–3G). These cells were enriched for

Mki67 as well as typical MyoFB markers, including Tnc and

Cthrc1 (Figure 3H). These cells also expressed Piezo2 (Fig-

ure 3H). To confirm the scRNA-seq data, we carried out RNA-

scope forCthrc1 andPiezo2, and the results revealed, in addition

to an increase in the abundance of tdTom+ cells, a striking in-

crease in the expression of Cthrc1 and Piezo2 upon infection,

particularly in tdTom+ cells (Figures 3I–3R). Interestingly,

Piezzo2 showed a wider expression pattern compared to Cthrc1

where more than 70% of tdTom+ cells expressed Piezo2
pneumonectomy

rked with dashed boxes are magnified in (C) and (E).

am.

ed myofibroblast markers are marked in red font.

sham. AMF-related pathways are marked by red font.

e (top 200 DEGs extracted from P7 scRNA-seq dataset in Figure 1 and Data S1

ng regeneration following PNX.

M) sham day 7 n = 3, PNX day 7 n = 3, sham day 14 n = 2, and PNX day 14 n = 3.

ars: 500 mm.
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(Figure 3Q) and Piezo2+ tdTom+ (double-positive) cells repre-

sented 20% of total DAPI+ cells in PR8-infected lungs (Fig-

ure 3R). Of note, developmental P7 AMFs also expressed Piezo2

(Figures 1C and S2R). To investigate whether adult GLI1+ cell-

derived MyoFBs resemble developmental P7 AMFs, we carried

out GSEA for the top 200 DEGs constituting the P7 AMF signa-

ture identified in Figure 1 and Data S1 in the MyoFB cluster of

mock and PR8-infected samples. The results showed significant

upregulation for this signature in the PR8 sample (Figures 3S and

3T). We also carried out enrichment analysis for the remaining P7

clusters, and the data showed significant enrichment for PeriFBs

(adj. p = 1 3 10�10) and AF1 (adj. p = 1.725 3 10�5) and weaker

or no significant enrichment for ASMCs (adj. p = 0.007248),

VSMCs + pericytes (adj. p = 0.07286), and AF2 (adj. p =

0.07889) (data not shown). The scRNA-seq datasets from adult

mock and PR8-infected mice were also integrated with the P7

and P28 (both labeled at P4) datasets (Figures S4A and S4B).

Integrative analysis showed that the MyoFBs emerging after

infection cluster with developmental AMFs (Figures S4C and

S4D); thus, we dubbed them AMF-like cells. Similar to AMFs,

these cells are proliferative (Figure S4F) and express typical

MyoFBmarkers such asActa2 (Figure S4E),Cthrc1 (Figure S4G),

and Tnc (Figure S4H). GO analysis of the AMF and AMF-like clus-

ters in PR8-infected mice showed enrichment for proliferative

and developmental/morphogenic pathways such as cell divi-

sion, tissue development, and others (Figure S4I).

To determine if these AMF-like MyoFBs are pathological or

regenerative, we first compared their transcriptomic signature

to bona fide fibrosis-associated MyoFBs (hereafter referred to

as FAMs) that are known to drive aberrant repair and remodeling

in response to bleomycin injury. We integrated our dataset with

the Col1a1-EGFP dataset where Cthrc1 was identified as a

marker for such pathological FAMs34 (Figure S5). Strikingly,

AMFs and AMF-like cells formed a single cluster with FAMs

(Figures S5B–S5E). GO analysis revealed that the top pathways

relate to ECM biology and development/morphogenesis, such

as tube development, tube morphogenesis, ECM organization,

extracellular structure organization, regulation of cell differentia-

tion, tissuemorphogenesis, cell morphogenesis, and others (Fig-
Figure 3. Adult GLI1+ cells give rise to myofibroblasts during regenera

(A) Timeline and experimental design.

(B–D) Integrative and single UMAP plots for mock and PR8-infected samples.

(E) Integrative analysis revealing the different cellular clusters within the GLI1+ lin

(F) Quantification of constituent cellular clusters in each condition.

(G) Quantification of myofibroblasts in each condition.

(H) UMAP plots for selected proliferation and myofibroblast markers.

(I and J) RNAscope for Cthrc1 counterstained with DAPI.

(K–N) Quantification of Cthrc1 RNAscope.

(O and P) RNAscope for Piezo2 counterstained with DAPI.

(Q and R) Quantification of Piezo2 RNAscope.

(S) Gene set enrichment analysis (GSEA) showing highly significant upregulation o

cluster extracted from P7 scRNA-seq dataset in Figure 1 and Data S1) in the My

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

AF1, alveolar fibroblasts 1; AF2, alveolar fibroblasts 2/matrix fibroblasts 2/adven

jection; MyoFBs, myofibroblasts; PeriFBs, peribronchial fibroblasts; PR8, A/Puert

3 animals per group. The initial numbers of cells sequenced for mock and PR8 we

were identified as contaminants and therefore removed. The final numbers of cells

Data are represented as mean ± SEM. **p < 0.01, ***p < 0.001, and ****p < 0.000

See also Figures S2–S6 and Data S1.
ure S5I). Therefore, we conclude that AMFs and AMF-like cells

share a similar transcriptomic signature to pathological FAMs.

We then asked whether AMF-like cells appearing after influ-

enza infection share the same cellular origin as those seen in

lung fibrosis. FAMs have been shown to be of mesenchymal

origin and feature an important role for the transcription factor

TBX4.35 We have shown that FAMs derive from lipofibroblasts,

a cell type that belongs to AFs.36 This has also been confirmed

by independent investigators.37–39 In our previous work, we

showed that FGF10+ cells, a population that predominantly in-

cludes AFs,40–42 contribute to FAMs in the fibrotic lung.36 We

therefore employed our recently generated Fgf10Cre-ERT2 mouse

line that allows lineage tracing of AFs in the adult lung41 as

opposed to our previous line, where Cre activity was mostly

active during embryonic development.43 Mice were exposed to

tamoxifen to label pre-existing FGF10+ cells and infected with

PR8 2 weeks after the final tamoxifen injection (Figures 4A and

4B). Histological analysis showed that lineage-labeled cells rep-

resenting AFs were dramatically lost and were very few during

regeneration (Figures 4C–4G). Cthrc1 expression was, as ex-

pected, upregulated in response to PR8 infection (Figures 4C–

4F and 4H). While some tdTom+ cells expressedCthrc1 at base-

line (mock), this expression was dramatically lost after infection

(Figures 4C–4F, 4I, and 4J). We also carried out RNAvelocity

analysis on the developmental time series as well as the mock

and PR8 datasets. Under all experimental conditions, the anal-

ysis did not predict differentiation trajectories from FGF10+

AFs to AMFs (during lung development) or AMF-like cells (in

PR8-infected adults) (Figures S6A–S6F). On the contrary, the

analysis predicted AMF-like-to-AF trajectories in the regenerat-

ing lung (Figure S6F). Collectively, these data suggest that unlike

pathological FAMs, CTHRC1+ AMF-like cells that appear during

regeneration following influenza-virus-induced lung injury do not

derive from pre-existing FGF10+ AFs.

We then integrated the Gli1Cre-ERT2 dataset from P7, P28,

(adult) mock, and (adult) PR8 with the single-cell atlas of mouse

lung development44 and carried out CellChat analysis to reveal

cell-cell interactions (Figures 5A–5F). While the P7 AMF cluster

revealed strong interactions with AT1s and AT2s (Figure 5C),
tion following influenza A virus infection

eage.

f the AMF signature (top 200 differentially expressed genes [DEGs] of the AMF

oFB cluster in the PR8 sample compared to mock.

titial fibroblasts; ASMCs, airway smooth muscle cells; i.p., intraperitoneal in-

o Rico/8/34 H1N1; VSMCs, vascular smooth muscle cells; Tam, tamoxifen. n =

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

analyzed formock and PR8 are 7,264 and 11,828, respectively. (Q, R, and K–N)

1. Scale bars: 50 mm.
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these interactions were slightly weaker at P28 (Figure 5D). In

the adult stage and in the absence of injury (mock), weaker in-

teractions were observed between the AMF-like cluster and

AT1s and AT2s (Figure 5F) while strong interactions were

observed after PR8 infection (Figure 5E). These data suggest

that AMFs and AMF-like cells strongly interact with AT1s and

AT2. The top targets included collagen-syndecan interactions

(Figure 5G; Data S1). In line with the bioinformatic prediction,

organoid cultures showed that tdTom+ cells isolated from

PR8-infected lungs showed superior ability to support AT2

growth ex vivo compared to their mock-derived counterparts

(Figures 5H–5J). Although the AT2-supportive ability after infec-

tion might not be directly attributable to the AMF-like cluster,

these data hint at an important in vivo role for GLI1+ cells in

promoting alveolar regeneration following influenza-virus-

induced lung injury in vivo.

AMF-like cells are severely reduced in human COPD
lungs, and their persistent activation is associated with
lethal non-resolving fibrotic ARDS
To investigate the significance of our findings in the human

context, we carried out immunofluorescence (IF) on sections

from human donor and COPD lung explants. While donor lungs

showed baseline levels of CTHRC1 and KI-67 expression in

the alveolar regions (Figures 6A–6C and 6E), the expression of

thesemarkers was almost completely diminished in the enlarged

alveoli of emphysematous COPD lungs (Figures 6B–6D and 6F).

Gene expression analysis using lung homogenates from these

explanted lungs confirmed the strong downregulation of GLI1

(Figure 6G) and CTHRC1 (Figure 6H). Finally, IF on lung sections

from autopsies from patients with IAV ARDS revealed a strong

expression for ACTA2 and CTHRC1 in heavily remodeled re-

gions of the lung, a pattern that is reminiscent of interstitial

lung disease such as idiopathic pulmonary fibrosis (IPF)

(Figures 6I–6K). These findings indicate that persistent activation

of AMF-like cells in response to IAV-induced pneumonia is likely

linked to non-resolving fibrosis in lethal ARDS.

DISCUSSION

There is a consensus that developmental mechanisms are

mimicked during repair and regeneration after injury during adult

life. This has been proposed in IPF, for instance, where repetitive

microinjuries initiate a vicious cycle of injury repair, with morpho-

genic pathways ultimately being hijacked to drive aberrant re-

modeling, fibrosis, and respiratory failure. AMFs are a develop-

mental cell type that is prominent during the alveolar stage of

lung development. Although these cells transiently populate

the lung during developmental alveologenesis, they have re-

gained interest in recent years due to their morphogenic poten-

tial and the perspective of exploiting the knowledge gained from
Figure 4. Pre-existing FGF10+ alveolar fibroblasts do not contribute to

(A and B) Timeline and experimental design.

(C–F) RNAscope for Cthrc1 and immunofluorescence for ACTA2 counterstained

(G–J) Quantification of cell populations.

i.p., intraperitoneal injection; PR8, A/Puerto Rico/8/34 H1N1; Tam, tamoxifen. n

****p < 0.0001. Scale bars: 100 mm.
studying these cells to develop novel therapeutic strategies that

promote lung regeneration. In this study, we show that mesen-

chymal cells display an AMF-like signature using mouse models

of compensatory lung growth and balanced regeneration of the

alveolar network in response to injury and that dysregulation of

these cells is associated with impaired regeneration in the hu-

man lung.

Compensatory lung growth has been shown to rely on

mesenchymal cell contraction, similarly to the events occur-

ring during developmental alveologenesis.24 Although the

latter study did not demonstrate an involvement for AMF-like

cell contraction in the regenerative process occurring in the

adult stage, it is plausible that such effects can be attributed

to AMF-like cells. To our knowledge, our study is the first to

demonstrate that AMF-like cells are reactivated during lung

regeneration. The finding that AMF-like cells emerge in two

models of lung regeneration (compensatory regrowth and

alveolar regeneration following IAV-induced ARDS) implies

that AMFs are likely a key component of the regenerative ma-

chinery in the lung.

Factors that reinitiate the developmental program in mesen-

chymal cells in the adult lung potentially include biophysical

forces and stretch such as in the PNX model and/or morpho-

genic signals that derive from pro-regenerative macrophages,

subsets of AT2s, endothelial cells, or other mesenchymal cell

subsets. Our bioinformatic predictions revealed strong interac-

tions between neonatal (P7) AMFs and AT1/2s and adult AMF-

like cells emerging following influenza-virus-induced lung injury

and AT1/AT2s. Previous work has shown that during lung devel-

opment, AMFs closely interact with AT1 though PDGF, WNT,

SHH, and IGF signaling and that perturbation of such pathways

impairs alveolarization during post-natal lung development.18

Another study showed that AMFs can influence AT2 progenitors

(termed pAT2s) and their differentiation during development.45

Our data reveal that adult AMF-like cells may represent amesen-

chymal niche for AT2s after influenza-virus-induced lung injury.

Among the top ligand-receptor interactions between AMF-like

cells and AT2s are those involving collagen-syndecan interac-

tions. In the future, it will be important to test the effect of pertur-

bations to these interactions on alveolar homeostasis and repair

in vivo and ex vivo.

A recent report has shown that remnants of neonatal ACTA2+

cells that persist in the adult respond to hypoxia or bleomycin

injury by re-expressing Acta2.46 In our work, we applied our

neonatal AMF signature in cells labeled in the adult stage, and

we demonstrate that such a developmental signature is reacti-

vated during alveolar regeneration. In the future, it will be impor-

tant to investigate whether the cells originally labeled during the

neonatal period are the ones that are reactivated after injury.

However, one major drawback is the transgenic mouse lines

currently available; these lines obviously label heterogeneous
Cthrc1+ AMF-like cells after influenza virus infection

with DAPI in mock and PR8 samples.

= 3 per group. (G–J) Data are represented as mean ± SEM. **p < 0.01 and
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populations of cells, and, to our knowledge, there are no avail-

able tools to exclusively target neonatal AMFs. Possibly, such

a limitation will be at least partially overcome using intersectional

genetics that relies on dual recombinase approaches, such as

Cre-ERT2 and Dre-ERT2, to target cellular subsets with more

precision based on the expression of two genes instead of

one. In addition to lineage tracing and sorting of a pure AMF-

like population for organoid assays, it will be important to carry

out selective cell ablation in vivo to test the requirement of these

cells in alveolar regeneration.

We also investigated the enrichment of the other develop-

mental clusters from P7 and found that while GSEA showed

significant downregulation for AF1, significant enrichment for

PeriFBs, and weaker enrichment for the remaining clusters

in the total mesenchyme derived from PNX versus sham, the

GLI1+ lineage appeared to globally reinforce its gene signa-

ture during alveolar regeneration after PR8 infection, with

the most significantly enriched signatures corresponding to

AMFs and PeriFBs and the AMF-like cluster uniquely display-

ing a significant increase in its abundance. The difference in

the two observations likely relates to the nature of the

analyzed cells (total mesenchyme versus GLI1+ cells) and

the different triggers and, therefore, mechanisms of lung

injury, repair, and regeneration in the employed models

(PNX versus PR8). Future work should address the involve-

ment of non-AMF-like clusters in alveolar regeneration

following various models of injury and regeneration. Another

intriguing aspect is the strong similarity between AMF-like

cells and profibrotic FAMs. Our data revealed that FGF10+

AFs do not give rise to AMF-like cells during lung regeneration

in contrast to aberrant repair and fibrosis, where we and

others have shown that they are an important source of

FAMs.36–39 While the latter cells are detrimental to AT2s,

AMF-like cells may represent niche cells that promote the

growth of AT2s. Whether the cellular origin per se determines

if the arising MyoFBs are regenerative (AMF-like) or profibrotic

(FAM) requires further investigations. A recent report also

identified Cthrc1 as a marker of transitional fibroblasts that

give rise to FAMs.47

Finally, while AMF-like cells contribute to alveolar regenera-

tion in the mouse influenza virus infection model, they appear

to be aberrantly activated in non-resolving pneumonia in lethal

ARDS in humans. Bona fide lung fibrosis has been described

post-ARDS caused by SARS-CoV-2 or IAV.48–50 Given the

transcriptomic similarity between AMF-like cells and FAMs,
Figure 5. AMF-like cells support AT2 growth ex vivo

(A and B) Timeline and experimental design. The datasets shown in Figure S4 w

(C–F) Cell-cell communication networks highlighting interactions between AMFs a

strength of interactions.

(G) Heatmap showing the top ligand-receptor interaction candidates. An extend

(H) Timeline and experimental design for the generation of organoids.

(I) Overview of wells with organoids at day 21 and immunofluorescence using ind

(J) Quantification of organoid number and size.

(H–J) n = 6 per group. (J) Data are represented as mean ± SEM. ****p < 0.0001. Sc

aerocytes; adventitial FB, adventitial fibroblasts; AMF, alveolar myofibroblasts; ar

cells; AT2, type 2 alveolar epithelial cells; gCap, general capillary cells; i.p., intrape

Prolif. MyoFB, proliferative myofibroblasts; Tam, tamoxifen; venous maEC, mac

See also Figures S2–S6 and Data S1.
it is plausible that the regenerative mechanism involving

AMF-like cells might be hijacked to drive lung fibrosis instead

of scarless regeneration in severe ARDS in humans. We

recently showed that perivascular GLI1+ cells contribute to

increased muscularization of the pulmonary vasculature in

response to hypoxia or cigarette smoke exposure.51 We also

showed that GLI1 is upregulated in COPD lungs with pulmo-

nary hypertension (PH). In the current work, we selected

COPD lung tissues corresponding to patients with COPD

but without PH, and the results showed significant downregu-

lation of GLI1 and CTHRC1. Therefore, our data showing the

downregulation of markers of AMF-like cells mainly reflect

the loss of alveolar structures and emphysema in the absence

of vascular remodeling and PH and strongly suggest that the

lack of AMF-like cells is associated with failed alveolar regen-

eration and emphysema.

To sum up, our work reveals that adult lung mesenchymal

cells upregulate the developmental AMF gene signature dur-

ing alveolar regeneration. Nevertheless, several questions

remain open, including the cellular origin of AMF-like cells

(other than the finding that they partially derive from GLI1+

cells), their actual function in repair and regeneration, and

their main epithelial interacting partner(s) in vivo. Future

research aimed at pinpointing the microenvironmental and

molecular cues that control the behavior of these cells in

terms of driving progressive remodeling and fibrosis versus

balanced and scarless regeneration holds promise for devel-

oping innovative therapeutic strategies to promote alveolar

regeneration in the diseased lung.

Limitations of the study
There are currently no transgenic or knockin mouse lines that

allow exclusive labeling of AMFs without collateral labeling of

other populations, such as SMCs or AFs. Moreover, while

scRNA-seq deconvolutes the cellular heterogeneity of labeled

populations and can also predict differentiation trajectories, it

cannot determine, for example, whether neonatally labeled

AMFs are themselves reactivated later in life. Future research

using intersectional genetics will allow the neonatal labeling of

a pure AMF population and following the fate of these cells

during adulthood, therefore improving the temporal resolution

of such investigations. Finally, it will be important, in the

meantime, to select and validate surface markers that would

allow selective sorting of AMFs and AMF-like cells for subse-

quent analysis.
ere integrated with the mouse lung development atlas.44

nd AMF-like cells with other cell types. The thickness of the lines visualizes the

ed list is shown in Data S1.

icated antibodies.

ale bars: (I) 1 mm for well overviews and 50 mm for immunofluorescence. aCap,

terial maEC, macrovascular arterial endothelium; AT1, type 1 alveolar epithelial

ritoneal injection; PR8, A/Puerto Rico/8/34 H1N1; s.c., subcutaneous injection;

rovascular venous endothelium; Wnt2+ FB, Wnt2+ fibroblasts.
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Figure 6. Dysregulation of AMF-like cells is associated with failed regeneration in the human lung

(A and B) Immunofluorescence using the indicated antibodies on donor and COPD lung explants.

(C and D) High-magnification images of the regions shown in the dashed boxes in (A) and (B). The letter ‘‘v’’ indicates blood vessels.

(E and F) Single-channel images of the regions shown in (C) and (D).

(G and H) Quantitative PCR on lung homogenates from donor and COPD lung samples.

(I) Immunofluorescence using the indicated antibodies on an ARDS lung autopsy.

(J) High-magnification image of the region shown in the dashed box in (I).

(K) Single-channel images of the region shown in (J).

(G and H) n = 6 per group. (G and H) Data are represented as mean ± SEM. **p < 0.01. Scale bars: (A, B, and I) 1 mm and (C–F, J, and K) 100 mm. ARDS, acute

respiratory distress syndrome; COPD, chronic obstructive pulmonary disease.
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during airway epithelial regeneration
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nih.gov/geo/query/acc.cgi?acc=
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The single-cell atlas of mouse lung

development

Negretti et al.44 GEO: GSE165063 https://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=
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solutions/flowjo

RRID:SCR_008520

FIJI https://imagej.net/software/fiji/ RRID:SCR_002285

IMARIS https://imaris.oxinst.com/ RRID:SCR_007370

Leica Application Suite X https://www.leica-microsystems.com/

products/microscope-software/p/leica-

las-x-ls/

RRID:SCR_013673

STAR http://code.google.com/p/rna-star/ RRID:SCR_004463

clusterProfiler https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

RRID:SCR_016884

Scanpy (v1.8.1) https://pypi.org/project/scanpy/ RRID:SCR_018139

Scrublet https://github.com/swolock/scrublet RRID:SCR_018098

Anndata https://github.com/scverse/anndata RRID:SCR_018209

Harmony https://github.com/immunogenomics/

harmony

RRID:SCR_022206

Python (v3.8.10) https://www.python.org/downloads/

release/python-3810/

RRID:SCR_008394

cellxgene https://github.com/chanzuckerberg/

cellxgene

RRID:SCR_021059

scVelo https://github.com/theislab/scvelo RRID:SCR_018168

Seurat https://satijalab.org/seurat/ RRID:SCR_016341

RStudio https://posit.co/download/rstudio-

desktop/

RRID:SCR_000432

sctransform https://github.com/satijalab/sctransform RRID:SCR_022146

scMCA https://github.com/ggjlab/scMCA

DESeq2 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

RRID:SCR_015687

fgsea https://bioconductor.org/packages/

release/bioc/html/fgsea.html

RRID:SCR_020938

(Continued on next page)
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ComplexHeatmap https://bioconductor.org/packages/

release/bioc/html/ComplexHeatmap.html

RRID:SCR_017270

ShinyGO http://bioinformatics.sdstate.edu/go/ RRID:SCR_019213

CellChat https://github.com/sqjin/CellChat RRID:SCR_021946

KEGG https://www.genome.jp/kegg/ RRID:SCR_012773

GraphPad Prism GraphPad https://www.graphpad.com/ RRID:SCR_002798

Illustrator CS6 https://www.adobe.com/de/products/

illustrator.html#modal-hash

RRID:SCR_010279

Article
ll

OPEN ACCESS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice and tamoxifen administration
All animal studies were performed according to protocols approved by the Animal Ethics Committee of Justus Liebig University Gies-

sen and by the local authorities (Regierungspraesidium Giessen). Mice were housed in a specific pathogen-free (SPF) environment

with unrestricted access to food and water. Acta2-Cre-ERT2mice (STOCK Tg(Acta2-cre/ERT2)12Pcn) were generously provided by

Dr. Pierre Chambon from the University of Strasbourg, France. Gli1Cre-ERT2 mice (STOCK Gli1tm3(cre/ERT2)Alj/J, JAX stock number

007913) and tdTomatoflox mice (B6; 129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) (JAX stock number 007905) were purchased

from the Jackson Laboratory. To induce Cre-ERT2-mediated genetic recombination, mice were exposed to tamoxifen as described

in the corresponding figure legends. For subcutaneous (s.c.) or intraperitoneal (i.p.) injections, tamoxifen stock (20 mg/mL) was pre-

pared by dissolving tamoxifen powder in corn oil (both from Sigma) and administered at a dose of 0.5 mg per pup at postnatal day 4

(P4) (approval number G83/2017) or 0.1 mg/g body weight in the adult stage (approval number G57/2021), respectively.

Pneumonectomy
The samples used to analyze AMFs in sham and pneumonectomized mice were generated in a previous study.53 Briefly, C57BL6

mice were subjected to surgery (sham or pneumonectomy (PNX)) at 8–12 weeks of age. In the PNX group, the left lung lobe was re-

sected while in the sham control group, thoracotomy was performed without lung removal. At days 7 and 14 post-surgery, mice were

euthanized, and lungs were isolated. The left lobe was excluded from the analysis in the sham group to maintain consistency with the

PNX group, which had the left lobe removed.

Influenza A virus-induced lung injury
Mice were anesthetized and intratracheally inoculated with 400 focus forming units (FFU) of influenza A/PR/8/34 (PR8; a mouse

adapted H1N1 influenza virus). The virus was diluted in sterile PBS to a total volume of 70 mL. These experiments were approved

by the local authorities (approval number G57/2021).

Human samples
Human donor and COPD biospecimen were provided by the UGMLC Giessen Biobank, member of the DZL Platform Biobanking.

These samples were subjected to RNA extraction followed by qPCR as well as immunofluorescence. Human ARDS biospecimen

were obtained from the CPC-M bioArchive at the Comprehensive Pneumology Center (CPC), Munich, and were subjected to

immunofluorescence.

METHOD DETAILS

Immunofluorescence
Lungswere flushed by transcardiac perfusionwith PBS. Subsequently, different protocols were followed based on the intended anal-

ysis. For paraffin embedding, lungs were fixed in 4% paraformaldehyde (PFA) and for cryosectioning, lungs were embedded in 5%

OCT. Blocks were eventually sectioned into 5 mm-thick slices using a microtome or cryotome. For sectioning with a vibratome, lungs

were inflated with 1.5% low melting agarose (Sigma), and 200 mm sections were obtained. Immunofluorescence (IF) was performed

using monoclonal anti-ACTA2 (Sigma, 1:100 or Santa Cruz 1:200), polyclonal anti-PDGFRa (Abcam, 1:200), monoclonal anti-KI-67

(Cell Signaling Technology, 1:200), polyclonal anti-KI-67 (Thermo Fisher Scientific, 1:200), polyclonal anti-CTHRC1 (R&D System

1:100), monoclonal anti-RAGE (R&D System 1:400), polyclonal anti-SFTPC (Seven Hills, 1:1000), and polyclonal anti-RFP antibodies

(Thermo Fisher Scientific, 1:200; used only in combination with KI-67 staining, which requires antigen retrieval). Neutral lipids

were stained using LipidTOX (Thermo Fisher Scientific, 1:200) and nuclei were stained using 40,6-Diamidino-2-Phenylindole,

Dihydrochloride (DAPI) (Life Technologies). The catalog numbers of the antibodies and other key reagents are provided in the
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Key resources table. Fluorescent images were acquired using either a Leica DM550 B fluorescencemicroscope or an SP8 confocal

microscope equipped with a white-light laser and hybrid detectors or a MicaWidefocal LiveCell System (LeicaMicrosystems). When

applicable, three-dimensional (3D) reconstruction of z-stacks was performed using the 3D module of LAS X software (version 3.5;

Leica Microsystems). Image quantification was conducted using Fiji54 and Imaris software (Oxford Instruments). For quantification,

sections from at least 3 independent lungs were analyzed, andmultiple images were used (n > 8) for stained control and experimental

lungs.

In situ hybridization
Lung samples were embedded in Tissue-Tek OCT compound (#4583, Sakura) and sectioned at a thickness of 5 mmusing Superfrost

Plus microscope slides (#03–0060, R. Langenbrinck GmbH). Cthrc1 and Piezo2 transcripts were detected using specific probes

(Mm-Cthrc1 Cat. # 413341 and Mm-Piezo2-C3 Cat. # 400191-C3, respectively), and the RNAscope Multiplex Fluorescent Reagent

Kit v2 assay (document Nr:323100-USM, Advanced Cell Diagnostic) was employed according to the manufacturer’s instructions.

Upon completion of the RNAscope protocol, slides were washed with PBST buffer at room temperature for 5 min. ACTA2 immuno-

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

samples were counterstainedwith DAPI (Life Technologies). Finally, the samples weremountedwith Flouromount (SouthernBiotech),

and images were acquired using Mica (Leica).

Flow cytometry analysis and cell sorting
Flow cytometry and cell sorting procedures were performed according to standard procedures. Briefly, lungs were isolated and

placed in Hank’s Balanced Salt Solution (HBSS, Gibco). They were then minced into small pieces and incubated with 0.5% collage-

nase type IV in HBSS (Life Technologies) at 37�C for 45min. Subsequently, lung homogenates were filtered through 70 mmand 40 mm

cell strainers (BD Biosciences) to obtain single-cell suspensions. Cells were then centrifuged at 4�C at 1000 rpm for 5 min and resus-

pended in MACS buffer. Following that, cells were stained with anti-Ly6a (APC-conjugated, 1:50), anti-EpCAM (APC-Cy7-conju-

gated, 1:50), anti-CD31 (FITC-conjugated, 1:100), and anti-CD45 (FITC-conjugated, 1:100) antibodies (all from Biolegend) for

25 min on ice in the dark. Subsequently, cells were washed with MACS buffer. Flow cytometry and cell sorting were performed using

a FACSAria III cell sorter (BD Biosciences), and live cells were gated using SyTOX (1:1000). Data were analyzed using FlowJo soft-

ware (FlowJo LLC).

Bulk RNA sequencing
For analyzing gene expression following sham or PNX, FACS-sorted mesenchymal cells defined as CD45neg CD31neg EpCAMneg

(non-leukocytic, non-endothelial, non-epithelial) cells were centrifuged at 300 G for 10 min and subjected to RNA extraction using

the RNeasy Microkit (Qiagen). Bulk RNA sequencing (Bulk RNA-seq) was carried out according to standard procedures. For

genome-wide analysis of gene expression, RNA sequencing libraries from polyadenylated mRNA were generated and sequenced

by the Institute for Lung Health (ILH) – Genomics and Bioinformatics – at the Justus-Liebig-University (JLU) Giessen (Germany). A

total amount of 2–10 ng of RNA per sample was used for cDNA sequencing library preparation utilizing the NEBNext Single Cell/

Low Input RNA Library Prep Kit for Illumina (New England BioLabs) according to the manufacturer’s instructions. After library quality

control by capillary electrophoresis (4200 TapeStation, Agilent), cDNA libraries were sequenced on the Illumina NovaSeq 6000 plat-

form generating 50 bp paired-end reads. For demultiplexing and the subsequent FASTQ file generation we used Illumina’s bcl2fastq

(2.19.0.316). Primary processing of the sequencing reads, i.e., quality control, filtering, trimming, read alignment and generation of

gene specific count tables was performed using the nf-core55 RNA-seq v3.7 bioinformatics pipeline (NEXTFLOW version 23.04.03).

The mus musculus mm10 genome and gene annotation was used as downloaded from Illumina’s iGenome repository (https://

support.illumina.com/sequencing/sequencing_software/igenome.html). The pipeline run was performed with standard parameters

in docker mode. The resulting tables with raw read counts were imported into R where all down-stream processing was performed

(R Core Team (2022) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna. URL

https://www.R-project.org/). Normalization and detection of differentially expressed genes was determined using DESeq2. Gene set

enrichment analysis was done using clusterProfiler and fgsea packages in R56 using GO and KEGG annotations. All analysis code is

available upon request.

Single-cell RNA sequencing
Single-cell RNA-seq (scRNA-seq) of tdTomato+ (tdTom+) cells FACS-sorted from Gli1Cre-ERT2; tdTomatoflox and Acta2-Cre-ERT2;

tdTomatoflox lungs was carried out using the Chromium Next GEM Single-Cell 3ʹ Reagent Kit v3.1 (10x Genomics). After following

the 10x Genomics library preparation protocol, all samples were sequenced on an Illumina NovaSeq 6000 sequencer. For demultiplex-

ing and the subsequent FASTQ file generation we used Illumina’s bcl2fastq (2.19.0.316). Sequencing reads were aligned to the mouse

mm10 reference genome (refdata-gex-mm10-2020-A downloaded from 10xGenomics) using STAR solo (2.7.9a) resulting in three UMI

count matrices for spliced, unspliced ambiguous counts per cell per gene in order to enable subsequent velocity analysis. During the

alignment step UMI deduplication was performed by STAR. Droplet filtering was done using the EmptyDrops_CR parameter setting.

After quality control, resulting UMI count matrices from the raw output folder of the STAR solo results were pre-processed for

further analyses using Scanpy (1.9.3) in a Python (3.9.12) environment.57 To filter out low quality cells, doublets, cell debris or ambient
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RNA the following filter criteria were applied to the data. We used scrublet with standard parameters to identify doublets. Cells were

selected to contain amaximumof 15,000 and aminimumof 1,200 UMI counts. Less than 20%of all UMI counts are allowed tomap to

amitochondrial origin. Finally, at least 600 different genes must be detectable (at least one readmapped to the gene) for each cell. To

reduce the gene set size, only those genes were kept, which were expressed in at least 20 cells (function filter_cells with min_cells

paramter set to 20). UMI counts underwent normalization in respect to the library size and such that each cell contains 10,000 reads

using Scanpy’s normalize_per_cell function. The resulting counts were log transformed using the log1p function. For dimensionality

reduction and for data integration with Harmony PCAs were calculated. For that purpose 500 genes were selected as highly variable

using the highly_variable_genes function. 20 principal components were identified using the pca function based on these highly var-

iable genes. Harmony integration was performed using the harmony_integrate function using default parameters. A k-nearest-

neighbor approach was applied to calculate a neighborhood graph using the neighbors function using default paramter setting

(15 neighbors), on which Leiden clustering was performed with resolutions of 0.4, 0.6, 1.0 and 1.4. A two-dimensional visualization

of the cells was achieved by calculating UMAPs. Next, automatic cell-type annotation was performed by calculating the average

gene expression of all clusters individually. Data were compared to the Mouse Cell Atlas (MCA) using the scMCA R package

(https://github.com/ggjlab/scMCA)58 and later corrected by additional manual annotation according to LungMAP’s CellCards

classification (https://lungmap.net/research/cell-cards/). Differentially expressed genes (DEGs) were identified by the Scanpy rank_

gene_groups function. The method parameter for the statistical testing procedure was selected as t test. For gene set enrichment

analysis (GSEA) the genes were ranked for the negative decadic logarithm of the corresponding p-value multiplied by the sign of

the log2-transformed fold change. GSEA was performed within R (version 4.3.1) using the GSEA function of the clusterProfiler

(version 4.10) package59 using default settings and a gene signature extracted from the scRNA-seq data by comparing the gene

expression in p7 AMF versus all that of all other cells.

Velocity analysis was done using scVelo60 using standard setting. The number of highly variable genes was set to 500. First and

second order moments were calculated with the moments function with parameters n_pcs = 30 and n_neighbors = 30.

The data were exported in H5AD format and subsequently loaded into cellxgene v1.1.1 extended by the VIP plugin (v3.1). UMAP

plots we generatedwith the Embedding Plot function of cellxgene. The gene specificity functionwas used to generate specificity heat

maps indicating the ratio of the expression of a given gene in a specific cell type compared to the gene’s expression across all cell

types.

With cellxgene DEGs were calculated using the DEG function comparing selection of cells per cluster versus all other cells using

Welch’s t test in cellxgene. FDR significance was defined as > 0.05 with an absolute log2(Fold change) of 1. Gene enrichment and

KEGG analysis were performed using and ShinyGO (version 0.80).61 Mus musculus assembly with STRING-db ID mmusculus_ge-

ne_ensembl was used with mouse genes GRCm39 assembly (taxonomy ID 10090). Visualization was performed using GOBiological

Process with FDR cutoff set at 0,05 and with 10 genes as minimum pathway requirement. Pathways were sorted by -log10(FDR) and

colored with fold enrichment, and chart type was selected as either lollipop or barplot_inside. For the cell-cell interaction analysis, the

single-cell atlas of mouse lung development44 and the AMF & AMF-like cluster (Figure S7C) were integrated using Seurat (v4.3.0).62

The single-cell atlas of mouse lung development raw read counts (GSE165063) was extracted from the final processed data as were

AMF & AMF-like raw read counts. Therefore, both datasets were only subjected to normalization with SCTransform prior to a dimen-

sional reduction and followed by the integration using Seurat’s Harmony algorithm implementation. Clustered data were annotated

by label transfer from the pre-existing information. The cell-cell interaction analysis was performed using CellChat63 (v2.1.1). Inte-

grated data were subset for the time points ‘‘P7’’, ‘‘P28’’, ‘‘Mock’’ and ‘‘Tam-PR8’’ (Fig. S4). Each subset was analyzed individually

with the CellChat pipeline as described in the vignette using standard parameters. CellChatDB.mouse was used as database. Circle

plots were created using CellChat’s netVisual_circle function. For the heatmap depicting ligand-receptor interaction between AMF/

AMF-like cells and AT2 cells, probability values were first calculated by CellChat’s netVisual_bubble and subsequently plotted with

ComplexHeatmap (v2.6.2). The heatmap depicts the top 20 ligand-receptor interactions identified in P7 AMF to AT2 cells for all four

time points. Gene specificity was calculated as the ratio between cumulative expression across all cells in a cluster (normalized to cell

count) and the cumulative expression across all cells (also normalized).

Alveolosphere assay
FACS-sorted tdTom+ (mesenchymal) cells from Gli1Cre-ERT2; tdTomatoflox lungs were centrifuged and then resuspended in Dulbec-

co’s Modified Eagle Medium (Life Technologies). These cells were added to alveolar epithelial cells (AECs; defined as CD45neg

CD31neg EpCAMlow) and mixed at a ratio of 1:1 with cold growth factor-reduced phenol red-free Matrigel (Corning). Cultures were

maintained under air-liquid conditions at a temperature of 37�Cwith 5%CO2 for a duration of 3 weeks to allow the formation of alve-

olar organoids (alveolospheres). The culture medium was changed every other day to provide optimal conditions for steady growth

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

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data were assembled and analyzed using GraphPad Prism software (GraphPad Software). Results are presented as

mean ± standard error of the mean (SEM). Statistical comparisons between two groups were performed using Student’s t-test while

one-way ANOVAwas used for comparisons involving three ormore groupswith a single variable. Two-way ANOVAwas employed for
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comparisons involving multiple groups with two variables. Statistical significance was defined as P < 0.05. The number of biological

replicates is indicated in the corresponding figure legends.

ADDITIONAL RESOURCES

All gene signatures and differentially expressed genes (DEGs) are provided in Data S1.
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