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SUMMARY

Organ regeneration requires dynamic cell interactions to reestablish cell numbers and tissue 

architecture. While we know the identity of progenitor cells that replace lost tissue, the transient 

states they give rise to and their role in repair remain elusive. Here, using multiple injury models 

we find that alveolar fibroblasts acquire distinct states marked by Sfrp1 and Runx1 that influence 

tissue remodeling and reorganization. Unexpectedly, ablation of alveolar epithelial type-1 (AT1) 

cells alone is sufficient to induce tissue remodeling and transitional states. Integrated scRNA-seq 

followed by genetic interrogation reveals RUNX1 is a key driver of fibroblast states. Importantly, 

the ectopic induction or accumulation of epithelial transitional states induce rapid formation 

of transient alveolar fibroblasts, leading to organ-wide fibrosis. Conversely, the elimination of 

epithelial or fibroblast transitional states or RUNX1 loss, leads to tissue simplification resembling 

emphysema. This work uncovered a key role for transitional states in orchestrating tissue 

topologies during regeneration.

eTOC blurb:

Tata and colleagues described a critical role for repair-associated transitional states that emerge 

from progenitors in alveolar remodeling and reorganization. Impaired crosstalk or imbalance 

in epithelial and fibroblast transitional states can alter extracellular matrix abundance and 

organization, and lead to topologically distinct phenotypes similar to human lung fibrosis and 

emphysema.

Graphical Abstarct
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INTRODUCTION

Organ remodeling is a hallmark of many diseases in which tissues deviate from their 

normal composition in terms of both cellular and acellular components1–8. In some cases, 

remodeling can lead to gain of tissue complexity, as seen in fibrosis, whereas in other 

cases tissues undergo cellular atrophy and simplification4,9–12. Therefore, tissues must be 

able to monitor and maintain the appropriate density and organization of different cell 

types and extracellular matrix (ECM) at homeostasis and repair after injury. Significantly, 

the underlying cellular and molecular mechanisms that balance normal versus defective 

regeneration remain elusive.

The distal lung is composed of millions of saccular alveolar units separated by delicate 

and thin-walled structures called septa13–15. Each septum consists of an epithelial layer 

composed of thin alveolar type-1 cells (AT1) and cuboidal alveolar type-2 cells (AT2s) 

facing the lumen and a shared interstitium in the middle. The interstitium contains few cells 

drawn from multiple lineages, including fibroblasts, pericytes, endothelial cells of micro-

capillary tubes, and immune cells16–22. Importantly, the interstitium also contains ECM 
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proteins organized into a three-dimensional continuum that forms the fibroelastic “scaffold” 

of the lung13,23,24. The ECM is composed primarily of collagens and elastin, which 

provide high tensile strength and extensibility, respectively. Significantly, certain genetic 

risk variants and environmental agents can disrupt this matrix leading to loss of tensile 

strength and enlargement of airspaces, a clinical manifestation known as emphysema25. 

In contrast, fibrotic lung diseases deposit excess ECM, leading to interstitial thickening, 

decrease in surface area, and progressive respiratory dysfunction26–28. Multiple studies 

using clinical specimens and animal models have demonstrated the contribution of various 

cell populations to tissue remodeling9,20,29. Nevertheless, we currently lack a unified 

framework for explaining the mechanisms that lead to the two contrasting phenotypes of 

human diseased alveolar tissue – namely, emphysema and fibrosis. Specifically, we need 

to understand the cellular circuits that control the production and deposition of ECM in 

spatially organized alveolar niches, and the cellular trajectories during regeneration. Recent 

studies have uncovered molecularly unique epithelial cell states in pathological lung, which 

resemble those of transitional states that emerge during AT2 to AT1 differentiation after 

injury30–32. Further, Tsukui and colleagues have identified a distinct alveolar fibroblast 

population marked by Cthrc1 after bleomycin-induced alveolar injury33. However, a direct 

role for these transitional states in tissue organization and their crosstalk during regeneration 

is poorly understood.

Here, we use multiple lung injury models, including cell type-specific ablation coupled 

with single cell transcriptome (scRNA-seq) profiling, to uncover cellular trajectories that 

accompany injury-repair processes in the alveolar region. We uncover co-emergence of 

transitional states in both the epithelium and fibroblasts and show how they influence each 

other to regulate repair. Integrated data analyses from different injury models identify key 

molecular mechanisms driving cellular trajectories. Our data also uncover fibroblast states 

that synthesize and assemble ECM proteins to re-establish structural organization of the 3D 

fibroelastic continuum during regeneration. Ectopic induction, accumulation, or reduction 

of epithelial transitional states leads to significant defects in repair, causing either tissue 

simplification or fibrosis. Similarly, experimental disruption of the transcriptional programs 

controlling fibroblast states lead to dysregulation of alveolar cell fates, repair processes, and 

alveolar organization.

RESULTS

Alveolar repair involves partial remodeling and emergence of transitional states

To understand cellular dynamics associated with lung injury-repair, we used butylated 

hydroxytoluene (BHT; 3,5-di-tert-4-butylhydroxytoluene); an antioxidant known to cause 

damage to AT1s and endothelial cells34–37. First, we administered tamoxifen to Sftpc-
creER;R26R-tdTomato (hereafter referred to Sftpc-tdT) mice to label AT2s with tdTomato 

followed by BHT injury and tissue collection at different time points (Figure 1A). 

Immunostaining for tdTomato and the AT1s marker (LEL, Lycopersicon Esculentum lectin) 

on lung sections from days 6, 10, and 30 revealed the early loss of AT1s followed 

by a gradual differentiation of AT2s into AT1 (Figure S1). Interestingly, this repair is 

accompanied by a dramatic change in tissue organization as revealed by hydrazide staining, 
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which marks elastin bundles. Specifically, we observed both enlargement and narrowing 

of alveolar spaces in injured lungs (Figures 1B, S1A and S1B). These changes were 

quantified using Cellpose38, a semi-automated image processing tool (Figures 1C and S1C). 

Of note, we observed near complete recovery of tissue reorganization by day-30 post 

BHT administration. Unlike patchy injury observed in commonly used lung injury model 

(intranasally administered bleomycin), BHT elicits injury-repair throughout the lung lobes 

as assessed by ACTA2 and trichrome staining (Figure S1D, E). Further, pulmonary function 

measurements (forced oscillometry) on lungs from BHT treated mice at day-6 displayed 

significantly increased airway resistance and elastance as well as decreased compliance 

and inspiratory capacity compared to uninjured controls (Figure S1F). Of note, pulmonary 

functions were recovered to normal by day-20 post injury (Figure S1F). These data revealed 

that alveolar tissue undergoes extensive but reversible topological changes during BHT 

induced injury-repair.

To ascertain cellular and molecular changes associated with alveolar injury-repair, we 

performed scRNA-seq of lung tissues collected on day-6 post BHT treatment. To enrich 

epithelial and mesenchymal cells, we depleted endothelial and immune cells prior to single 

cell capture (Figure 1D). We recovered a total of 15,486 cells from BHT treated lungs and 

integrated them with previously described controls39. As expected, 88% of the recovered 

cells were from epithelial (Epcam) and mesenchymal (Col1a1), and the remaining minor cell 

populations belong to mesothelial (Wt1), and immune cell (Ptprc) lineages (Figures 1E and 

S2A).

Among the mesenchymal cells, marker analyses revealed all previously described cell 

populations including alveolar fibroblasts (Tcf21, Mettl7a1, Slc7a10), adventitial fibroblasts 

(Pi16, Fbln1, Dcn), smooth muscle cells (Slc11a1, Timp4, Acta2, Myh11), pericytes (Pde5a, 
Cspg4, Pdgfrb), peri-bronchiolar fibroblasts (Fgf18, Wnt5a, P2ry14) and mesothelial cells 

(Wt1) both in controls and BHT injury (Figures 1F and S2B). Of these, alveolar fibroblasts 

showed significant differences between controls and BHT treated lungs. Specifically, 

the latter contained alveolar fibroblasts marked by Mt2, Plac8, Saa3, Gas6, Lif, Ptgs2, 
Sfrp1, Cthrc1, Timp1, Spp1, Piezo2, and Acta2. We refer to these as transitional alveolar 

fibroblasts. Of note, some of these markers including ACTA2 have been previously 

described as markers of myofibroblasts in bleomycin-induced lung fibrosis models (Figures 

1G and S2B)33,40. However, we found distinct gene expression patterns within transitional 

alveolar fibroblasts, suggestive of subpopulations (Figures 1F and S2B). For example, 

Sfrp1, Chl1 showed opposing expression patterns to that of Acta2 and Spp1, while 

Timp1 expression overlapped with all these markers within transitional alveolar fibroblasts. 

Immunostaining for SFRP1, TIMP1, LGALS1, CTHRC1 or in situ RNA detection for 

Gas6 and Saa3 further confirmed the emergence of transitional alveolar fibroblasts in BHT-

treated lungs but not in controls (Figures 1H–I, and S2C–E). Quantification revealed SFRP1 

expression peaked between day-3 and day-6 whereas TIMP1 and ACTA2 were high on 

day-6. Expression levels of these markers were either reduced or completely absent by 

day-15, consistent with the model that transitional alveolar fibroblasts emerge transiently 

during injury-repair (Figures 1H–I and S2C–E).
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In epithelial cells, we found all known major cell types, including ciliated (Foxj1), club 

(Chad), AT2 (Lyz2, Etv5, Lamp3, Sftpc), and AT1 cells (Rtkn2, Ager, Cav1, Spock2) 

in both control and BHT injury (Figures 1E and 1J–K). Furthermore, we found recently 

described alveolar epithelial transitional states (Cldn4, Sfn, Clu, Krt19, Krt8) (PATS/DATP/

ADI, here after referred to as PATS) and proliferating-AT2s (Birc5, Top2a) specifically in 

BHT-injured lungs, consistent with previous findings in other injury models30–32 (Figures 

1J–K). Immunostaining for SFN and LGALS3 further confirmed the presence of PATS 

(Figures 1L, S2F and S2G). Similar to transitional alveolar fibroblasts, these markers peaked 

on day-6 and disappeared by day-10 post BHT injury (Figures 1M, S2F and S2G). Together, 

our data suggest that epithelial and alveolar fibroblast transitional states co-emerge during 

tissue remodeling.

AT1 cell ablation alone induces transient and reversible tissue remodeling and repair 
associated transitional states

The above data revealed that AT2s replace AT1s that are lost after BHT injury. We then 

asked whether AT1s loss alone can induce the tissue remodeling and transitional states 

that emerged in response to BHT injury. To specifically ablate AT1s, we utilized Ager-
creER;R26R-DTR mice (hereafter referred to as Ager-DTR) and sequentially administered 

tamoxifen (to induce expression of diphtheria toxin receptor (DTR)) and diphtheria toxin 

(DT) (Figure 2A). Immunostaining revealed DTR expression specifically in AT1s in control 

mice (−DT), but not in mice that recovered post DT administration (Figures 2B and S2A). 

These data indicate that DTR-expressing cells are killed following DT administration and 

are subsequently replaced by AT2s differentiation (Figure 2B). Quantification of mean linear 

intercept (MLI) in controls, day-6, and day-60 following AT1 ablation revealed a significant 

increase in MLI on day-6, with the tissue returning to near normal by day-60 (Figure 2C 

and Figure S3B). This suggests that AT1s loss leads to transient and reversible alveolar 

remodeling during repair.

To determine cell states associated with repair after AT1s ablation, we performed scRNA-

seq analyses on samples from control (−DT) and DT administered mice on days 3, 6, 

and 10. We enriched epithelial and mesenchymal cells prior to single cell capture (Figure 

2D). We recovered airway (742 cells), alveolar (2291 cells), and mesenchymal (5114 cells) 

from control and AT1 ablated lungs. Among mesenchymal cells, we recovered alveolar, 

adventitial and peri-bronchiolar fibroblasts, smooth muscle cells, pericytes, and mesothelial 

cells, both in control and AT1 ablated lungs (Figures 2D and S3C). Similar to BHT model, 

alveolar fibroblasts showed significant differences in AT1 ablated lungs. Unsupervised 

clustering and marker analyses revealed that alveolar fibroblasts from day-3 and day-6 

were segregated into unique and overlapping clusters. Significantly, cells from day-10 

closely resembled controls but still showed differences in expression levels of marker genes, 

suggesting that they are returning to homeostatic states (Figure 2D). Furthermore, marker 

analyses revealed resemblance between transitional alveolar fibroblast cell states in AT1 

ablation and BHT injury, including Mt1, Mt2, Sfrp1, Saa3, Lcn2, Plac8, Acta2, and Timp1 
(Figures 1F–1G, 2E–2F and S3C). Moreover, expression of some of these markers coincides 

with specific times after AT1 ablation (Figures 2D, 2E and S3D). Among epithelial cell 

populations, we found known cell types, including ciliated, club, AT2, and AT1 cells, in both 
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control and AT1 ablated lungs (Figures 2D and S3C). Alveolar epithelial cell populations 

in AT1 ablated lungs showed enrichment of activated-AT2s (Lrg1, Lcn2, Retnla) and PATS 

on day-3 and day-6, respectively. In contrast, day-10 cells closely resembled that of control 

lungs (Figures 2D, 2G, 2H and S3E). These data suggest that upon AT1s ablation, AT2s 

gradually transition through activated-AT2s and PATS to regenerate lost AT1s.

Immunostaining or in situ RNA expression analysis of both transitional alveolar fibroblasts 

(ACTA2, SFRP1, TIMP1, Saa3, Gas6) and PATS (SFN, LGALS3) markers on sections 

collected from control, and AT1 ablation (day-6, 10, 60) further confirmed scRNA-seq 

findings (Figures 2I–L and S3F–J). Quantification of markers revealed transitional state 

numbers peaked between day-3 and day-6 and they were either decreased or completely 

lost at later times (Figures 1J, L and S3H). Trichrome staining on control and AT1 ablated 

lungs showed strong ECM deposition on day-6 but resolved by day-28, indicating transient 

and reversible fibrosis after AT1 ablation (Figure S3I). These findings were further validated 

using another AT1-specific creER mouse line (Hopx-creER;R26R-DTR) (Figure S3K).

Integrated single cell transcriptome analyses reveal pathways and temporal dynamics of 
transitional states.

Above data suggest striking similarities in cellular responses and structural remodeling 

of alveolar sacs after BHT injury and AT1 ablation. To uncover molecular underpinnings 

of the cellular responses, we integrated scRNA-seq data from BHT injury, AT1 ablation 

and previously described bleomycin induced lung injury (Figure 3A)33. Integration of 

mesenchymal cells revealed all known cell types and identified transitional alveolar 

fibroblasts. Significantly, marker expression and gene set enrichment analyses revealed that 

transitional alveolar fibroblasts are specifically found in injured but not control lungs across 

all datasets (Figures 3B, 3C and S4A). Interestingly, we found three distinct gene expression 

patterns within transitional alveolar fibroblasts, which correlated with temporal dynamics 

associated with scRNA-seq data obtained from days 3, 6, and 10 following AT1 ablation. 

Specifically, cells collected at day-3 after AT1 ablation showed enrichment of Plac8, Sfrp1, 
Gas6, and Lcn2. By contrast, Runx1, Spp1, Timp1, Acta2, Cthrc1, and Piezo2 transcripts 

were enriched in cells collected on day-6, at which time tissues undergo significant 

remodeling (Figures 3B–E, S4A, and Table S1). Immunostaining for RUNX1 and ACTA2 

on sections from day-6 post AT1 ablation and BHT-induced injury validated these findings 

(Figure 3F). To assess the dynamics of fibroblasts, purified alveolar fibroblasts were cultured 

in serum-free medium with and without TGFβ1 and analyzed at different times (Figure 4G). 

Immunostaining revealed dynamic changes in RUNX1, SFRP1, ACTA2, TIMP1, and LIF 

expression in cultured cells (Figures 4H and S4B). Specifically, LIF and SFRP1 showed 

high expression in serum-free conditions but were downregulated after TGFβ treatment, 

whereas ACTA2 showed an opposing pattern. Interestingly, RUNX1 expression was low in 

controls but significantly increased upon TGFβ treatment (Figures 4H and S4B). None of 

these markers, except PDGFRA were found in freshly isolated alveolar fibroblasts. Further, 

cells from AT1 ablation day-10 resembled that of control alveolar fibroblasts, suggesting 

their return to normal. To test this, we traced the fates of Acta2+/Runx1+ fibroblasts, 

we administered tamoxifen to BHT injured Acta2-creER;R26R-tdTomato mice at a time 

window that expresses high levels of ACTA2 (Figure S4C). Lungs harvested on BHT day-7 
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revealed tdT-expression specifically in ACTA2+/RUNX1+ but not in LIF+ cells, indicating 

that our strategy labeled ACTA2+/RUNX1+ cells (Figure S4D–G). Immunostaining and 

quantification for ACTA2 and RUNX1 on BHT day-20 revealed that lineage-labeled cells 

lost ACTA2 and RUNX1 but retained PDGFRA expression (Figure S4E–G). These data 

indicates that ACTA2/RUNX1+ fibroblasts returned to normal alveolar fibroblasts. These 

findings are consistent with previous studies41. Based on the temporal cellular trajectories 

of alveolar fibroblast subsets, we classified them as Sfrp1+, Runx1+ and returning alveolar 

fibroblasts (Figures 3A–H, S4A–G, and Table S1).

Pathway enrichment analysis revealed enrichment of TGFβ, interleukin, ECM organization 

and β1-integrin signaling in transitional alveolar fibroblasts (Figure S4H and S4I). 

Quantitative analyses of ECM related transcripts (ECM score) revealed enrichment of 

multiple structural components, affiliated proteins, and regulators of ECM organization in 

Runx1+ alveolar fibroblasts compared to other subsets and alveolar fibroblasts11 (Figures 

3I and S4J). Immunostaining and quantification for pro-COL1A1 further confirmed these 

findings (Figures 3J and 3K). Transcription factor regulatory activity analysis (TF regulon) 

using SCENIC, revealed distinct transcriptional programs in different alveolar fibroblasts42 

(Figure S4K). For example, RUNX1, CREB3, EZH2, FOXP1, and NFATc1 showed high 

regulon activity in Runx1+ alveolar fibroblasts compared to other fibroblasts (Figure S4K).

Next, integrative analysis of scRNA-seq from BHT injury and AT1 ablation models revealed 

distinct cell state transitions in alveolar epithelial cells that also correlated with temporal 

dynamics observed at different times after AT1 ablation (Figures 3L–M, S4A, and Table S2). 

Specifically, cells from AT1 ablation day-3 showed significant enrichment of activated and 

proliferating-AT2s, while day-6 cells showed enrichment of activated, proliferating-AT2s, 

and PATS. Finally, cells collected on day-10 closely resembled that of AT1 and AT2s from 

control lungs, suggesting that epithelial cells had reached homeostatic states by this time 

(Figures 3L–M and S5A). Moreover, TF regulon predicted distinct transcriptional programs 

in PATS compared to other epithelial cell states (Figure S5B).

Further, to predict cell-cell communication between epithelial and mesenchymal cells we 

used CellChat and uncovered strong sending and receiving activity between epithelial and 

fibroblasts including transitional states43. Of these, Runx1+ alveolar fibroblasts and AT2s 

showed highest sending and receiving activity, respectively (Figures S5C and S5D). Of 

note, Runx1+ alveolar fibroblasts showed second highest receiving activity next to AT2s, 

indicating a two-way communication from and to Runx1+ alveolar fibroblasts (Figure S5C 

and S5D). Together, epithelial and alveolar fibroblast transitional states showed distinct TF 

regulons and cell-cell communication through multiple signaling pathways.

Ectopic induction or accumulation of PATS leads to organ-wide fibrosis

Data from different injury models point to a unified model in which PATS that emerge after 

injury is a source for paracrine signals that control alveolar fibroblast states. To test this, we 

modulated the abundance of PATS or ectopically induced them in alveolar niches. First, to 

increase the abundance of PATS, we used a sequential double injury model. Specifically, we 

performed pneumonectomy (PNX), to induce neo-alveologenesis, followed by AT1 ablation 

as described above. We timed these two models such that each induced PATS in a narrow 
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time window with the intent to accumulate many of these cells in alveolar niches (Figure 

4A). Mice that underwent PNX alone served as controls (Figure S6A). Immunostaining 

for SFN revealed a significant accumulation of PATS in double injury compared to PNX 

alone (Figure 4B and 4C). Significantly, we found numerous alveolar fibroblasts expressing 

SFRP1, TIMP1, and ACTA2 throughout the lung (Figure 4B–E). In contrast, we detected 

very few peripherally located PATS and ACTA2+ fibroblasts in PNX alone (Figures 4B–D, 

and S6B). Trichrome staining revealed extensive collagen deposition, disorganization of 

alveolar tissue, and extensive fibrosis in double injury model (Figure S6C). Consistent with 

these findings, whole body plethysmography revealed the inability to increase tidal volume 

in double injury model, indicative of pulmonary fibrosis (Figure 4F and 4G).

Second, to ectopically induce PATS, we activated TP53 signaling that is known to emerge 

transiently during alveolar epithelial repair30,32. We used Sftpc-creER;Mdm2fl/fl;R26R-
tdTomato (hereafter referred to as Sftpc-Mdm2-tdT) mice, in which administration of 

tamoxifen concomitantly induces expression of tdTomato and deletes Mdm2, a known 

negative regulator of TP53 protein levels. Sftpc-creER;R26R-tdTomato mice served as 

controls (Figures 4H and S6D). As expected, immunostaining revealed a significant number 

of tdT+ TP53+ cells in Sftpc-Mdm2-tdT mice but not in controls (Figure S6E and S6F). 

To map cellular dynamics following Mdm2 deletion, we performed scRNA-seq on cells 

from Sftpc-Mdm2-tdT mice collected on day-8 post tamoxifen administration (Figure 

S6D). ScRNA-seq revealed cell clusters similar to activated-AT2s, proliferating-AT2s, and 

PATS found in BHT injured lungs (Figure 4I–4J, S6G, and Table S3). Similarly, we 

found cells resembling alveolar fibroblasts in Sftpc-Mdm2-tdT mice (Figure S6H and 

Table S4). Immunostaining and quantification revealed the presence SFN and CLDN4 

expressing PATS, as early as day-6 after Mdm2 deletion (Figures 4K, and S6I–J). Of note, 

we observed a significant decrease in tdT+ cells in Sftpc-Mdm2-tdT mice compared to 

controls (Figure S6K). TUNNEL staining revealed no co-expression of TUNNEL and tdT 

suggesting elimination of cells via other mechanisms such as live cell extrusion. Indeed, we 

found lineage labeled (tdT+) cells in the alveolar lumen suggesting their elimination from 

the epithelium (Figure S6L). Immunostaining for SFRP1, TIMP1, RUNX1, and ACTA2 

revealed numerous cells expressing these markers in Sftpc-Mdm2-tdT mice (Figures 4K–

M, S6M and S6N). These mice developed extensive pan-lobular fibrosis by day-10 post 

tamoxifen administration. Despite the loss of PATS, ACTA2+ fibroblasts remain in these 

regions, suggesting that PATS are sufficient for ACTA2+ alveolar fibroblasts induction but 

not necessary for their maintenance (Figures 4H–M and S6D–N).

Loss of epithelial and alveolar fibroblast transitional states lead to tissue simplification 
and emphysema

Above data indicated that accumulation or ectopic emergence of PATS is sufficient to induce 

fibrosis and alveolar remodeling. To test the consequences of blocking PATS-mediated 

epithelial repair, we devised a repeat AT1 ablation strategy by sequential tamoxifen and DT 

administration to Ager-DTR mice in two successive rounds within a 5-day time window 

(Figures 5A and S6O). We chose this time window to target PATS that emerge and begin 

to express Ager after first round of ablation. Quantification of SFN+ cells on sections 

collected a day after second round of ablation revealed significant decrease in PATS 
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numbers (Figure S6O). Immunostaining for SFN and ACTA2 revealed fewer transitional 

states in epithelium and alveolar fibroblasts in day-6 post second round of ablated lungs 

compared to single AT1 ablated lungs (Figure S6P). Since Ager is expressed in both late 

PATS and AT1s, the above repeat AT1 ablation model also ablates AT1s along with PATS. 

Therefore, a second strategy was devised in which, we used adeno-associated virus (AAV) 

mediated PATS ablation in Ager-DTR mice. Briefly, we first ablated AT1s followed by 

administration of AAV5 that specifically targets AT2s to express DTR44. Since PATS arise 

from AT2s, our strategy would lead to loss of PATS (and AT2s) but not AT1s after a second 

round of DT administration (Figure 5C). Following AAV5-GFP (control) or AAV5-DTR 

virus administration to Ager-DTR mice on day-4 post DT treatment, we assessed the 

specificity of AAV-mediated transgene expression in AAV5-GFP administered lungs by 

immunostaining for GFP, SFTPC, LEL, DC-LAMP, and SFN (Figures 5C and S6Q–S). 

Our data revealed transgene expression specifically in PATS and AT2s but not in AT1s on 

day-2 post AAV5-GFP virus administration (Figure S6R). As expected, we observed loss 

of PATS on day-2 following second round of DT administration in Ager-DTR mice that 

received AAV5-DTR (Figure S6T). Further, on day-11 we found defective alveolar repair in 

AAV5-DTR administered lungs compared to controls (Figure 5D). Significantly, we found 

an increase in air spaces, as revealed by MLI analyses, in both ablation models compared to 

their respective controls (Figures 5E and 5F). Consistent with air space enlargement, whole 

body plethysmography revealed increased expiratory time (Te) and an overall “obstructive” 

pattern, characteristic of emphysema in repeat AT1 ablation model (Figures 5G and 5H).

Next, to test the requirement of Runx1+ alveolar fibroblasts, we sequentially administered 

BHT and tamoxifen to Acta2-creER;R26R-DTA mice (here after referred to as Acta2-

DTA) to induce lung injury followed by Acta2+Runx1+ fibroblasts ablation (Figures 5I 

and S4E). Mice that did not receive tamoxifen served as controls. Immunostaining and 

MLI measurements of lungs collected on BHT day-20 revealed significant enlargement 

of alveolar spaces in ablated lungs compared to controls, suggesting defective alveolar 

repair (Figure 5J and 5K). Together, our data suggest that epithelial and alveolar 

fibroblast transitional states are required during repair and that their loss leads to alveolar 

simplification.

RUNX1 is essential and sufficient to drive alveolar fibroblasts conversion to Runx1+ 

alveolar fibroblasts

Above data revealed RUNX1 is dynamically expressed in transitional alveolar fibroblasts 

in response to injury in vivo and TGFβ treated alveolar fibroblasts ex vivo. To test its 

role in fibroblast transitions, we performed genetic deletion and pharmacological inhibition 

of RUNX1 ex vivo. For genetic modulation, alveolar fibroblasts purified from Runx1fl/fl 

mice were cultured in serum-free conditions, infected with control (Ad5-GFP) or cre (Ad5-

cre-GFP) virus and treated with TGFβ (Figure 6A). Co-immunostaining for RUNX1 and 

ACTA2 revealed high expressed in control cells, whereas ACTA2 expression is absent 

in RUNX1 deleted cells treated with TGFβ (Figure 6B). Furthermore, RUNX1 inhibitor 

(Ro5–3335) treatment blocked ACTA2 expression in alveolar fibroblasts in the presence of 

TGFβ (Figure 6C and 6D). These data were further corroborated by qRT-PCR analyses for 

Runx1+ alveolar fibroblast markers including Timp1, Vcan, and Spp1. In contrast, Lif and 
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Sfrp1 expression was significantly increased after RUNX1 deletion, indicating that RUNX1 

regulates distinct transitional alveolar fibroblasts (Figure 6E). Moreover, ectopic expression 

of RUNX1 was sufficient to induce expression of ACTA2 in alveolar fibroblasts even in the 

absence of TGFβ (Figure 6F and 6G).

Genetic or pharmacological disruption of RUNX1 blocks lung fibrosis and leads to ECM 
reorganization and tissue simplification

To assess whether RUNX1 is essential for fibroblast transition and alveolar repair in vivo, 
we deleted RUNX1 in Pdgfra-expressing fibroblasts. For this, we administered tamoxifen 

to Pdgfra-creER;Runx1fl/fl mice (hereafter referred to as Pdgfra-RUNX1) followed by 

BHT injury, tissue collection, and analyses on day-6 and day-15 (Figures 7A and S7A). 

Runx1fl/fl mice that received tamoxifen and BHT served as controls. Co-immunostaining 

and quantification of cell numbers revealed a decrease in the number of Runx1+ (ACTA2, 

RUNX1, LGALS1, TIMP1) but not Sfrp1+ (SFRP1, LIF) alveolar fibroblasts in Pdgfra-

RUNX1 mice compared to controls on day-6 post BHT injury (Figures 7B and 7C and 

S7B–F). Interestingly, immunostaining for SFN revealed PATS presence in both control and 

RUNX1 deleted lungs, suggesting that RUNX1 blockade abrogates PATS driven transition 

of alveolar fibroblasts (from Sfrp1+ to Runx1+) (Figure S7G). Significantly, staining for 

LEL, hydrazide and ELN, and MLI measurements revealed enlargement of alveolar sac in 

Pdgfra-RUNX1 mice compared to controls on day-15 post injury (Figure 7D and 7E and 

S7H). Such change was not apparent on day-6, suggesting that loss of RUNX1, TIMP1 and 

ACTA2 preceded structural remodeling of alveoli (S7A–F). In addition, pharmacological 

inhibition of RUNX1 abrogated ACTA2 expression in AT1 ablated lungs compared to 

controls even in the presence of SFN-expressing PATS (Figure 7F and 7G, and S7I). 

Furthermore, lungs treated with RUNX1 inhibitor after AT1 ablation leads to a slight 

enlargement, albeit statistically insignificant, of alveolar sacs (Figure 7H).

Above integrated scRNA-seq data revealed significant enrichment of Runx1, numerous 

ECM components, their regulators including Lox (Lysyl oxidase) and other ECM cross-

linking genes in Runx1+ alveolar fibroblasts. This led us to test whether blockade of Runx1+ 

alveolar fibroblasts induction observed in RUNX1 deleted fibroblasts influenced ECM 

cross-linking activity (Figure 7I). We measured LOX activity in cell lysates collected from 

RUNX1 deleted or inhibited cells cultured with or without TGFβ. We found a significant 

decrease in LOX activity in RUNX1 deleted or inhibitor treated cells compared to controls 

even in the presence of TGFβ (Figure 7J). No change in LOX activity was seen in control 

conditions lacking TGFβ, irrespective of RUNX1 modulation. Significantly, above data 

indicate that fibroblasts cultured in the absence of TGFβ resemble the Sfrp1+ alveolar 

fibroblasts seen in vivo (assessed by presence of SFRP1 and LIF and lack of ACTA2). This 

suggests that it is the Runx1+, but not Sfrp1+ alveolar fibroblasts that possesses the ECM 

crosslinking activity.

DISCUSSION

Restoration of cell types, cell numbers, and their organization following repair after injury is 

essential for maintaining organ physiology1,4. Here, we show that lung repair-injury involves 
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emergence of molecularly distinct alveolar fibroblast transitional states that coincide with 

previously identified epithelial transitional states30–32. Moreover, the outcome of repair 

depends on coordinated activity of these transitional states. Our data show that imbalance 

in repair-associated transitional states have significant consequences, leading to tissue 

disorganization and diminished organ function. Time series scRNA-seq data from AT1 

ablated lungs allowed us to stratify cellular trajectories during injury-repair and led us to 

identify distinct transitional alveolar fibroblasts. Specifically, we identified stage-specific 

molecularly distinct transitional alveolar fibroblasts that signal to overlaying epithelium 

and control tissue topology by orchestrating ECM composition and organization. Recent 

work using scRNA-seq from bleomycin injured lungs have suggested emergence of distinct 

fibroblast states40,45. Future work will focus on comparing these fibroblast states with 

Sfrp1+ and Runx1+ alveolar fibroblasts that we describe in this study40,45. Interestingly, 

loss of AT1s alone is sufficient to induce all subsets of alveolar fibroblasts. This model 

points to a tissue monitoring mechanism in which AT1 loss is sensed by the normal alveolar 

fibroblasts, which convert to transitional alveolar fibroblasts. Future studies will focus on 

identifying the molecular triggers that induce alveolar fibroblasts conversion to Sfrp1+ 

alveolar fibroblasts following AT1s loss. Further, CellChat analyses predicts both autocrine 

and paracrine communication between epithelial and alveolar fibroblast transitional states. 

Thus, the molecularly distinct subsets of transitional states identified here illustrate the 

spatial and temporal orchestration of cellular trajectories and associated signaling cascades 

that control tissue repair.

It is generally assumed that the Acta2-expressing fibroblasts (commonly referred to as 

myofibroblasts) that appear during alveolar injury-repair are pathological, in part because 

of their abnormal accumulation in fibrotic diseases. Based on this assumption, many 

translational studies are focused on eliminating Acta2-expressing cells to treat fibrotic 

lung diseases. However, our data show that blocking the transition of Sfrp1+ to Runx1+ 

alveolar fibroblasts during injury-repair leads to alveolar simplification. Furthermore, loss 

of Runx1 blocks the induction of Runx1+ alveolar fibroblasts, ultimately leading to a 

decrease in the level of ECM components and their assembly, as revealed by a reduction 

in ECM cross-linking activity. This suggests that while the abnormal accumulation of 

Acta2+/Runx1+ alveolar fibroblasts, as seen in pulmonary fibrosis, is pathological, these 

transient cell states are in fact, essential for reconstructing the fibroelastic “scaffold” of the 

lung and for proper repair of damaged tissues. Therefore, future therapeutic studies need to 

focus on blocking the mechanisms that drive the uncontrolled proliferation or accumulation 

of Acta2+/Runx1+ alveolar fibroblasts, rather than inhibiting their formation altogether. 

Molecularly, we currently do not know the mechanisms by which RUNX1 controls the 

expression of ECM components in Runx1+ alveolar fibroblasts. Previous studies in cartilage, 

kidney, skin, and cancers have revealed that RUNX1 partners with SMAD proteins to 

directly bind promoters and enhancers of multiple cell state specific genes related to cell 

proliferation and migration46–48. Future studies need to focus on testing whether RUNX1 

directly or indirectly controls the expression of genes associated with transitional alveolar 

fibroblasts dynamics and/or ECM formation and assembly.

Significantly, our findings have direct relevance to the pathogenesis of emphysema and 

fibrosis in the human lung. Although emphysema and fibrosis are considered two distinct 
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types of lung diseases, they share common etiological factors, such as smoking and 

other environmental exposures, all known to cause lung injury. Additionally, genetic 

predispositions in genes expressed in Runx1+ alveolar fibroblasts have been shown to cause 

emphysema49. Further, increasing clinical evidence indicates that these two diseases co-exist 

in a human lung syndrome known as combined pulmonary fibrosis and emphysema (CPFE), 

which may comprise about 35% of all pulmonary fibrosis cases25,50–52. Our data show 

that during experimental lung injury-repair, when tissues undergo transient and reversible 

remodeling, both alveolar sac enlargement and interstitial thickening are seen in regions 

neighboring each other. Significantly, we observed these two types of transient tissue 

remodeling in multiple injury models, including the loss of a single epithelial cell type 

(AT1s ablation). This suggests that partial and reversible remodeling is inherent to the repair 

process. It is possible that these transient events make tissues susceptible to chronic diseases 

when combined with environmental and/or genetic perturbations. Thus, our work provides 

a common cellular and molecular framework for explaining the emergence of distinct 

pathologies of lung fibrosis and emphysema following chronic injuries. We speculate that 

similar states exist in other tissues and may open therapeutic avenues for treating diseases in 

other organs.

Limitations of this study

Our time series scRNA-seq data from AT1 ablation allowed us to identify temporal 

dynamics of fibroblasts transition during alveolar repair. Our current study used Acta2-

lineage tracing mouse model to trace and ablate Runx1+ alveolar fibroblasts. Future studies 

will need to focus on tracing and ablating Sfrp1+ alveolar fibroblasts. Further, using 

Runx1 knockout mice our study points to a key role for Runx1+ alveolar fibroblasts in 

alveolar remodeling during repair by blocking Sfrp1+ cells transition to Runx1+ alveolar 

fibroblasts. However, it is possible that Sfrp1+ cells in Runx1 knockout may have an altered 

transcriptional program (compared to normal Sfrp1+ alveolar fibroblasts), which may have 

exaggerated the alveolar simplification we observed in these mutants. To ablate PATS, we 

used either repeat AT1 ablation or AAV5 based DTR expression. However, these strategies 

ablates both PATS and AT1s or AT2s, respectively. Therefore, future work needs to develop 

PATS-specific cell ablation models.

STAR Methods

Resource availability

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Purushothama Rao Tata, 

purushothamarao.tata@duke.edu.

Materials availability—This study did not generate unique reagents.

Data and code availability

• Single-cell RNA-seq data have been deposited at GEO and are publicly available 

as of the date of publication and accession numbers are listed in the key 
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resources table. This paper analyzes existing, publicly available data. These 

accession numbers for the datasets are listed in the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

Experimental model and subject details

Animals—Sftpctm1(cre/ERT2)Blh(Sftpc-CreER) (stock number 028054, Jackson Laboratory 
53), Rosa26R-CAG-lsl-tdTomato (Ai14) (stock number 007914, Jackson Laboratory 
54), Agertm1(cre/ERT2)Blh (Ager-CreER) (stock number 036942, Jackson Laboratory 55), 

Rosa26R-lsl-DTA (stock number 006331, Jackson Laboratory 56, Rosa26R-lsl-DTR (stock 

number 007900, Jackson Laboratory57), Pdgfratm1.1(cre/ERT2)Blh/J(Pdgfra-CreER) (stock 

number 032770, Jackson laboratory55), Runx1tm1Tani/J (stock number 008772, Jackson 

Laboratory58), Hopx tm2.1(cre/ERT2)joe/J (stock number 017606, Jackson laboratory59) 

Mdm2tm2.1Glo/J (stock number 031614, Jackson Laboratory60), Tg(Acta2-cre/ERT2)12Pcn 61 

and C57BL/6J (stock number 000664, Jackson Laboratory) mice were maintained on 

a C57BL/6J background. For all lineage tracing or loss of function experiments (with 

exceptions noted below), 3–5 doses of tamoxifen (0.1mg/g body weight) (Sigma Aldrich) 

was administered intraperitoneally. For high dose Ager-CreER based ablation, 5 doses of 

tamoxifen (0.2mg/g body weight) was used. Diphtheria toxin was administered at a dose of 

3μg/mouse (single ablation) or 3μg/mouse + 1μg/mouse (repeat ablation) via intraperitoneal 

administration. Butylated hydroxytoluene (BHT) was administered via intraperitoneal (IP) 

injection at a dose of 225 mg/kg. AAV5-GFP and AAV5-DTR virus were intranasally 

administered to mice as described previously44. Both male and female mice between 8–14 

weeks of age groups were used for experiments. All animal experiments were approved by 

the Duke University Institutional Animal Care and Use Committee in accordance with US 

National Institutes of Health guidelines.

Method details

Partial left lobe pneumonectomy and double injury (AT1 ablation + PNX) 
model—Partial right-lobe pneumonectomy was performed as previously described62. 

Briefly, animals were anesthetized by inhalation of 3% isoflurane in an induction chamber, 

and anesthesia was maintained via peroral tracheal intubation with a 22G catheter 

(ventilation set with MiniVent, 200–300ul/stroke). The left thoracic wall was shaved and 

disinfected with betadine and ethanol. Buprenorphine-SR was administered subcutaneously 

as an analgesic. A 1–1.5cm incision was made over the left rib cage and skin retracted, 

followed by a small incision in the intercostal space between the fifth and sixth ribs and 

expanded using a retractor. The left lobe of the lung was lifted out of the rib cage with 

forceps and the pulmonary vessels and left bronchi were ligated with a surgical clip. The left 

lung was resected, and the rib cage sutured shut. Outer skin was stapled shut. Bupivicaine 

(50μl) was administered locally to the incision site. Mechanical ventilation was ceased once 

mice returned to spontaneous breathing on room air. Mice were then extubated and allowed 

to recover in a cage on a heat source. Saline, 1ml at 0.9% sodium chloride (USP), was given 

intraperitoneally to replace fluid/blood loss. Animals were monitored every 15 minutes until 
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ambulatory and then at least twice daily for 72 hours. Humane endpoints described in the 

mouse protocol are observed.

For double injury (pneumonectomy + AT1 ablation) model, Ager-CreER mice were 

administered 5 doses of tamoxifen (0.2mg/g body weight) and pneumonectomy performed 

as above. Diphtheria toxin (3μg/mouse) was intraperitoneally administered on day 4.

Whole-body plethysmography—Whole body plethysmography (WBP) was performed 

as previously described 63,64 at 11 and 13 days post double injury (PNX+AT1 ablation) 

and repeated AT1 ablation in mice with control pneumonectomy or control WT mice, 

respectively. Briefly, unanesthetized, unrestrained mice were placed in a Plexiglass chamber 

(DSI, St. Paul, MN); Breathing was monitored under normoxia (FiO2: 0.21; N2 balance) 

for 1.5 hours, within which a five-minute period of regular breathing was selected as 

the baseline. Following the period of normoxia, mice were exposed to a hypercapnic and 

hypoxic (FiCO2: 0.07, FiO2: 0.10; N2 balance) respiratory challenge for 10 minutes. Mice 

were then returned to normoxic air. Data was collected and tidal volume (TV) and expiratory 

time (Te) were analyzed using FinePointe Software.

Forced Oscillometry Flexivent measurements—Respiratory mechanics at baseline 

were assessed using forced oscillometry (FlexiVent system; SCIREQ, Montreal, Canada) 

in control and BHT treated mice at day 6 and day 20 following injury as previously 

described65. The mice were anesthetized by intraperitoneal injection of a 2g/kg urethane. 

Following an adequate plane of anesthesia (loss of withdrawal to toe pinch), mice were 

tracheotomized, connected to the FlexiVent system in a supine position, and ventilated 

at a tidal volume of 10 ml/kg, with a rate of 150 breaths/min. Respiratory mechanics 

were obtained and calculated using FlexiWare software (SCIREQ, version 8.1).In brief, 

measurements were obtained by analyzing pressure and volume signals acquired in reaction 

to predefined, small amplitude, oscillatory airflow waveforms (perturbations) applied to the 

subject’s airways. Respiratory system resistance (Rrs), elastance (Ers), compliance (Crs) 

and inspiratory capacity (IC) were obtained by assessing the mouse’s response to a single 

frequency forced oscillation maneuver. These maneuvers were performed every 15 seconds 

for a total of 12 automated measurements per dose.

Tissue Preparation and Sectioning—Lungs were inflated with 4% Paraformaldehyde 

(PFA) and incubated at 4°C for 4–6 hours. Lung lobes were separated, washed in PBS, and 

incubated overnight in 30% sucrose at 4°C. Lobes were subsequently incubated in 1:1 30% 

sucrose:OCT for 1 hour followed by embedding in OCT blocks and cryosectioning. For all 

2D imaging, sections were collected at 8–10μm.

For thick sections, lungs were inflated with 1–1.5mL low-melting point 2% agarose 

dissolved in PBS. Lungs were placed on ice until agarose solidified, followed by vibratome 

sectioning at 300–500μm. Sections were collected in PFA, fixed for 4 hours at 4°C and 

stored in PBS until further processing.

Masson-trichrome staining—Trichrome staining was performed using Masson 

Trichrome Staining Kit (Sigma-Aldrich, St Louis, MO, USA) according to the manufacturer 
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protocol on OCT-frozen section collected from BHT, AT1 ablation and control lung. Large 

view images were recorded and stitched using a 10X objective of Axio imager (Zeiss).

Proximity ligation in situ hybridization (PLISH)—PLISH was performed as described 

previously66. Briefly, fixed and OCT embedded mouse lungs were cryosectioned, fixed with 

4% paraformaldehyde for 20 min, treated with 20 μg/mL proteinase K for 9 min at 37°C, 

and dehydrated with up-series of ethanol. The sections were incubated with gene-specific 

oligos in hybridization buffer (1M sodium trichloroacetate, 50 mM Tris [pH 7.4], 5 mM 

EDTA, 0.2 mg/mL heparin) for 2 h at 37°C. Common bridge and circle probes were added 

to the section and incubated for 1 h followed by T4 DNA ligase reaction for 2 h. Rolling 

circle amplification was performed by using phi29 polymerase (#30221, Lucigen) for 12 

hours at 37°C. Fluorophore-conjugated detection probe was applied and incubated for 30 

min at 37°C followed by mounting in medium containing DAPI.

Immunofluorescence Staining—OCT sections were brought to room temperature 

and washed in PBS. Antigen retrieval was performed in citrate buffer, pH 6.0 (Sigma-

Aldrich) using a water bath (95°C for 10–12 minutes) or antigen retrieval system (Electron 

Microscopy Science). Sections were washed with 0.1% Triton in PBS (PBST), incubated 

in blocking buffer (1% BSA in 0.1% PBST) for 1 hour, and then stained with primary 

antibody for 2 hours at RT or overnight at 4°C. Following primary antibody incubation, 

tissues were washed three times in PBST followed by incubation with secondary antibody 

in blocking buffer for 1 hour. Sections were washed with PBST and coverslips were 

mounted with Fluor G reagent with DAPI. Primary antibodies were as follows: RAGE/

AGER (R&D systems, MAB1179, 1:500), CLDN4 (Thermo Fischer Scientific, 36–4800, 

1:500), TP53 (Gentex, GTX102965, 1:500), αSMA (abcam; ab5694, 1:250), TdTomato 

(Origene, AB8181-200, 1:700), RFP (Rockland, 600-401-379, 1:500), SFN (Thermo 

Fisher, PA5-95056, 1:250), LEL Fluorescin (Vector Laboratories, FL-1171, 1:1000), LEL-

DyLight-449 (Vector laboratories, DL-1178, 1:1000), LAMP3 (Synaptic Systems, 391 

005, 1:1000), PDGFRA (R&D Systems, AF1062, 1:250), αSMA (Sigma-Aldrich; Cy3 

conjugated, C6198, 1:1000; FITC conjugated, F3777, 1:1000), LGALS3 (Cedarlane, 

CL8942AP, 1:500), Pro-COL1A1 (Phosphosolutions, 321-COLP, 1:500), RUNX1 (Cell 

signaling technology, 8529, 1:500), DTR (R&D systems, AF259-NA, 1:250), PECAM-1 

(BD Pharmingen, 550274, 1:250), SCGB1A1 (Santa Cruz, sc-9772, 1:500), TIMP1 (Novus, 

AF980, 1:500), SFRP1 (abcam, ab126613, 1:500), CTHRC1 (abcam, ab85739, 1:500), 

Integrin alpha 8 (ITGA8) (Novus, AF4076, 1:500), LGALS1 (Cell signaling, 13888, 1:500), 

LGALS3 (Cedarlane, CL8942AP, 1:1000), LIF (Novus, NBP2-27406, 1:500) Hydrazide-

CF647 (Sigma-Aldrich, SCJ4600046, 1:5000), ELN (kind gift from Dr. Robert Mecham, 

Washington University, USA).

For thick sections, immunofluorescence staining was performed on floating sections with 

buffers as described above. Thick sections were stained in primary antibody for 24–48 hours 

at 4°C, washed 3x in PBST for 15 minutes and incubated with secondary antibody for 3 

hours at RT, followed by three washes with PBST. Nuclei were stained with 100ng/mL 

DAPI for 15 minutes. Sections were maintained in PBS until imaging on a glass-bottom dish 

(Matsunami Glass).
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Mouse lung tissue dissociation and cell isolation—Lung dissociation was 

performed as described previously 30,67,68. Briefly, lungs were inflated with an enzyme 

dissociation solution (450U/mL Collagenase I (Worthington, LS004197), 5U/mL Dispase 
(Corning, 354235), and 0.33U/mL DNase I (Roche, 10104159001), in DMEM). Separated 

lung lobes were minced and incubated in enzyme solution at 37°C for 25–35 minutes. 

Dissociation was quenched with equivalent volume 10% FBS/DMEM and strained through 

a 100 μm strainer. Cell pellet was resuspended in red blood cell lysis buffer (100 μm EDTA, 

10 mM KHCO3, 155 mM NH4Cl) for 2 minutes, followed by quenching with 10% FBS/

DMEM and filtration through a 40 μm strainer.

Fibroblasts purification, culture and treatment—For magnet assisted cell sorting 

was performed as described previously 20. Briefly, the dissociated cells were resuspended in 

1mL of MACs buffer (PBS, pH 7.2, 0.5% bovine serum albumin (BSA), and 2 mM EDTA). 

MACs antibodies used for sorting include the following: CD45 MicroBeads, mouse (Milenyi 

Biotec, 130-052-301, 1:100), CD31 MicroBeads, mouse (Miltenyi Biotec, 130-097-418, 

1:100), EpCAM MicroBeads, mouse (130-105-958, 1:100), LSEC MicroBeads, mouse 

(Miltenyi Biotec, 130-092-007, 1:100). PDGFRα+ fibroblasts were cultured in DMEM/F12 

supplemented with Antibiotic/Antimycotic (Gibco 15240062, 100X), HEPES (Thermo 

Fisher Scientific, 15630080). GlutaMAX (Thermo Fisher Scientific, 35050061), B27 

supplement (Thermo Fisher Scientific, 17504044), N2 supplement (Thermo Fisher 

Scientific, 17502048), N-acetylcysteine (Sigma-Aldrich, A9165) and PDGFα (10ng/mL). 

After isolation, cells were resuspended in media and seeded on fibronectin coated plates. 

Media was changed every 2–3 days. To induce myofibrogenesis, PDGFα containing media 

was replaced with media containing 10ng/mL TGFβ (BioLegend, 781802), unless otherwise 

stated.

pAAV5-Runx1-FLAG plasmid construction and AAV production—Full length 

mouse Runx1 was PCR-amplified from pcDNA3.1 Flag Runx1 FL (Addgene 

Plasmid#1458569) using Q5 DNA polymerase (NEB, M0491) according to the 

manufacturer’s instructions (see Table S5 for primer sequences). The PCR-amplified 

fragment was cloned into pAAV-nEFCas9 (Addgene Plasmid#8711570). Briefly, the parent 

vector was linearized and the Cas9 region was excised via an initial restriction digest using 

XbaI and EcoRI enzymes. Then, A PCR-amplified a Runx1-FLAG fragment was HiFi (NEB 

HIFI-assembly master mix, NEB, E2621L) assembled into the modified plasmid thereby 

replacing the Cas9 region, generating the pAAV-Runx1-FLAG plasmid. AAV was produced 

and purified as described previously44.

Adenoviral infection—Adenovirus encoding Cre recombinase co-expressing GFP (Ad-

Cre-GFP, SL100706) were purchased from SignaGen Laboratories. Fibroblasts were 

infected by adding virus stocks directly to the culture medium. After an overnight incubation 

at 37°C, the infection medium was replaced with fresh culture medium.

RNA isolation and qRT–PCR—Cells were lysed in TRIzol reagent (Thermo Fisher 

Scientific, 15596026) and total RNA was extracted using a Direct-zol RNA Microprep kit 

(Zymo, R2061). cDNA was synthesised from a maximum of 1μg total RNA using the 
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SuperScript III First-Strand Synthesis SuperMix kit (Thermo Fisher Scientific, 18080400) 

using oligo dT primers. qPCR was performed using PowerUp SYBR Green Master Mix 

(Thermo Fisher Scientific, A25742) on a StepOne Plus Real-Time PCR System (Applied 

Biosystems). Primer sequences were sourced from Origene and are listed in key resource 

table. Analysis was performed as described previously20. Results are provided as ΔΔCt. 

Only biological replicates are shown on the plots, and these were obtained by averaging n > 

1 experimental replicates each.

Lysyl Oxidase (LOX) activity assay—LOX activity of cell supernatant collected from 

cultured PDGFRα+ fibroblasts was measured using a Fluorometric Lysyl Oxidase Activity 

Assay Kit (ab112139, Abcam) following a protocol provided by the manufacturer. Briefly, 

cells were grown in PDGFRα containing medium for 2 days, and then fresh media with 

or without 10 ng/mL TGFβ and/or small-molecule inhibitors was added. Following an 

overnight incubation, 50 μl of sample was mixed with an equal volume of assay reaction 

mixture containing LOX substrate, HRP, and HRP substrate. The mixture was incubated 

for 30 minutes at 37°C in darkness. The fluorescence increase was then measured with a 

fluorescence plate reader (BMG LabTech CLARIOstar) at excitation (Ex)/emission (Em) 

= 540/590 nm. Medium alone without LOX present was used for determination of the 

background fluorescence. Reported LOX values are background (media alone) subtracted 

and normalized to the TGFβ treatment.

Single-cell RNA sequencing—For AT1-ablated lung tissues, MACS based immune 

and endothelial cell depletion was performed to enrich epithelial and mesenchymal cells. 

Cells from dissociated lungs were incubated for 30 minutes with the following antibodies: 

CD45 (MiltenyiBiotech, 130-052-301) and CD31 (MiltenyiBiotech, 130-097-418). MACS 

depletion was performed as per manufacturer protocol using LD columns (MiltenyiBiotech, 

130-042-901). Drop-seq S3 (Second-Strand Synthesis), an optimized version of Drop-seq 

was used by adapting S3 procedure from Seq-well S3 71. Briefly, cells at a concentration 

of 100 cells/μl were run through microfluidic channels at 3,000 μl/h, together with mRNA 

capture beads at 3,000 μl/h and droplet-generation oil at 13,000 μl/h. Captured mRNA on the 

beads were reverse-transcribed using Maxima H Minus RTase (Thermo Fisher, #EP0753) 

with a series of incubation at 25°C for 30 min, 42°C for 90 min and 50°C for 30 min 

followed by Exonuclease I treatment. The beads were treated with fresh 0.1M NaOH at 

room temperature for 5 min followed by second-strand synthesis using Klenow fragment 

(3’→5’ exo minus, New England Biolabs, #M0212L) with incubation at 37°C for 60 min. 

The beads were then used for pre-amplification step (1 cycle of 98°C for 3 min, 4 cycles of 

98°C for 15 sec, 55°C for 45 sec, 68°C for 4min, 10–144 cycles of 98°C for 15 sec, 57°C for 

30 sec, 68°C for 4 min and 1 cycle of 72°C for 10 min) using Terra PCR Direct Polymerase 

(#639271, Takara). The rest of the processes were performed as described in the original 

Drop-seq protocol72.

For scRNA-seq profiling of BHT-injury and Mdm2 knockout (AT2-specific) lungs, MACS 

based cell immune and endothelial cell depletion was performed to enrich epithelial and 

mesenchymal cells. Cells were captured and library preparation was performed using 
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Chromium Single Cell 3′ Reagent Kits v3.1 (10x Genomics). Libraries generated from 

both methods were sequenced using HiSeq X with 150-bp paired end sequencing.

scRNA-Seq analyses—scRNA-seq analysis of Drop-seq data was performed by 

processing FASTQ files using dropSeqPipe v0.3 (https://hoohm.github.io/dropSeqPipe) and 

mapped on the GRCm38 genome reference with annotation version 91. Unique molecular 

identifier (UMI) counts were then further analyzed using the Seurat R package (v4.2.0) 
73. For 10X processed samples, FASTQ files were processed using CellRanger v7.0.1 

(10x Genomics) and mapped to the mm10 reference genome. Background signal from 

the UMI counts data was filtered using the SoupX package.Low quality and duplet cells 

were removed prior to further analysis (nFeature_RNA > 1000 & nFeature_RNA < 5000). 

Background-corrected UMI counts were normalized using SCTransform v0.3.2. Integration 

anchors were calculated for data using the FindIntegrationAnchors() command with 10,000 

anchor features. Data were integrated using the IntegrateData() command.

Principle component analysis was performed, and the number of significant dimensions was 

estimated by plotting standard deviations of principal components using the ElbowPlot() 

function. Cell clusters were identified using a shared nearest neighbors (SNN)-based 

algorithm. UMAP rendering was performed to visualize the clusters. Specific cell clusters 

were identified based on enrichment for Vim, Epcam, Sox2, Ptprc, Wt1, FoxJ1, Chad, 
Pdgfra, Timp4, Pi16, Fgf18, Pdgfrb, Pde5a, Cthrc1, Sftpc, Sftpb, Lamp3, Ager, Hopx, 

Akap5, Mki67, Lgals3, Cldn4, Pdgfra, Acta2, Hhip, and Des. Immune cells and other 

rare cell populations were manually removed from further analyses. Cells belonging to 

populations of interest were subset using the subset() function and re-clustered. Markers for 

each cluster were obtained using the command FindAllMarkers in Seurat. All UMAP and 

dot plot visualization was performed using Seurat package commands.

The ECM score was calculated as previously described 11. To generate heatmaps, 

differentially expressed genes between clusters were identified using FindAllMarkers and 

filtered for ECM Core Matrisome and Matrisome-associated genes with avg_log2FC>5. 

Heat maps were plotted using the pheatmap v.1.0.12 package after calculating z-scores of 

average gene expression in each cluster.

Transcription factor regulatory network analyses in epithelial and mesenchymal cells was 

performed using SCENIC package 42. Results were visualized as a heat map using the 

ComplexHeatmap v.2.2.0 package. Cell–cell interaction analysis was performed using 

CellChat v.1.1.0 43. Activated AT2s, alveolar fibroblasts, AT1, AT2, Epithelial Transitional 

States (PATS), Proliferating AT2s, transitional alveolar fibroblasts subsets were used for 

interaction analysis.

Transcripts enriched in each cell population were used as input to Enrichr to identify cell 

type enriched pathways 74.

Differentially expressed genes between clusters of interest were identified using 

the FindMarkers command. Volcano plots were generated using EnhancedVolcano75. 
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“EnhancedVolcano: Publication-ready volcano plots with enhanced colouring and labeling.” 

https://github.com/kevinblighe/EnhancedVolcano.).

The RDS files for bleomycin-injured mice were obtained from 33 (raw data NCBI 

GEO:GSE132771). Pdgfra-expressing cells from AT1 ablation and Tsukui et al. 2020 were 

integrated with SCT (nfeatures = 3000 for SelectIntegrationFeatures) as per the Seurat 

pipeline. Principle components were used for generating UMAP plots, as above.

Image acquisition and processing—Images were captured on an Olympus FV3000 

confocal microscope using 20X, 40X, and 30X objectives or Zeiss Axio Imager Widefield 

Fluorescence Microscope using 10x objectives and visualized using ImageJ. Images from 

lung tissue staining are presented as a z-projection over approximately 3–4 μm unless 

otherwise stated.

Quantification of alveolar sac area and MLI—For alveolar size quantification a 

deep-learning-based segmentation algorithm, Cellpose38 and Google-Colab-based platform, 

ZeroCost DL4Mic76 were used. Hydrazide-stained lung sections were used for segmentation 

that was obtained using the pre-trained model of Cellpose. Binary images were then created 

using find maxima in Fiji Image J2 software (National Institutes of Health, Bethesda, MD, 

USA) and segmented area was manually corrected. The size of segmented alveolar space 

was obtained from 2 images per mouse and n=3 mice were used for each condition.

Mean linear intercept (MLI) analysis was conducted as previously described39. A horizontal 

grid of 500 μm was laid over 20X magnification images per mouse. Lung fields were 

chosen at random from parenchymal lung, and quantification was performed on 5 grid lines 

per image, starting at the top left of the grid. Interalveolar grid intersection lengths were 

manually measured using ImageJ as previously described 77. Regions that did not contain 

tissue (such as the edge of the lung) or contain blood vessels or large airways were excluded 

from analysis. At least 3–5 images were quantified per mouse, with at least n=3 mice per 

condition. Statistical significance was set at p≤0.05. All data are presented as mean±SEM.

Quantification of ACTA2+ cell coverage—To quantify the coverage of ACTA2+ cells 

on sections collected at different time points following BHT injury, AT1 ablation and 

controls, ACTA2 fluorescence staining and transmission DIC images were recorded using 

20X objective (FV3000 Olympus). Using Fiji (Image J2 software), binary process was 

applied to both fluorescence and DIC images and a region of Interest (ROI) was set on the 

ACTA2-stained image by polygon selection to exclude large blood vessels and airways. The 

same ROI was applied to the transmission DIC image. Area fractions were measured in 

ROIs in both ACTA2-stained image and DIC image. The percentages of ACTA2 coverage 

were calculated by dividing the area fraction of the ACTA2-stained image by the area 

fraction in the transmission DIC image. At least three images were quantified per mouse, 

with at least n=3 mice per condition.

Quantification of pro-COL1A1 in ACTA2 cell—To quantify the percentage 

of COL1A1 propeptide in ACTA2+ cells, images of pro-COL1A1 and ACTA2 

immunostainings on BHT injured, AT1 ablation and controls were acquired using a 20X 

Konkimalla et al. Page 20

Cell Stem Cell. Author manuscript; available in PMC 2024 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://github.com/kevinblighe/EnhancedVolcano


objective of FV3000 (Olympus). First, the ACTA2+ cell area was measured using Fiji 

(Image J2 software). Next, color-merged image of the COL1A1 and ACTA2 was created 

by setting up different pseudo-color for COL1A1and ACTA2 staining. The area of pro-

COL1A1 and ACTA2 colocalization was measured by color thresholding of merged color 

of the two pseudo-colors. The area fraction was calculating by dividing the area where the 

COL1A1 and ACTA2 signals colocalize by the area of the single ACTA2 signal. Three 

images were quantified per mouse, with n=3 mice per condition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample size was not pre-determined. All experiments were performed on at least three 

biological replicates (except scRNA-Seq, in which each condition consisted of two 

biological replicates). Data are presented as means with standard error (SEM). Statistical 

analysis was performed in Excel, GraphPad Prism, and R. A two-tailed Student’s t-test 

was used for all comparisons between two conditions. In cases with >2 conditions, one-

way ANOVA followed by Tukey’s multiple comparison’s test. For multiple groups, two-

way ANOVA followed by Sidak’s multiple comparison’s test were performed. FlexiVent 

data were analyzed using one-way ANOVA and post-hoc analysis using the Bonferroni 

comparison test was used. Statistical significance was set a priori at p≤0.05. All data are 

presented as mean±SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Co-emergence of epithelial and fibroblast transitional states during lung repair

• AT1 cell loss alone is sufficient to trigger repair responses in alveolar niche

• Ectopic induction or loss of transitional states impair tissue topology during 

repair

• RUNX1 controls alveolar fibroblast dynamics and ECM organization during 

repair
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Figure 1. Alveolar repair accompanies partial remodeling and emergence of transitional states 
following BHT injury.
A, Schematic of lineage-labeling of Sftpc-tdT mice followed by BHT administration and 

tissue collection. B, Staining for Sftpc-tdT and hydrazide in control lungs and after 

BHT injury. Scale bar: 50μm. Images are presented as a z-projection over approximately 

40μm. C, Quantification of alveolar size in controls and BHT injury. Datapoints represent 

individual alveoli, compiled from n=3 mice. One-way ANOVA, Tukey’s test *p=0.04, ns-not 

significant. D, Schematic of workflow for cell isolation, sorting, and scRNA-seq after BHT 

injury. E, UMAP visualization of major cell classes profiled by scRNA-seq, and after 
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integration with control dataset, with control (blue) and BHT (red) cells. F, UMAPs show 

alveolar mesenchymal cell populations in control and BHT day-6, with the expression 

of indicated genes on right. G, Dot plot showing mesenchymal cell population specific 

markers, corresponding to cell populations in Figure 1F. H, Immunostaining for SFRP1, 

ACTA2, and ITGA8 (upper panel) and CTHRC1, ACTA2, and TIMP1 in control, day-3 and 

day-6 following BHT injury. Scale bar: 50μm. I. Quantification of SFRP1+ and TIMP1+ 

cells in field of view (FOV) and percentage of ACTA2+ cells per area. One-way ANOVA, 

Tukey’s test, **p=0.04, ***p<0.001. 20x images were used for quantification. J, UMAPs 

show alveolar epithelial cell populations in control and day-6 after BHT, with expression 

of indicated genes in AT2s, AT1s, proliferating AT2s, and PATS. K, Dot plot showing 

alveolar epithelial cell-specific markers corresponding to cell populations in Figure 1J. L, 

Immunostaining for SFN, Sftpc-tdT, and LEL in control and following BHT injury. Scale 

bar: 50μm. M. Quantification of SFN+ cells in field of view (FOV). One-way ANOVA, 

Tukey’s test, ***p<0.001. In all graphs data are presented as mean±SEM. 20x images were 

used for quantification. DAPI stains nuclei in all panels. Insets: individual channels of 

regions indicated by white dashed boxes. See also Figures S1 and S2.
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Figure 2. AT1 cell ablation alone induces tissue remodeling and repair associated transitional 
states.
A, Schematic depicting AT1 cell ablation using Ager-CreER;R26R-DTR mouse model. 

Sequential administration of tamoxifen (TMX) and diphtheria toxin (DT) followed by 

tissue collection for scRNA-seq and immunofluorescence analysis. B, Immunostaining 

for DTR and LEL in tamoxifen-induced Ager-CreER;R26R-DTR mice without DT and 

28-days after DT administration. Scale bar: 20μm. A single z-stack image is shown. C, 

Quantification of MLI in control mice and AT1 ablation day-6 and day-60. n=3 mice 

per condition. One-way ANOVA, Tukey’s test ****p<0.0001. D, UMAP visualization 
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of major cell classes profiled by scRNA-seq (center). Mesenchymal (left) and alveolar 

(right) are split by time point in control and after AT1 ablation. Split views from different 

time points are shown at the bottom. E, Feature plots show expression of indicated 

genes in alveolar, transitional fibroblasts, adventitial, peri-bronchiolar fibroblasts, pericytes, 

and smooth muscle. F, Dot plot showing mesenchymal cell population specific markers, 

corresponding to cell populations in 2E. G, Feature plots show expression of indicated 

genes for PATS, AT1s, AT2s, proliferating-AT2s, and activated-AT2s. H, Dot plot showing 

alveolar epithelial cell-specific markers corresponding to cell populations in Figure 2G. 

I, Immunostaining for SFN, ACTA2, and LEL in control and AT1 ablation day-6. Scale 

bar: 50μm. J, Quantification of % of ACTA2 coverage per area and number of SFN+ 

cells in FOV in control and AT1 ablation. n=3 mice. ***p<0.001, one-way ANOVA, 

followed by Tukey’s multiple comparison’s test. 20x images were used for quantification. K, 

Immunostaining for SFRP1, ACTA2, and TIMP1 in control and AT1 ablation day-6. Scale 

bar: 50μm. DAPI stains nuclei in all panels. Scale bar: 50μm. L, Quantification of SFRP1+ 

and TIMP1+ cells in FOV in control and indicated time points following AT1 ablation. 

n=3 mice. ***p<0.001, **p=0.002 (right graph), **p=0.001 (left graph), one-way ANOVA, 

Tukey’s test. 20x images were used for quantification. In all graphs data are presented as 

mean±SEM. See also Figure S3.
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Figure 3. Integrated single cell transcriptome analyses from different lung injury models reveal 
pathways and temporal dynamics of transitional states.
A, Schematic showing integration of mesenchymal cells after BHT injury (Figure 1F), 

AT1 ablation (Figure 2D), and bleomycin injury from Tsukui et al. 2020. B, UMAPs of 

mesenchymal cells after integration and re-clustering. Individual time points from respective 

data sets depicted on right. C, Dot plot showing mesenchymal cell population specific 

markers, corresponding to cell populations in 3B. D, Violin plots show Runx1 expression in 

indicated populations. E, UMAP shows Runx1 enrichment in mesenchymal cell populations. 

F, Immunostaining for RUNX1, ACTA2, and LEL in control, day-6 AT1 ablation, and BHT 
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injury. Scale bars: 50μm. G, Schematic shows timeline for alveolar fibroblast culture and 

TGFβ treatment. H, Immunostaining for LIF, ACTA2, and RUNX1 in fibroblast culture 

collected at indicated days following TGFβ treatmant. Scale bars: 100μm. I, Violin plot 

shows ECM enrichment score in indicated cell populations. ***p <2.2e-14, ANOVA. J, 

Immunostaining for pro-COL1A1 and ACTA2 in controls, day-6 BHT and AT1 ablation. 

Scale bars: 50μm. K, Percentage of pro-COL1A1 co-expression in ACTA2+ cells. n=3 

mice. Data are presented as mean±SEM. **p=0.003 (left graph) and **p=0.004, unpaired 

two-tailed t-test. L, Integration of epithelial cells from BHT injury and AT1 ablation. 

UMAPs show epithelial cells from different conditions. M, Dot plot shows genes enriched in 

epithelial cells corresponding to cell populations shown in 3L. In all panels single channel 

images are from boxed regions. See also Figure S4 and S5.
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Figure 4. Ectopic induction or accumulation of PATS leads to organ-wide fibrosis.
A, Experimental schematic of pneumonectomy (PNX) followed by AT1 ablation. B, 

Immunostaining for SFN, ACTA2, and LEL in PNX alone or PNX+AT1 ablation. Scale 

bars: 50μm. C, Quantification of SFN+ cell numbers in PNX and PNX+AT1 ablated mice. 

n=3 mice. **p=0.002, unpaired two-tailed t-test. 40x images were used for quantification. 

D, Immunostaining for PECAM-1, ACTA2, and SCGB1A1 in PNX or PNX+AT1 ablation. 

Scale bar: 100μm. E, Immunostaining for SFRP1, ACTA2, and TIMP1 in PNX+AT1 model. 

Scale bar: 50μm. F, Representative breathing waveforms from whole body plethysmography 

in control and AT1 ablation. Red asterisk (*) denotes an example of a breath. G, Whole-
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body plethysmography of PNX and PNX+AT1 ablation mice at room air or under hypoxic/

hypercapnic challenge. n=8 mice baseline, n=4 challenge. **p=0.0021. two way-ANOVA 

followed by Sidak’s comparison test. H, Schematic of Mdm2 deletion in AT2s with 

tamoxifen administration in a Sftpc-CreER;Mdm2fl/fl mice followed by tissue analysis. I, 

UMAPs show alveolar epithelial populations in integrated data from Sftpc-CreER;R26R-
tdTomato;Mdm2fl/fl day-8, BHT and control mice. Feature plots show enrichment of 

indicated genes on right. J, Dot plot showing genes enriched in epithelial cell populations. 

K, Immunostaining for ACTA2, Sftpc-tdT, and SFN in control and AT2-specific Mdm2 
deleted mice. Scale bars: 100μm. L, Immunostaining for SFRP1, ACTA2, and TIMP1 in 

indicated mouse models. Scale bar: 50μm. M, Immunostaining for ACTA2 and RUNX1 

highlighting individual stellate fibroblasts (left) and fibrotic foci (right). Scale bars: 50μm. 

In all graphs data are presented as mean±SEM. In all panels single channel images are from 

boxed regions. See also Figure S6A–N.
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Figure 5. Loss of transitional alveolar epithelial or fibroblasts leads to tissue simplification and 
emphysema.
A, Schematic shows repeat AT1 ablation. B, Immunostaining for AGER, ACTA2, and 

hydrazide in control and after repeated AT1 ablation Scale bars: 100μm. C, Experimental 

design for AT1 ablation followed by intranasal administration of AAV5-DTR or AAV5-GFP 

(control) virus, DT injection and tissue collection. D, Immunostaining for LEL and ACTA2 

in AT1 ablated mice infected with AAV5-GFP (control) or AAV5-DTR (ablation) followed 

by DT administration. Scale bars: 100μm. E, Quantification of MLI in control and repeat 

AT1 ablation. n=3 mice. ***p=0.007 unpaired two-tailed t-test. F, Quantification of MLI in 

AT1 ablation + AAV5-GFP (control) or AT1 ablation + AAV5-DTR virus infected lungs. 

n=3 mice. ***p<0.001, unpaired two-tailed t-test. G, Representative breathing waveforms 

from whole body plethysmography in control (top) and repeat AT1 ablation (bottom). 

Asterisk indicates an inspiration in individual breaths. Arrows indicate prolonged expiratory 

phase in mice with repeated AT1 ablation. H, Whole-body plethysmography of control 

and repeated AT1 ablation mice at room air or under hypoxic/hypercapnic challenge. 

n=6 mice baseline, n=3 challenge. ****p<0.0001, two way-ANOVA followed by Sidak’s 

comparison test. I, Experimental design for ablation of transitional alveolar fibroblasts 
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in Acta2-creER;R26-DTA mice after BHT-induced injury. J, Immunostaining for LEL, 

ACTA2, and hydrazide in controls and following ablation of transitional alveolar fibroblasts. 

Scale bars: 50μm. K, Quantification of MLI in indicated conditions. n=3 mice. **p=0.006, 

unpaired two-tailed t-test. DAPI stains nuclei in all panel. In all graphs data are presented as 

mean±SEM. See also Figure S6O–T.
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Figure 6. RUNX1 is essential and sufficient to drive transitional alveolar fibroblasts ex vivo.
A, Schematic shows culture of fibroblasts from Runx1fl/fl mice, followed by administration 

of Adenoviral GFP (control) or Cre-GFP, and TGFβ treatment. B, Immunostaining for 

GFP, ACTA2, and RUNX1.. Scale bar: 100μm. C, Experimental design for TGFβ treatment 

alone or with Ro5535. D, Immunostaining for RUNX1, ACTA2, and PDGFRA on TGFβ 
treated fibroblasts with or without Ro5535 inhibitor. Scale bars: 100μm. E, qPCR for 

indicated genes in control and Runx1-deleted fibroblasts after TGFβ treatment. Data are 

presented as mean ± SEM. n=3 mice/condition and average of 2 technical replicates, ns-

not significant, *p<0.05, **p<0.01, ****p<0.0001, two-tailed unpaired Student’s t-test. F, 

Experimental schematic shows alveolar fibroblasts treated with AAV5-Runx1-FLAG virus. 

G, Immunostaining for PDGFRA, ACTA2, and FLAG-tag. Scale bars: 100μm. B, D, G- 

single channel images are from boxed regions.
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Figure 7. Loss of RUNX1 blocks lung fibrosis and leads to ECM disorganization and tissue 
simplification.
A, Experimental schematic of Runx1 deletion followed by BHT administration in Runx1fl/fl 

and Pdgfra-CreER/Runx1fl/fl mice. B, Immunostaining for SFRP1, ACTA2 and TIMP1 on 

BHT day-6 injured controls and Pdgfra-CreER/Runx1fl/fl mice. Insets represent individual 

channels indicated by white dashed boxes. Scale bar: 50μm. C, Quantification of SFRP1+ 

and TIMP1+ cells in field of view in control and Pdgfra-CreER;Runx1fl/fl mice on day-6 

post BHT injury. n=3 mice **p=0.003, unpaired two-tailed t-test. 40x images were used 

for quantification. D, Immunostaining for LEL, ACTA2, and hydrazide (left side), and ELN 

and hydrazide (right) on controls and Runx1 deleted lung collected 15-days after BHT 

injury. Scale bar: 50μm. Images on right are presented as a z-projection over approximately 

25μm. E, Quantification of MLI in Runx1fl/fl and Pdgfra-CreER/Runx1fl/fl mice on BHT 

day-15. n=3 mice, *p=0.0269, unpaired two-tailed t-test. F, Workflow of Ro5–335 intranasal 

administration to AT1 ablated lungs and tissue collection at day-6. G, Immunostaining 

for AGER, ACTA2, and SFN in control or Ro5–335 treated mice after AT1 ablation. 

Scale bar: 50μm. H, Quantification of MLI in control or Ro5–335 treated mice after AT1 

ablation. n=3 mice/condition. I, Schematic representation of LOX (lysyl oxidase) secretion 

and ECM crosslinking. J, LOX activity in wild-type and Runx1fl/fl cultured fibroblasts, 

treated with TGFβ, Adeno-GFP, Adeno-Cre-GFP, or Ro5–335. n=3 mice, average of 

3 technical replicates, ns-not significant, *p<0.05, **p<0.01, ****p<0.0001, two-tailed 

Konkimalla et al. Page 39

Cell Stem Cell. Author manuscript; available in PMC 2024 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



unpaired Student’s t-test. DAPI stains nuclei in all panels. Single channel images are from 

boxed regions. In all graphs are presented as mean ± SEM. See also Figure S7A–I.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal Rat anti-RAGE/AGER R&D systems Cat# MAB1179, RRID:AB_2289349

Polyclonal rabbit anti-Claudin4 Thermo Fisher Scientific Cat#36-4800
RRID:AB_2533262

Polyclonal rabbit anti-p53 GeneTex Cat#GTX102965
RRID:AB_1952339

Monoclonal mouse anti-actin α-Smooth Muscle-Cy3 Sigma-Aldrich Cat# C6198, RRID: AB_476856

Monoclonal mouse anti-actin α-Smooth Muscle-FITC Sigma-Aldrich Cat# F3777
RRID: AB_476977

Polyclonal rabbit anti-actin α-Smooth muscle abcam Cat#ab5694
RRID:AB_2223021

Polyclonal goat anti-SCGB1A1 Santa Cruz Cat# 9772
RRID: AB_2238819

Polyclonal goat anti-TIMP1 R&D Cat# AF980
RRID: AB_355759

Polyclonal Rabbit anti-SFRP1 Abcam Cat# ab126613
RRID: AB_11128257

Polyclonal Rabbit anti-CTHRC1 Abcam Cat# ab85739
RRID: AB_10712489

Monoclonal rabbit anti-RUNX1/AML Cell Signaling technology Cat#8529
RRID:AB_10950225

Polyclonal Goat anti-Human RAGE/AGER R&D Systems Cat# AF1145, RRID:AB_354628

Polyclonal Goat anti-Integrin alpha 8 Novus Cat# AF4076
RRID:AB_2296280

Polyclonal Rabbit anti-LGALS1 Cell Signaling Cat# 13888
RRID:AB_2798338

Monoclonal Rat anti-LGALS3 Cedarlane Cat# CL8942AP
RRID:AB_10060357

Polyclonal DYKDDDDK tag Proteintech Cat# 20543-1-AP
RRID:AB_11232216

Polyclonal Goat tdTomato Origene Cat# AB8181-200
RRID: AB_2722750

Monoclonal Rat Anti-CD31 BD Biosciences Cat# 550274
RRID:AB_393571

Polyclonal Rabbit Anti-14-3-3 sigma Thermo Fisher Scientific Cat# PA5-95056
RRID:AB_2806862

Monoclonal Rat anti-LIF Novus Cat# NBP2-27406

Polyclonal rabbit anti-RFP Rockland Cat# 600-401-379
RRID:AB_2209751

Polyclonal guineapig anti-LAMP3 Synaptic systems Cat#391 005
RRID:AB_2713987

Polyclonal Rabbit anti-ELN (Elastin) Kind gift from Dr. Robert Mecham 
(Washington University, USA)

N/A

Polyclonal rabbit anti-Collagen 1, alpha 1 propeptide Phosphosolutions Cat# 321-COLP
RRID:AB_2492060

Polyclonal goat anti-DTR/HB-EGF R&D systems Cat# AF259-NA
RRID:AB_354429
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REAGENT or RESOURCE SOURCE IDENTIFIER

LEL-Fluorescein Vector Laboratories Cat# FL-1171
RRID:AB_2307440

LEL-DyLight® 649 Vector Laboratories Cat#DL-1178

Alexa Fluor 594 donkey anti-goat IgG Thermo Fisher Scientific Cat# A11058, RRID:AB_2534105

Alexa Fluor 488 donkey anti-goat IgG Thermo Fisher Scientific Cat# A11055
RRID:AB_2534102

Alexa Fluoro 488 Donkey anti-rabbit IgG Thermo Fisher Scientific Cat# A21206
RRID:AB_141708

Alexa Fluoro 647 Donkey anti-rabbit IgG Thermo Fisher Scientific Cat# A31573
RRID:AB_2536183

Alexa Fluoro 647 Donkey anti-goat IgG Thermo Fisher Scientific Cat# A21447, RRID:AB_141844

Alexa Fluoro 488 Donkey anti-rat IgG Thermo Fisher Scientific Cat# A21208, RRID:AB_141709

Alexa Fluoro 594 Donkey anti-rat IgG Thermo Fisher Scientific Cat# A2109, RRID:AB_2535795

Alexa Fluor 594 goat anti-rabbit IgG Thermo Fisher Scientific Cat# A21207, RRID:AB_141637

Alexa Fluor 647 goat anti-rat IgG Thermo Fisher Scientific Cat# A21247, RRID:AB_141778

Alexa Fluor 647 goat anti-rabbit IgG Thermo Fisher Scientific Cat# A21245, RRID:AB_2535813

CD45 microbeads, mouse Miltenyi Biotec Cat# 130-052-301
RRID:AB_2877061

Anti-CD31 microbeads Miltenyi Biotec Cat# 130-097-418
RRID:AB_2814657

Anti-CD140a microbeads Miltenyi Biotec Cat# 130-101-547

Anti-CD326 (EpCAM) MicroBeads Miltenyi Biotec Cat# 130-105-958

Anti-CD146 (LSEC) MicroBeads Miltenyi Biotec Cat# 130-092-007

Weigert′s Iron Hematoxylin Set Millipore Sigma Cat#HT1079

Trichrome Stain (Masson) Kit Millipore Sigma Cat#HT15

Bacterial and virus strains

NEB Stable Competent E. coli NEB Cat# C3040

Adeno-Cre-GFP Signagen Cat# SL100706

Adeno-GFP Signagen Cat# SL100708

Biological samples

N/A N/A N/A

Chemicals, peptides, and recombinant proteins

DMEM Corning Cat# 25-500

Antibiotic-Antimycotic (100X) Thermo Fisher Scientific Cat# A5955-100ML

Penicillin/Streptomycin Gibco Cat# 15140

FBS HyClone products (Cytiva) Cat# SH30396.03

Tamoxifen Sigma-Aldrich Cat# T5648

Dispase Corning Cat# 354235

DNase I Thermo Fisher Scientific Cat# 10104159001

Collagenase type I Gibco Cat# 17100-017

Butylated hydroxytoluene Sigma-Aldrich Cat# W218405

TruStain FcX Biolegend Cat# 422302
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REAGENT or RESOURCE SOURCE IDENTIFIER

Diphtheria toxin Millipore Cat# 322326

Sucrose Sigma-Aldrich Cat# S9378

Citrate Buffer, pH 6.0 (10X) Sigma-Aldrich Cat# C9999

DAPI Sigma-Aldrich Cat# D9542

Fluoromount-G, with DAPI Thermo Fisher Scientific Cat# 00-4959

N-Acetyl-L-cysteine (NAC) Sigma-Aldrich Cat # A9165

B-27 Supplement (50X) Thermo Fisher Scientific Cat # 17504044

N-2 Supplement (100X) Thermo Fisher Scientific Cat # 17502048

Glutamax Thermo Fisher Scientific Cat # 35050061

HEPES (1M) Thermo Fisher Scientific Cat # 15630080

Antibiotic-Antimycotic (Anti-Anti) (100X) Thermo Fisher Scientific Cat # A5955-100ML

Recombinant Mouse TGF-β1 BioLegend Cat# 763102

Recombinant Mouse PDGF-AA (carrier-free) BioLegend Cat#776306

Bovine Serum Albumin (BSA) Sigma Cat # A7906

PBS Gibco Cat# 20012027

Ro 5-3335 Tocris Cat#4694

Physiologic Saline Henry Schein Cat# 002477

OCT Compound Fisher Scientific Cat# 23-730-571

Paraformaldehyde Sigma-Aldrich Cat# P6148

Pierce™ 16% Formaldehyde (w/v), Methanol-free Thermo Fisher Scientific Cat#28908

Proteinase K, recombinant, PCR grade Thermo Fisher Scientific Cat#E00491

tRNA Roche Cat#10109495001

dNTP Thermo Fisher Scientific Cat#10297018

Sodium trichloroacetate, 97% Alfa Aesar Cat#A17004

Glycerol Millipore Sigma Cat#G5516

Low melting agarose Seaplaque Cat# 50100

Triton X-100 Sigma-Aldrich Cat# X100

Chromium Next GEM Single Cell 3’ Kits v3.1 10x Genomics Cat# 1000269

Ethylenediaminetetraacetic acid disodium salt dihydrate 
(EDTA)

Sigma-Aldrich Cat# E5134

Tris pH 7.4 Thermo Fisher Scientific Cat# J60202.K2

Heparin ammonium sulfate from porcine intestinal mucosa Sigma-Aldrich Cat# H6279

T4 DNA Ligase NEB Cat# M0202

RNaseOUT ThermoFisher Cat# 10777019

NxGen® phi29 DNA Polymerase ThermoFisher Cat# 30221-2

Grace Bio-Labs SecureSeal™ hybridization chambers Sigma-Aldrich Cat# GBL621505-20EA

Hydrazide-CF647 Sigma-Aldrich Cat# SCJ4600046

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs Cat# E2621L

XbaI New England Biolabs Cat# R0145S

EcoRI New England Biolabs Cat# R0101S
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REAGENT or RESOURCE SOURCE IDENTIFIER

Polyethylenimine, Linear, MW 25000, Transfection Grade Polysciences Cat#23966

Optiprep Density Gradient Medium Sigma-Aldrich Cat# D1556

PEG8000 Promega Cat# V3011

Sodium citrate dihydrate Sigma-Aldrich Cat# W302600

Ammonium sulfate Sigma-Aldrich Cat# A4418-5006

Citric Acid Sigma-Aldrich Cat#251275

10% Pluronic Acid Gibco Cat#24040-032

Sodium Bicarbonate (7.5%) Gibco Cat#25080-094

Ficoll PM-400, powder GE Healthcare Life Sciences Cat# 15260-037

Skarosyl, sodium salt solution Sigma-Aldrich Cat# L7414-50ML

Ultrapure 1M Tris-HCl, pH 7.5 ThermoFisher Scientific Cat# 15567-027

1M-Tris-HCl, pH 8.0 (Trizma) Sigma-Aldrich Cat#T2694-1L

Pierce DTT (Dithiothreitol) ThermoFisher Scientific Cat#20291

Maxima H Minus RTase ThermoFisher Scientific Cat#EP0753

Klenow fragment (3’→5’ exo minus New England Biolabs Cat#M0212L

Terra PCR Direct Polymerase Takara Cat#639271

QX200 Droplet generation oil Bio-Rad Cat# 186-4006

Perfluorooctanol (PFO), 97% Sigma-Aldrich Cat# 370533-25G

20% SDS Quality Biological Cat# 351-066-721

Tween 20 Bio-Rad Cat# 170-6531

SSC, 20X Sigma-Aldrich Cat# S6639

Advantage UltraPure PCR Deoxynucleotide Mix Clontech Cat# 639125

NxGen RNase Inhibitor Lucigen Cat# 30281-1

Maxima RT H minus Reverse Transcriptase, 200 U/mL ThermoFisher Scientific Cat# EP0752

Exonuclease I, 20 U/mL ThermoFisher Scientific Cat# EN0582

2X Kapa HiFi HotStart ReadyMix Kapa Biosystems Cat# KK2601

AMPure XP Beads Beckman Coulter Cat# A63880

Nextera XT DNA sample preparation kit, 24 samples illumina Cat# FC-131-1024

Critical commercial assays

N/A N/A N/A

Deposited data

Single-cell RNA-seq data – BHT injury This study NCBI GEO: GSE218665

Single-cell RNA-seq data – AT1 cell ablation This study NCBI GEO: GSE218666

Single-cell RNA-seq data – AT2-specific loss of Mdm2 This study NCBI GEO: GSE235212

Single-cell RNA-seq data – bleomycine injury Tsukui et al., 2020 NCBI GEO: GSE132771

Single-cell RNA-seq data – Control lungs Konkimalla et al., 2022 NCBI GEO: GSE173878

Experimental models: Cell lines

Primary alveolar fibroblasts NA NA

HEK293T cells NA NA
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Experimental models: Organisms/strains

Sftpc tm1(cre/ERT2)Blh Jackson Laboratory Cat# 028054

Pdgfra tm1.1(cre/ERT2)Blh /J Jackson Laboratory Cat# 032770

Runx1tm1Tani/J Jackson Laboratory Cat# 008772

Hopxtm2.1(cre/ERT2)joe/J Jackson Laboratory Cat# 017606

Mdm2tm2.1Glo/J Jackson Laboratory Cat# 031614

C57Bl/6 Jackson Laboratory Cat# 000664

Rosa26R-CAG-lsl-tdTomato Jackson Laboratory Cat# 007914

Ager tm1(cre/ERT2)Blh Jackson Laboratory Cat# 036942

Rosa26R-lsl-DTR Jackson Laboratory Cat# 007900

Rosa26R-lsl-DTA Jackson Laboratory Cat# 006331

Tg(Acta2-cre/ERT2)12Pcn Hogan lab
Wendling et al., 2009

N/A

Oligonucleotides

See TableS5 for oligonucleotides used in this study N/A N/A

Recombinant DNA

pAAV-nEFCas9 Suzuki et al, 2016 Juan Belmont, Addgene Plasmid# 
87115

pCDNA3.1 FLAG-Runx1(1790) Jiang et al., 2005 Matija Peterlin, Addgene 
Plasmid#14585

pxx680 N/A N/A

pXR5 N/A N/A

Software and algorithms

CellRanger v3.0.0 10x genomics https://www.10xgenomics.com/

Seurat R package v3.2.3 Stuart et al., 2019 https://satijalab.org/seurat/

SoupX pipeline Young, M.D., Behjati, S. 2020 https://github.com/constantAmateur/
SoupX

Enrichr Kuleshov et al., 2016 https://maayanlab.cloud/Enrichr/

SCENIC Aibar et al., 2017 https://scenic.aertslab.org/

CellChat Jin et el., 2021 http://www.cellchat.org/

Cellpose Stringer et., 2021 https://www.cellpose.org/

GraphPad Prism Graph Pad https://www.graphpad.com

FlexiWare software (version 8.1) SCIREQ https://www.scireq.com/flexivent/
flexiware/

FIJI NIH https://fiji.sc

Other

N/A N/A N/A
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