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Ahallmark of pulmonary fibrosis is the aberrant activation of lung fibroblasts into
pathological fibroblasts that produce excessive extracellular matrix* . Thus,

theidentification of key regulators that promote the generation of pathological
fibroblasts caninform the development of effective countermeasures against disease
progression. Here we use two mouse models of pulmonary fibrosis to show that LEPR"
fibroblasts that arise during alveologenesis include SCUBE2" alveolar fibroblasts as
amajor constituent. These alveolar fibroblasts in turn contribute substantially to
CTHRCI'POSTN" pathological fibroblasts. Genetic ablation of POSTN" pathological
fibroblasts attenuates fibrosis. Comprehensive analyses of scRNA-seq and scATAC-
seq datareveal that RUNX2 is akey regulator of the expression of fibrotic genes.
Consistently, conditional deletion of Runx2 with Lepr™®*™ or Scube2"*** reduces

the generation of pathological fibroblasts, extracellular matrix deposition and
pulmonary fibrosis. Therefore, LEPR" cells that include SCUBE2" alveolar fibroblasts
are akey source of pathological fibroblasts, and targeting Runx2 provides a potential
treatment option for pulmonary fibrosis.

Pulmonary fibrosis is characterized by the substantial presence of
aberrant activated fibroblasts and excessive deposition of extracellular
matrix (ECM) proteins (for example, collagens) thatinturnleadsto a
progressively dysfunctional lung'*. Multiple sources of fibrotic fibro-
blasts have been associated with pulmonary fibrosis. These include
GLI1*stromal cells, TBX4 " resident fibroblasts, AXIN2" myofibrogenic
progenitor cellsand PDGFRA*ADRP’ lipofibroblasts® 8. More recently,
single-cell RNA sequencing (scRNA-seq) analyses have shown that
fibrotic changes are associated with the presence of CTHRC1' patho-
logical fibroblasts in mouse models and in human idiopathic pulmo-
nary fibrosis (IPF)°. Results from RNA velocity analyses suggest that
these CTHRCI" cells are derived from alveolar fibroblasts’®, which are
essential for maintaining normal alveolar architecture’®", However,
cell-fate mapping evidence is lacking. Moreover, although multiple
signalling pathways ™", including TGF@ and PDGF, have been con-
nected to pulmonary fibrosis, the key downstream regulators remain
to be identified, whichis in part due to the uncertain origins of these
pathological fibroblasts. Thus, investigation of the major sources of
pathological fibroblasts isimportant for uncovering their underlying
molecular mechanisms and for developing effective therapies.
Recently, Lepr has been shown to mark a subpopulation of stromal
cells in the bone marrow™', After myelofibrosis is induced through
the ectopic expression of the glycoprotein hormone thrombopoi-
etin, stromal cells labelled with Lepr* become a major contributor to

myofibroblasts™. Here we use unbiased scRNA-seq analyses to show
that Lepris expressed in mouse lung mesenchymal cells. We generate
alepr®?mouse line and used it along with the existing Leprmouse
line to trace LEPR" lung mesenchymal cells that arise during neonatal
alveologenesis. Notably, the majority of labelled cells are SCUBE2*
alveolar fibroblasts and they give rise to pathological fibroblasts
(CTHRCI'POSTN") after bleomycin challenge, as revealed by cell-fate
mapping and scRNA-seq analyses. Genetic ablation of POSTN* cells
attenuates pulmonary fibrotic changes. Results from computational
analyses combined with single-cell assay for transposase-accessible
chromatinsequencing (scATAC-seq) shows that the transcription factor
RUNX2is akeyregulator that promotes the generation of pathological
fibroblasts. Conditional deletion of Runx2with Lepr™®*™ or Scube2**™
blocks the generation of pathological fibroblasts and ECM deposition.
Together, our findings support the concept thatalveolar fibroblasts, a
major constituent of LEPR* fibroblasts, serve as akey source of patho-
logical fibroblasts, the generation of which depends on RUNX2.

LEPR' cells contribute to pathological fibroblasts

Are-analysis of sScRNA-seq data of developing mouse lungs” revealed
that Lepr transcripts were present in multiple mesenchymal cells,
including alveolar fibroblasts, secondary crest myofibroblasts,
adventitial fibroblasts and pericytes and endothelial cells (Fig. 1a,b
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Fig.1|Lepr-expressing lung mesenchymal cells generate pathological
fibroblasts during pulmonary fibrosis. a, Uniform manifold approximation
and projection (UMAP) plot showing multiple mesenchymal cell populationsin
the mouse lungs collected at E18.5, PO, P3, P7 and P14. b, Expression of Leprin
lung mesenchymal cells. ¢, Increased expression of Leprin lung mesenchymal
cellsduringalveologenesis. d, Top, schematic depicting the treatment of
Lepr;R26'“" mice with bleomycin. Bottom, representative images of aSMA"tdT*
cellsinlungtissue. e, Quantification analysis showing that aSMA*tdT" cells
areincreased following bleomycin treatment (saline, n = 6; bleomycin, n=6).

f, Representative images showing immunostaining of CTHRC1and tdTomato in
lungtissue. g, Quantification analysis showing the enrichment of CTHRC1'td T
pathological fibroblasts after bleomycin challenge (saline, n = 6; bleomycin,

and Extended Data Fig. 1a-e). The level of Lepr expression gradually
increased during postnatal alveologenesis and was abundant at post-
natal day 14 (P14) but not embryonic day 18.5 (E18.5) (Fig. 1c). In line
with this finding, few tdTomato-positive (tdT") cells were observed
in the lungs of Lepr®;Rosa26'"*™a (R26") mice at PO (Extended Data
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n=6).h, Top, schematic showing the use of tamoxifen-containing chow and
bleomycin challenge of Lepr™®"2;R26/" mice. Bottom, representative images
of aSMA™tdT" cellsin lungtissue.i, Quantification analysis showing that
aSMA*tdT cells areincreased following bleomycin treatment (saline, n=6;
bleomycin, n=6).j, Representative images showingimmunostaining of CTHRC1
and tdTomatoinlungtissue.k, Quantification analysis showing that CTHRC1'td T
pathological fibroblasts are increased after bleomycin challenge (saline, n = 6;
bleomycin, n=6). Dataare mean +s.e.m.Dataarerepresentative of at least three
independent experiments. Statistical analysis was performed using unpaired
two-tailed t-test with Welch’s correction (e,g,i,k). Ford, f, handj,imageson the
rightare magnified views of the dashed square in the left-hand images. Scale
bars,100 pm (20 pmin magnified views).

Fig.1f). By contrast, we observed anincreased presence of tdT* cellsin
thelungparenchymaat P10, and tdT* mesenchymal cells were observed
throughout the alveoli at P30 and up to P60 (Extended Data Fig. 1f).
Consistent with the scRNA-seq data, few tdT"aSMA" cells (<0.1% of
tdT'aSMA’ cells) were presentin the peribronchiolar and perivascular



areas, which suggests that a small number of airway and vascular
smooth cells expressed Lepr (Extended Data Fig. 1g). We generated a
Lepr*™knock-in mouse strain to confirm the derivatives of LEPR cells
(Extended Data Fig. 1h). Consistently, tdT* cells were observed in the
lungs of P14 and P20 Lepr®%;R26"" mice that received a single dose
of tamoxifenat P7 and P14, respectively (Extended DataFig. 1i,j). When
tamoxifen-containing chow was used to label LEPR" cell derivativesin
the adult lung, we observed an extensive presence of tdT" cells in the
lung parenchyma (Extended Data Fig. 1k). Notably, 75% of tdT* cells were
inclose contact withalveolar epithelial type 2 (AT2) cellsin the alveoli,
aresultindicative of alveolar fibroblasts (Extended Data Fig. 1k). Con-
sistently, a re-analysis of sScRNA-seq data from adult mouse lungs®'$"
showed that Leprand the alveolar fibroblast marker Scube2 were colo-
calized in alveolar fibroblasts (Extended Data Fig. 11-p). Moreover,
in situ hybridization with a Scube2 probe showed that 63.54 +1.36%
(mean +s.e.m.) tdT" cells expressed Scube2 (Extended Data Fig. 1q,r),
whereas 53.09 +1.07% SCUBE2" cells expressed tdTomato (Extended
Data Fig. 1s). These findings indicate that the Lepr***? mouse strain
efficiently labels alveolar fibroblasts.

Athomeostasis, we did not detect apparent differencesin the migra-
tion, production of ECM or response to TGF[31 stimulation between
Lepr™-labelled fibroblasts and non-labelled lung fibroblasts (Extended
Data Fig. 2a-d). We asked whether the derivatives of LEPR" cells con-
tribute to pathological fibroblasts during fibrosis. We used two mouse
models to address this issue: bleomycin-induced pulmonary fibrosis
and silica-induced pulmonary fibrosis. Adult Lepre;R26™" mice were
treated with bleomycin, and lungs were examined 14 days after injury
(Fig.1d).Bleomycininduced heterogeneous injuries and fibrosisin the
lungs®®?, and tdT" cells were significantly expanded in the areas that
showed severe damage (Fig. 1d—-g and Extended Data Fig. 2e-h). tdT*
cells were positive for the myofibroblast marker aSMA and the patho-
logical fibroblast marker CTHRCI1 (Fig. 1d,f). td T cells also expressed
collagen I (Extended DataFig. 2e), one of the major components of ECM
deposited by pathological fibroblasts®?. Enrichment of tdT'aSMA*
fibroblasts following bleomycin treatment was further confirmed
by fluorescence-activated cell sorting (FACS) analysis (2.83 + 0.39%
(saline) compared with 11.74 + 0.95% (bleomycin), P = 0.001051)
(Extended Data Fig. 2i-k). We also challenged Lepr™™:R26"" mice
with bleomycin after feeding the mice with tamoxifen-containing
chow (Fig. 1h). Anextensive number of tdT" cells expressing «SMA and
CTHRC1were detected infibrotic focifollowing bleomycin challenge.
Thisresult provides confirmation that LEPR" cell derivatives expanded
when fibrosis occurred (Fig. 1h-k). We then used the silica-induced
fibrosis model to further test the contribution of LEPR" cell deriva-
tives to pulmonary fibrosis in both Lepr™;R26"" and Lepr<™:R26""
mice (Extended DataFig. 21-q). Silicatreatment led to extensive fibro-
sis surrounding the terminal airways (Extended Data Fig. 21,0), and
tdT'aSMA" cells were abundant in the fibrotic foci surrounding the ter-
minalbronchiolesin the lungs of both Lepre:R26“" and Lepr*™:R26""
mice (Extended Data Fig. 2m,n,p,q). Together, these findings demon-
strate that LEPR" mesenchymal cells that arise during alveologenesis
become akey source of pathological fibroblasts that contribute to
pulmonary fibrosis.

LEPR’ fibroblasts generate pathological fibroblasts

We next aimed to define the fibroblast subpopulations derived from
LEPR® cells. First, we sorted tdT* cells from the lungs of Lepr;R26""
mice treated with bleomycin or saline and performed scRNA-seq
analysis (Extended Data Fig. 3a). tdTomato transcripts were detected
in all cells (Extended Data Fig. 3b). Although the majority of the
Lepr™-labelled cells were mesenchymal cells, minor populations of epi-
thelium, endothelium and immune cells were also identified (Extended
DataFig.3c-e).Inline with this result, Lepris known to be expressedin
immune cells in the bone marrow®. To better characterize LEPR* lung

mesenchymal cells and their derivatives inadult lungs, Lepr2:.R26%"
mice were fed with tamoxifen-containing chow before bleomycin chal-
lenge (Fig.2a).tdT*lung mesenchymal cells (EpCAM CD45 CD31") were
FACS-sorted from the lungs following saline or bleomycin treatment
and thenanalysed by scRNA-seq (Extended DataFig.4a-e).Inthelungs
of saline-treated mice, alveolar fibroblasts and adventitial fibroblasts
stood out as two major subpopulations together with minor popula-
tions, including peribronchial fibroblasts and pericytes (Extended
Data Fig. 4c,d). As expected, bleomycin treatment induced fibrotic
changesinthelungs, and the transcript levels of fibrotic genes, includ-
ing Acta2, Collal, Col3al, Tnc and Fnl, were significantly increased
(Extended Data Fig. 4f).

Re-clustering of Lepre*-labelled fibroblast populations and
Lepr*-1abelled fibroblast populations revealed four subpopu-
lations: alveolar fibroblasts, adventitial fibroblasts, pathological
fibroblasts and proliferating fibroblasts (Fig. 2b-e and Extended
DataFigs. 3f-iand 4g). Alveolar fibroblasts were identified using the
alveolar fibroblast signature, which included the expression of Scube2,
Npntand Inmt, as previously reported®? (Fig. 2¢,f,g and Extended Data
Figs. 3h,j-l and 4h,i). Similarly, adventitial fibroblasts were identi-
fied using the reported adventitial fibroblast signature®?, including
the expression of Pi16 and Dcn (Extended Data Figs. 3h,m,n and 4j-1).
Immunostaining also confirmed that tdT" cells expressed PI16 in the
adventitial cuff area (Extended Data Figs. 30 and 4m), a region where
adventitial fibroblasts are by definition located®***. At homeostasis,
Lepr-labelled fibroblasts and Lepr**™-labelled fibroblasts were pre-
dominantly alveolar and adventitial fibroblasts (Fig. 2e and Extended
Data Fig. 3i). After bleomycin challenge, both alveolar fibroblast and
adventitial fibroblast populations werereduced (Fig. 2e and Extended
DataFig. 3i), which was accompanied by the strong emergence of patho-
logical fibroblasts and proliferating fibroblasts. These changes were
associated with the increased expression of cell cycle regulators (for
example, CCNA2 and CDK1) (Fig. 2¢c,e, Extended Data Fig.3h,iand Sup-
plementary Tables1and 2).

Pathological fibroblasts were recently defined by the expression
of fibrotic signature genes, including Cthrcl and Postn®*. Notably,
the bleomycin-induced fibroblast population derived from Lepr*-
labelled cells and Lepr***™-labelled cells was also characterized by
these genes (Fig. 2c,h, Extended Data Fig. 3h,p,q and Supplementary
Tables 1and 2). Immunostaining confirmed that Lepr©*-labelled cells
and Lepr®™-|abelled cellsin fibrotic foci expressed CTHRCI (Fig. 1f,j)
and POSTN (Extended Data Figs. 3r and 4n). Results from trajectory
analysis suggested that Lepre-labelled alveolar fibroblasts and
Lepr*t®.labelled alveolar fibroblasts give rise to pathological fibro-
blasts (Fig. 2i,j and Extended Data Figs. 3s-u and 5a,b), which is con-
sistent with recent studies®?. Differential gene expression analysis
confirmed theenrichmentof Scube2, Inmtand Npntin Lepr*"*-|abelled
alveolar fibroblasts (Fig. 2k). By contrast, fibrosis-associated genes,
including Collal and Tnc along with Cthrcl and Postn, were highly
expressed in pathological fibroblasts (Fig. 2k). Findings from path-
way analysis indicated that ECM-associated pathways, including
ECM-receptor interaction, ECM organization and collagen biosyn-
thesis, were activated in pathological fibroblasts (Fig. 2] and Exten-
ded Data Fig. 5¢,d). In line with these findings, TgfbI transcripts and
the TGFp signalling pathway signature were enriched in Lepr<7-
labelled pathological fibroblasts (Fig. 2m and Extended DataFig. 5e),
which indicated the activation of the fibrotic program following
bleomycin challenge. Notably, the level of Lepr transcripts was signifi-
cantly decreased after bleomycin treatment (Extended Data Figs. 3v
and 5f), which indicated that Lepris not activated during fibrosis.

Lepr™and Lepr*™abelled a minor pericyte population (Extended
Data Figs. 3c and 4c), and the contribution of pericytes to patho-
logical fibroblasts (myofibroblasts) during lung fibrosis is contro-
versial??®, Therefore, we generated a Higd1b***™ knock-in mouse
strainto specifically fate map pericytesin the lung and heart, regions
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Fig.2|scRNA-seqanalysis reveals Lepr*™-labelled pathological fibroblasts
inducedbybleomycin treatment.a, Schematic of the scRNA-seq experimental
design.b, UMAP plot showing four different Lepr®"*labelled lung fibroblast
populations. ¢, Dot plot showing the representative markers for each fibroblast
population.d, UMAP of cells from saline-treated lungs and from bleomycin-
treated lungs. e, Frequency of each fibroblast populationin saline-treated
lungs and bleomycin-treated lungs. f, UMAP plot showing the score of the
alveolar fibroblast signature. g, UMAP plot showing the expression of Scube2

where Higd1b is exclusively expressed® (Extended Data Fig. 6a-e).
We challenged adult Higd1b°*t*:R26"" mice with bleomycin after
three doses of tamoxifen injection. A few tdT* cells co-expressing
aSMA were observed in fibrotic foci (Extended Data Fig. 6f). How-
ever, tdT" cells rarely expressed CTHRCI (Extended Data Fig. 6g,h),
collagenlorKi67 (Extended DataFig. 6i,j). This result suggests that
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inalveolar fibroblasts. h, UMAP plot showing the score of the pathological
fibroblastsignature.i,j, Trajectory analysis with Monocle2 showing cells ordered
by pseudotime (i) and cell type (j). k, Volcano plot showing the differentially
expressed genes between alveolar fibroblasts and pathological fibroblasts.

1, The top tensignalling pathways associated with genes enriched in pathological
fibroblasts. m, UMAP plot showing the score of the TGF( signalling pathway
signature.

Higd1b“***™-labelled pericytes contribute to aSMA" cells that sur-
round endothelial cells, but they rarely generate pathological fib-
roblasts. However, we cannot completely rule out the possibility
that a minor subpopulation of pericytes that do not express Higd1b
contribute to fibrosis (Extended Data Fig. 6a,b). Taken together,
our scRNA-seq data confirmed that Lepr-labelled fibroblasts and
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Fig.3|Ablation of POSTN' pathological fibroblasts attenuates pulmonary
fibrosis. a,b, UMAP plot showing the expression of Postn (a) and Cthrcl (b) in
pathological fibroblasts from the lungs of Lepr™™:R26'" mice challenged
with saline or bleomycin. ¢, Enriched expression of Postn and Cthrcl in
pathological and proliferating fibroblasts. d, Left, schematic of tamoxifen
injectionandbleomycin challenge of Postn“** ;R26'" mice. Right, representative
immunostainingimages of aSMA and tdTomatoin lung tissue. e,f, Representative
images showing CTHRC1'tdT" cells (e) and collagen I'tdT* cells (f). g, Quantification
analysis showingthat tdT" cellsareincreased after bleomycin challenge (saline,
n=6;bleomycin, n=6).h, Top, schematic of bleomycin challenge and tamoxifen
injection of Postn““** ;:R26°™ mice. Bottom, representative images of lung

Lepr®*™.1abelled fibroblasts include alveolar fibroblasts as a major
constituent. Afterinjury, these labelled cells are converted into patho-
logical fibroblasts that express Cthrcl and Postn. In consideration of
recent findings®?, LEPR" fibroblasts probably represent a key con-
tributor to pathological fibroblasts.

samples stained with haematoxylinand eosin (H&E). i, Quantification analysis
showing that fibrotic areas are decreased in the lungs of Postn““®;R26°™ mice
(Postn“*R:R26""", n = 10; Postn“** ;R26°™"", n = 15). j, Representative images of
Picro-Sirius Red staining. k, Reduced hydroxyproline content in Postn“**;R26°™
mice following bleomycin challenge (Postn“®;R26", n = 10, Postn*t® :R26°™"T,
n=14).Dataaremean = s.e.m.Dataarerepresentative of atleast three independent
experiments. Statistical analysis was performed using unpaired two-tailed
t-test with Welch’s correction (g,i,k). Ford-f, handj,images on therightare
magnified views of the dashed squarein the left-hand images. Scale bars, 20 pm
(magnificationsind-f),100 pm (mainimages in d-fand magnificationinj),
200 pm (magnificationinh),1mm (mainimagesinhandj).

Ablation of Postn’ cells attenuates pulmonary fibrosis

Our results from scRNA-seq analyses demonstrated that pathological
fibroblasts are characterized by the expression of Postn and Cthrcl,
which were rarely expressed in normal lung fibroblasts (Fig. 3a—-c).

Nature | www.nature.com | 5
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Consistently, cell-fate mapping with the knock-in Postn-MerCreMer
(Postn®) mouse line*® confirmed that few mesenchymal cells
were labelled in the lungs of adult mice treated with saline (Fig. 3d).
By contrast, numerous tdT* cells expressing the myofibroblast marker
aSMA, the pathological fibroblast marker CTHRC1 and the ECM com-
ponent collagen I were present in the fibrotic area following bleo-
mycin challenge (tdT* cells, 0.00 = 0.00 per mm? (saline) compared
with 319.00 +12.87 per mm? (bleomycin), P < 0.0001) (Fig. 3d-g).
A re-analysis of published scRNA-seq data® also showed that Postn is
expressed at high levelsin pathological fibroblasts after silica exposure
(Extended DataFig. 7a-d). We further validated this finding with the sil-
icainjury model, in which substantial accumulation of lineage-labelled
fibroblasts (tdT*aSMA") was observed in the fibrotic areas (tdT" cells,
0.00 + 0.00 per mm? (saline) compared with 335.80 +16.65 per mm?
(silica), P<0.0001) (Extended Data Fig. 7e,f). Given the abundant
presence of POSTN' pathological fibroblasts during fibrosis, we
predicted that ablation of these cells will attenuate fibrotic changes.
Postn“**:R26"°™ mice were treated with bleomycin followed by tamox-
ifeninjection (Fig.3h). Pulmonary fibrosis was significantly attenuated
after tamoxifeninjection, as determined by the quantification of fibrotic
areas and hydroxyproline content (fibrotic area, 23.28 +2.59% (con-
trol) compared with11.90 + 1.83% (diphtheria toxin (DTA)), P= 0.002197;
hydroxyproline content, 1.90 + 0.11 pg mg " lung (control) compared
with 1.43 + 0.13 pg mg ' lung (DTA), P= 0.010615) (Fig. 3h-k), without
apparent effects onthe pulmonary vasculature (Extended DataFig. 7g).
These findings demonstrate that Postn is switched on during the con-
version of LEPR" lung fibroblasts to pathological fibroblasts and that
ablation of POSTN" cells reduces pulmonary fibrosis.

RUNX2 inalveolar-pathological fibroblast conversion

The Enrichr program has been instrumental for enrichment analy-
ses and the identification of key transcription factors that contribute
to tissue regeneration and disease®**, We therefore used this pro-
gram to predict transcription factors that regulate the conversion
of alveolar fibroblasts to pathological fibroblasts. Among multiple
transcription factors identified, RUNX2 was predicted to regulate
the most fibrosis-associated genes (Fig. 4a). Notably, our scRNA-seq
analyses of Lepr™-labelled cells and Lepr™**™-labelled cells showed that
Runx2 transcripts were substantially increased and highly enriched
in the pathological fibroblast population (Fig. 4b and Extended Data
Fig.8a-c).In parallel, we performed scATAC-seq to profile chromatin
accessibility. Mesenchymal cells (EpCAM CD45 CD31°) were sorted
from the lungs of mice treated with bleomycin or saline and subjected
toscATAC-seq (Extended Data Fig. 8d). Similar to our scRNA-seq anal-
yses of Lepr-labelled and Lepr**-labelled populations, multiple
fibroblast subpopulations were identified (Extended Data Fig. 8e-g).
Again, the pathological fibroblast population was only present in
bleomycin-treated lungs (Extended Data Fig. 8e,f). ChromVAR* analysis
revealed that the RUNX2-binding motif was preferentially enriched
in pathological fibroblasts (Fig. 4c). Consistently, chromatin acces-
sibility at the Runx2locus was highly enriched in pathological fibro-
blasts (Fig. 4d). Moreover, the transcript level of Runx2 was increased
in pathological fibroblasts in the lungs of bleomycin-treated mice, as
shown by are-analysis of published scRNA-seq datasets®****’ (Extended
Data Fig. 8h-I). The findings were further confirmed by quantitative
PCR with reverse transcription (RT-qPCR) analysis and the extensive
presence of RUNX2'tdT* cellsin the lungs of Lepr™™;R26" mice follow-
ing bleomycin challenge (Fig. 4e,fand Extended Data Fig. 8m). Taken
together, these data suggest that RUNX2 functions as a key transcrip-
tion factor that regulates the generation of pathological fibroblasts.
Moreover, our re-analysis of a scRNA-seq dataset® revealed that Runx2
is co-expressed with Cthrcl in an extensive number of active hepatic
stellate cells duringliver fibrosis induced by carbon tetrachloride (CCl,)
(Extended DataFig. 8n-q).
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Runx2insufficiency attenuates pulmonary fibrosis

We next tested whether Runx2 promotes the generation of pathological
fibroblasts during pulmonary fibrosis. Lepr®;Runx2” and Lepr<7;
Runx2” mice were challenged with bleomycin. Deletion of Runx2with
Lepr’®, whichalso labelled bone marrow stromal cells, did not alter the
lung morphology or the proportion of monocytes and neutrophilsin
the bone marrow at homeostasis (Extended Data Fig. 9a—e and Sup-
plementary Fig. 1), although they both have been associated with the
pathogenesis of pulmonary fibrosis®***°. Specific ablation of Runx2in
Lepr“e-derived cells attenuated bleomycin-induced lung fibrosis, as
the fibrotic areas were reduced from 24.97 + 2.24%t010.96 + 1.58%
(P=0.000145; Extended Data Fig. 9f,g). In line with this finding,
lungs from Lepre;Runx2” mutant mice exhibited reduced hydroxy-
proline content (1.67 + 0.09 pg mg ™ lung (control) compared with
1.30 + 0.08 pg mg ' lung (mutant), P= 0.008515) and aSMA" myofi-
broblasts were also decreased in mutant mice (17.25 + 0.95% (con-
trol) compared with 7.68 + 0.57% (mutant), P < 0.0001) (Extended
Data Fig. 9h—j). Loss of Runx2in the lungs of Leprt*2;:Runx2” mice
similarly reduced fibrotic areas and hydroxyproline content (fibrotic
area, 23.97 + 2.01% (control) compared with 15.34 + 1.25% (mutant),
P=0.003504; hydroxyproline content, 1.68 + 0.15 ng mg ' lung (con-
trol) compared with 1.26 + 0.11 pg mg* lung (mutant), P= 0.039141)
(Fig. 4g-j and Extended Data Fig. 9k). Moreover, aSMA" myofibro-
blasts and CTHRCI' pathological fibroblasts were decreased in lungs
of Lepr™:Runx2 mice (aSMA* myofibroblasts, 16.03 + 0.85% (con-
trol) compared with 10.10 + 0.55% (mutant), P=0.000301; CTHRCI"
pathologicalfibroblasts,142.70 + 8.78 per field (control) compared with
85.67 + 6.16 per field (mutant), P= 0.000492) (Fig. 4k,l and Extended
Data Fig. 91,m). Given that SCUBE2" alveolar fibroblasts are the major
constituent of LEPR" cell derivatives, we asked whether deletion of
Runx2 using Scube2*™ attenuates bleomycin-induced fibrosis
(Fig.4m). Thefibrotic areaand hydroxyproline content were reduced
after Runx2 deletion (fibrotic area, 21.45 + 1.84% (control) compared
with 11.92 + 1.55% (mutant), P = 0.001504; hydroxyproline content,
1.79 £ 0.13 pg mg ' lung (control) compared with 1.07 + 0.11 pg mg™
lung (mutant), P=0.000654) (Fig. 4m-p and Extended Data Fig. 9n).
Moreover, aSMA* myofibroblasts and CTHRCI' pathological fibroblasts
were also substantially reduced ((SSMA" myofibroblasts,16.88 + 0.33%
(control) compared with 8.32 + 0.65% (mutant), P< 0.0001; CTHRC1*
pathological fibroblasts, 139.70 + 7.07 per field (control) compared
with 61.33 + 7.17 per field (mutant), P< 0.0001) (Fig.4q,r and Extended
Data Fig. 90,p). Together, these findings support the conclusion that
RUNX2 is important for the conversion of alveolar fibroblasts into
pathological fibroblasts during pulmonary fibrosis.

We next re-analysed published scRNA-seq datasets*! to determine
whether RUNX2 expression is also increased in the lungs of human
patients with IPF. Four fibroblast populations were identified: alveolar
fibroblasts, adventitial fibroblasts, pathological fibroblasts and pro-
liferating fibroblasts (Fig. 5a and Extended Data Fig. 10a,b). LEPR was
expressed in alveolar fibroblasts and adventitial fibroblasts, but less
so in pathological fibroblasts, whereas SCUBE2 was barely expressed
in human alveolar fibroblasts (Extended Data Fig. 10c,d). RUNX2 was
predominantly expressed by POSTN*CTHRCI" pathological fibroblasts,
which also expressed high levels of ACTA2 and COL1A1 together with
other ECM proteins (Fig. 5b-d and Extended Data Fig. 10e-g). Nota-
bly, pathological fibroblasts from human and mouse lungs shared
key marker genes, including CTHRCI, POSTN, TNC,ACTA2, FN1, SPARC,
MMPI14 and various collagens, although some genes were differen-
tially expressed, whichis possibly due to the cross-species differences
(Extended DataFig.10h and Supplementary Table 3). Further analysis
of scRNA-seq data confirmed the increased expression of RUNX2 tran-
scripts in IPF pathological fibroblasts (Fig. 5e,f), which is in line with
the bulk RNA-seq data published by two different groups** (Fig. 5g
and Extended Data Fig. 10i). Numerous RUNX2"aSMA" fibroblasts
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were also observed in IPF lungs compared with normallungs, inwhich
RUNX2" cellswererarely present (36.38 + 6.57 per mm?(IPF) compared
with2.20 +1.07 per mm? (normal), P= 0.00115) (Fig. 5h). Consistently,
the expression level of RUNX2 was significantly increased in primary
human normal lung fibroblasts after TGFB1 treatment (Fig. 5i), and
knockdown of RUNX2 with short interfering RNA (siRNA) suppressed
TGFB1-induced pathological fibroblast differentiation and ECM
production (Fig. 5j). We isolated fibroblasts from IPF lung samples
and tested whether knockdown of RUNX2 affected the expression
of fibrotic genes. RUNX2 knockdown led to a substantial reduction
in the transcript levels of ACTA2, FNI and COL1A1 (Fig. 5k), which
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n=3;TGFP1,n=3).j,siRNA-mediated knockdown of RUNX2 affects the expression
of fibrosis-associated genesin freshlyisolated primary normal human lung
fibroblasts treated with TGFB1or vehicle. The transcripts of ACTA2, CTHRCI,
POSTN, CCN2,COLIAI, COL3A1,COL4A1and FNIwere determined by RT-qPCR
(n=3foreachgroup). k, RT-qPCR analysis of human IPF lung fibroblasts
transfected with RUNX2siRNA or control siRNA (control siRNA, n =3; RUNX2
siRNA, n=3).1, Schematic showing that LEPR"SCUBE2" alveolar fibroblasts
contribute to CTHRC1'POSTN" pathological fibroblasts, and thatincreased
Runx2activationregulates the expression of fibrotic genes during disease
progression. Dataare representative of atleast three independent experiments.
Dataare mean + s.e.m. Statistical analysis was performed using two-sided
Wilcoxon rank-sum test (), unpaired two-tailed ¢t-test with Welch’s correction
(g,i, k) or two-way analysis of variance with multiple comparisons test with
Sidak’s correction (j). AT1, alveolar type1cell.

indicated that RUNX2 also has a functional role in human pulmonary
fibrosis.

Discussion

The obscure cell of origin for pulmonary fibrosis contributes to the
uncertainty of the factors that driveinitial fibrotic changes. Our com-
prehensive scRNA-seq analyses uncovered Lepras amarker that labels
most of the lung fibroblasts that persistin the adult lung. Cell-fate map-
ping confirmed that after injury, LEPR" cell derivatives, the majority
of which are alveolar fibroblasts, differentiated into CTHRC1'POSTN*


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE124685

pathological fibroblasts. Genetic ablation of pathological fibroblasts
significantly attenuated pulmonary fibrosis. Further analyses revealed
that RUNX2 is a key driver for pulmonary fibrosis, and inactivation of
Runx2blocked the transition of alveolar fibroblasts to pathological
fibroblasts (Fig. 51).

Our study demonstrated that both Lepr® and Lepre*™ alleles
labelled lung fibroblasts starting at the neonatal stage. These labelled
fibroblasts became a key source of pathological fibroblasts during
pulmonary fibrosis in two different injury models. In line with a pre-
vious study of myelofibrosis', LEPR* stromal cells seem to be a key
contributor to fibrosis in both lung and bone marrow. Our scRNA-seq
analyses revealed that Cthrcl and Postn are expressed in the patho-
logical fibroblasts derived from Lepre-labelled cells and Lepr<<™
labelled cells, which suggests that these LEPR" fibroblasts are signifi-
cant contributors of previously identified pathological fibroblasts®.
Consistently, we observed the expansion of Lepr-labelled cells and
Lepr™-|abelled cells in bleomycin-treated lungs and silica-treated
lungs, and genetic ablation of Postn““*-labelled pathological fibro-
blasts attenuated fibrosis. Previous studies showed that fibrosis is
attenuated in the lungs of mutant animals lacking Postn***, which
suggests that POSTN has a functional role during fibrotic changes.
Of note, a recent study?® showed that Scube2***"-|abelled cells dif-
ferentiate into POSTN'CTHRCI" pathological fibroblasts, similar to
the Lepr®*™-labelled cells described here. Lepris broadly expressed
in several mesenchymal cell types, and our Lepr® and Lepr™*® alleles
labelabroad collection of cells, with alveolar fibroblasts constituting a
predominant proportion. Inthe future, it will be interesting to explore
whether LEPR™ mesenchymal cells also meaningfully contribute to
pulmonary fibrosis.

Our scATAC-seq and computational analyses identified RUNX2 as
apivotal transcription regulator of fibrotic drivers. In support of this
finding, deletion of Runx2 with Lepr™*™ or Scube2*** reduced the
generation of pathological fibroblasts. RUNX2 mediates TGF[3 sig-
nalling function during bone development***, and overexpression
of Runx2leads to fibrotic changes in vascular smooth muscle cells
with increased expression of Collal and Colla2 (ref. 48). We found
that RUNX2 is also important for the expression of fibrotic genes in
fibrotic fibroblasts isolated from human IPF lung samples. Notably,
a previous study* showed that RUNX2 is increased in AT2 cells but
reduced in fibroblasts of IPF samples, as measured by microarray and
immunofluorescence staining. That study also demonstrated that
siRNA-mediated knockdown of RUNX2 promoted the expression of
COL1A1and ACTA2in TGFP1-stimulated fibroblasts*. By contrast, our
scRNA-seq findings indicated that Runx2is activated during the con-
version of alveolar fibroblasts into pathological fibroblasts in both
mouse models and IPF samples. Genetic deletion of Runx2 blocked
the conversion of alveolar fibroblasts to pathological fibroblasts and
reduced lung fibrosis. Previously, TBX4 and PU.1 have been shown to
regulate the differentiation of fibroblasts and contribute to pulmo-
nary fibrosis®*°. Our scRNA-seq analyses showed that the level of Thx4
transcripts was similar between alveolar fibroblasts and pathological
fibroblasts. Moreover, pathological fibroblasts (CTHRCI'POSTN")
exhibited minimal expression of PU.1 (data not shown), which sug-
gests that PU.1acts in different cell populations during pulmonary
fibrosis. Further elucidation of the relationship and function of each
player during fibrosis should offer new opportunities to intervene in
the aggressive progression towards end-stage disease.

In summary, we demonstrated that LEPR" cells that arise at the
early postnatal stage include alveolar fibroblasts as major deriva-
tives. Cell-fate mapping combined with scRNA-seq analyses confirmed
that LEPR" fibroblasts become a major contributor to pathological
fibroblasts during fibrosis. Deletion of Runx2 blocked the differ-
entiation of alveolar fibroblasts into pathological fibroblasts. Our
results provide a potential therapeutic target to treat pulmonary
fibrosis.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-08542-2.

1. Noble, P. W., Barkauskas, C. E. & Jiang, D. Pulmonary fibrosis: patterns and perpetrators.
J. Clin. Invest. 122, 2756-2762 (2012).

2. Lagares, D. et al. ADAM10-mediated ephrin-B2 shedding promotes myofibroblast activation
and organ fibrosis. Nat. Med. 23, 1405-1415 (2017).

3. Habermann, A. C. et al. Single-cell RNA sequencing reveals profibrotic roles of distinct
epithelial and mesenchymal lineages in pulmonary fibrosis. Sci. Adv. 6, eaba1972 (2020).

4. Mayr, C. H. et al. Integrative analysis of cell state changes in lung fibrosis with peripheral
protein biomarkers. EMBO Mol. Med. 13, 12871 (2021).

5. Kramann, R. et al. Perivascular Gli1" progenitors are key contributors to injury-induced
organ fibrosis. Cell Stem Cell 16, 51-66 (2015).

6. Xie, T. et al. Transcription factor TBX4 regulates myofibroblast accumulation and lung
fibrosis. J. Clin. Invest. 126, 3063-3079 (2016).

7. ElLAgha, E. et al. Two-way conversion between lipogenic and myogenic fibroblastic
phenotypes marks the progression and resolution of lung fibrosis. Cell Stem Cell 20,
261-273 (2017).

8.  Zepp, J. A. et al. Distinct mesenchymal lineages and niches promote epithelial self-
renewal and myofibrogenesis in the lung. Cell 170, 1134-1148 (2017).

9. Tsukui, T. et al. Collagen-producing lung cell atlas identifies multiple subsets with distinct
localization and relevance to fibrosis. Nat. Commun. 11,1920 (2020).

10. Lee, J. H. et al. Anatomically and functionally distinct lung mesenchymal populations
marked by Lgr5 and Lgr6. Cell 170, 1149-1163 (2017).

1. Nabhan, A. N., Brownfield, D. G., Harbury, P. B., Krasnow, M. A. & Desai, T. J. Single-cell
Wnt signaling niches maintain stemness of alveolar type 2 cells. Science 359, 1118-1123
(2018).

12.  Abdollahi, A. et al. Inhibition of platelet-derived growth factor signaling attenuates
pulmonary fibrosis. J. Exp. Med. 201, 925-935 (2005).

13.  Frangogiannis, N. Transforming growth factor-f3 in tissue fibrosis. J. Exp. Med. 217,
20190103 (2020).

14. Boyd, D.F. et al. Exuberant fibroblast activity compromises lung function via ADAMTS4.
Nature 587, 466-471(2020).

15.  Zhou, B. O., Yue, R., Murphy, M. M., Peyer, J. G. & Morrison, S. J. Leptin-receptor-expressing
mesenchymal stromal cells represent the main source of bone formed by adult bone
marrow. Cell Stem Cell 15, 154-168 (2014).

16. Decker, M. et al. Leptin-receptor-expressing bone marrow stromal cells are myofibroblasts
in primary myelofibrosis. Nat. Cell Biol. 19, 677-688 (2017).

17.  Negretti, N. M. et al. A single-cell atlas of mouse lung development. Development 148,
dev199512 (2021).

18. Curras-Alonso, S. et al. An interactive murine single-cell atlas of the lung responses to
radiation injury. Nat. Commun. 14, 2445 (2023).

19. Saito, S. et al. Angiopoietin-like 4 is a critical regulator of fibroblasts during pulmonary
fibrosis development. Am. J. Respir. Cell Mol. Biol. 69, 328-339 (2023).

20. Knudsen, L. et al. Alveolar micromechanics in bleomycin-induced lung injury. Am. J. Respir.
Cell Mol. Biol. 59, 757-769 (2018).

21.  Niethamer, T. K. et al. Defining the role of pulmonary endothelial cell heterogeneity in the
response to acute lung injury. eLife 9, €53072 (2020).

22. Upagupta, C., Shimbori, C., Alsilmi, R. & Kolb, M. Matrix abnormalities in pulmonary
fibrosis. Eur. Respir. Rev. 27,180033 (2018).

23. Melms, J. C. et al. A molecular single-cell lung atlas of lethal COVID-19. Nature 595,
14-119 (2021).

24. Travaglini, K. J. et al. A molecular cell atlas of the human lung from single-cell RNA
sequencing. Nature 587, 619-625 (2020).

25. Dahlgren, M. W. et al. Adventitial stromal cells define group 2 innate lymphoid cell tissue
niches. Immunity 50, 707-722 (2019).

26. Tsukui, T., Wolters, P. J. & Sheppard, D. Alveolar fibroblast lineage orchestrates lung
inflammation and fibrosis. Nature 631, 627-634 (2024).

27. Rock, J.R. et al. Multiple stromal populations contribute to pulmonary fibrosis without
evidence for epithelial to mesenchymal transition. Proc. Natl Acad. Sci. USA 108,
E1475-E1483 (2011).

28. Hung, C. et al. Role of lung pericytes and resident fibroblasts in the pathogenesis of
pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 188, 820-830 (2013).

29. Baek, S. H. et al. Single cell transcriptomic analysis reveals organ specific pericyte
markers and identities. Front. Cardiovasc. Med. 9, 876591 (2022).

30. Kanisicak, O. et al. Genetic lineage tracing defines myofibroblast origin and function in
the injured heart. Nat. Commun. 7,12260 (2016).

31. Ogawa, T., Shichino, S., Ueha, S., Bando, K. & Matsushima, K. Profibrotic properties of C1q*
interstitial macrophages in silica-induced pulmonary fibrosis in mice. Biochem. Biophys.
Res. Commun. 599, 113-119 (2022).

32. Nguyen, H. C. B., Adlanmerini, M., Hauck, A. K. & Lazar, M. A. Dichotomous engagement
of HDAC3 activity governs inflammatory responses. Nature 584, 286-290 (2020).

33. Xie, Z. et al. Gene set knowledge discovery with Enrichr. Curr. Protoc. 1, €90 (2021).

34. Vierstra, J. et al. Global reference mapping of human transcription factor footprints.
Nature 583, 729-736 (2020).

35. Schep, A.N., Wu, B., Buenrostro, J. D. & Greenleaf, W. J. chromVAR: inferring transcription-
factor-associated accessibility from single-cell epigenomic data. Nat. Methods 14,
975-978 (2017).

Nature | www.nature.com | 9


https://doi.org/10.1038/s41586-024-08542-2

Article

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Geng, Y. et al. PEART regulates expansion of activated fibroblasts and deposition of
extracellular matrix in pulmonary fibrosis. Nat. Commun. 13, 7114 (2022).

Parimon, T. et al. Syndecan-1 promotes lung fibrosis by regulating epithelial reprogramming
through extracellular vesicles. JCI Insight 5, €129359 (2019).

Yang, W. et al. Single-cell transcriptomic analysis reveals a hepatic stellate cell-activation
roadmap and myofibroblast origin during liver fibrosis in mice. Hepatology 74, 2774-2790
(2021).

Misharin, A. V. et al. Monocyte-derived alveolar macrophages drive lung fibrosis and
persist in the lung over the life span. J. Exp. Med. 214, 2387-2404 (2017).

Leslie, J. et al. FPR-1is an important regulator of neutrophil recruitment and a tissue-
specific driver of pulmonary fibrosis. JCI Insight 5, €125937 (2020).

Adams, T. S. et al. Single-cell RNA-seq reveals ectopic and aberrant lung-resident cell
populations in idiopathic pulmonary fibrosis. Sci. Adv. 6, eaba1983 (2020).

McDonough, J. E. et al. Transcriptional regulatory model of fibrosis progression in the
human lung. JCI Insight 4, €131597 (2019).

Sivakumar, P. et al. RNA sequencing of transplant-stage idiopathic pulmonary fibrosis
lung reveals unique pathway regulation. ERJ Open Res. 5, 00117-02019 (2019).

Naik, P. K. et al. Periostin promotes fibrosis and predicts progression in patients with
idiopathic pulmonary fibrosis. Am. J. Physiol. Lung Cell. Mol. Physiol. 303, L1046-L1056
(2012).

Uchida, M. et al. Periostin, a matricellular protein, plays a role in the induction of
chemokines in pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 46, 677-686 (2012).

10 | Nature | www.nature.com

46. Seo, H.S. &Serra, R. Tgfbr2 is required for development of the skull vault. Dev. Biol. 334,
481-490 (2009).

47. Wu, M., Chen, G. & Li, Y. P. TGF-8 and BMP signaling in osteoblast, skeletal
development, and bone formation, homeostasis and disease. Bone Res. 4, 16009
(2016).

48. Raaz, U. et al. Transcription factor Runx2 promotes aortic fibrosis and stiffness in type 2
diabetes mellitus. Circ. Res. 117, 513-524 (2015).

49. Mummler, C. et al. Cell-specific expression of runt-related transcription factor 2
contributes to pulmonary fibrosis. FASEB J. 32, 703-716 (2018).

50. Wohlfahrt, T. et al. PU.1 controls fibroblast polarization and tissue fibrosis. Nature 566,
344-349 (2019).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author self-
archiving of the accepted manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2025



Methods

Human lung tissue collection

Lung tissue samples from healthy donors and from patients with
end-stage IPF undergoing transplantation were obtained from the
Department of Pathology at Columbia University Medical Center
under a protocol approved by the Columbia University Institutional
Review Board (AAAS4094) and from Cedars Sinai Medical Center
(Pro00032727). Informed consent was obtained from each donor or
authorized representatives. All experiments using human lung tissue
were performedinaccordance withthe approved protocol mentioned
above.

Mice

Lepre™ (ref. 51), CollaI*®" (ref. 52) and Runx2"* (ref. 53) mouse
strains have been previously described. The Scube2“**"? mouse
strain was shared by D. Sheppard. Lepr*®*™? and Higd1b“***""? mouse
strains were generated in the Que Laboratory (see below for details).
Postn-MerCreMer (029645), Rosa26-tdtomato (007914), Rosa26-DTA
(009669) and ACTB-Flpe (005703) mice were purchased from The Jack-
son Laboratory. Allmice usedin the experiments were between the ages
of 8and 12 weeks and maintained on a C57BL/6 background (both male
and female). Mice were housed with a12-hlight-dark cycle at18-23 °C
and 40-60% humidity in the animal facility at Columbia University
Medical Center. Toinduce Cre recombinase activity in the Higd1b**™
mouse strain, mice were intraperitoneally injected with 200 mg kg™
body weight tamoxifen (Sigma, T5648) dissolved in sunflower oil.
Lepr™®7? and Scube2**™? mice were fed with tamoxifen-containing
chow (0.5 gkg™, Inotiv, TD.130857) for 2 weeks to induce Cre recom-
binase activity followed by at least a 2-week washout time before expo-
suretobleomycin orsilica. Sample sizes were empirically determined
based onexperience or previous published relevant studies. No blind-
ing method was applied. Sex-matched and age-matched mice were
randomly assigned to experiments. All mouse experiments and care
were conducted in accordance with the procedures approved by the
Institutional Animal Care and Use Committee at Columbia University
(AABM6565).

Genel‘ation ofLeprlRES-creERTZ-PZA-EGFP and HigdlbcreERTZ-PZA-EGFP mouse
strains

To generate the Lep mouse strain, a targeting con-
struct containing an internal ribosome entry site (IRES), a cDNA
encoding tamoxifen-inducible Cre recombinase (CreERT2), a P2A
self-cleaving peptide sequence and EGFP followed by a FRT-flanked
neomycin-resistance cassette was generated and electroporated into
KV1(129-C57BL/6 hybrid) embryonic stem cells. The targeting vector
wasinserted immediately before the 5’ end of the stop codoninthe last
exon of the Lepr gene by homologous recombination. Following G418
selection, the targeted embryonic stem cell clones were validated by
PCR analysis and injected into C57BL/6N blastocysts to generate chi-
meras. The chimeras were crossed with ACTB-Flpe mice to identify ger-
mline transmission of the targeted allele and to remove the neomycin
cassette. A similar strategy was used to generate the Higd1b <R F2A£cFP
knock-inmouse strain, but the targeting vector was inserted toreplace
the start codoninexon 2 of the HigdIblocus. The targeting construct
for Higd1bfR P24 £GP contains a cDNA encoding tamoxifen-inducible
Crerecombinase (CreERT2), a P2A self-cleaving peptide sequence and
EGFP followed by a FRT-flanked neomycin-resistance cassette.

rIRE S-creERT2-P2A-EGFP

Lunginjury mouse models

C57BL/6 mice (8 weeks old) mice were used for lung injury models.
Intratracheal administration of bleomycin or silica was performed as
previously described**. In brief, mice were anaesthetized and 1.75
unit kg™ bleomycin (Fresenius Kabi, USP) or 200 mg kg silica sus-
pension in PBS was delivered through intratracheal injection with a

30-gauge needle. Lung tissue samples were collected at the indicated
time points.

Tissue preparation and histology

Mice were euthanized withisoflurane and lungs were inflated and fixed
with 4% paraformaldehyde overnight. Lung tissue samples were dehy-
drated and processed as previously described®**. Sections (7 pm) were
cut and collected for further histology staining and immunostaining.
H&E staining was performed as previously described®**. Picro-Sirius
Red staining was performed according to the instructions of acom-
mercial kit (VitroVivo Biotech, VB-3017). A Leica Aperio AT2 microscope
slide scanner was used to obtain whole section images.

Hydroxyproline assay

The hydroxyproline contentin lung tissue was measured usingacom-
mercial hydroxyproline assay kit (Cell Biolabs, STA-675) as previously
described®. In brief, the lung tissue samples were homogenized in
distilled water, and the samples were mixed with 12 N hydrochloricacid
and incubated for 24 h at 95 °C to hydrolyse the homogenized tissue.
Following clarification, the hydrolysed samples were filtered through
a0.45 pum syringe filter into tubes and dried in an oven to remove the
residual hydrochloricacid. Afterincubation with chloramine T mixture
for 30 min at room temperature, the samples were incubated with
Ehrlich’s reagent for 45 min at 60 °C. Following incubation at 4 °C for
5 min, the samples were centrifuged at 6,000g for 15 min at room tem-
perature. The supernatants were transferred to microplate wells and the
absorbance was measured on a microplate reader using 540-560 nm
asthe primary wavelength.

Immunofluorescence staining

Immunostaining was performed as previously described®***. Inbrief,
paraffin sections were dewaxed and rehydrated through gradient etha-
nol. Antigen retrieval was performed with high-pressure heatingin a
commercial antigen unmasking solution (Vector Laboratory, H-3300)
for2 min. The sections were washed in PBS, permeabilized and blocked
withblockingbuffer (0.2% Triton X-100 and 5% normal donkey serumin
PBS) for1hatroomtemperature. The sections were incubated with the
following primary antibodies: anti-aSMA (Santa Cruz, sc-32251,1:200);
anti-tdTomato (Biorbyt, orb182397,1:1,000); anti-RFP (Rockland, 600-
401-379, 1:500); anti-collagen I (SouthernBiotech, 1310-01, 1:200);
anti-PI16 (R&D systems, AF4929, 5 ug ml™); anti-CTHRC1 (MaineHealth
Institute for Research, VIi55, 1:250); anti-POSTN (Abcam, ab215199,
1:200); anti-ERG (Abcam, ab92513, 1:200); anti-endomucin (Santa
Cruz, sc-65495,1:200); anti-RUNX2 (Cell Signaling Technology, 12556S,
1:200); anti-Ki67 (Cell Signaling Technology, 91295, 1:200); anti-NG2
(Millipore Sigma, AB5320, 1:200); and anti-ProSPC (Abcam, ab211326,
1:500). Antibodies were diluted in blocking buffer and incubated at
4 °C overnight. Following extensive washing with PBS three times,
the sections were incubated with fluorophore-conjugated secondary
antibodies for 2 hatroom temperature. DAPIwas used to counterstain
the nuclei. After washing with PBS, the sections were mounted using
Fluoromount-G (SouthernBiotech, 0100-20). A Zeiss LSM T-PMT con-
focal laser-scanning microscope was used for obtaining the images.

RNA insitu hybridization

RNA in situ hybridization was performed using a RNAscope multi-
plex fluorescent detection kit v.2 (Advanced Cell Diagnostics, 323100)
as previously described®®. In brief, pre-baked paraffin sections were
dewaxed and rehydrated, then treated with hydrogen peroxide solu-
tion for 10 min at room temperature. After target retrieval for 15 min
in 95-105 °C solution, the sections were incubated with protease
for 30 min at 40 °C. Mm-Scube2 probes (Advanced Cell Diagnostics,
488141) were hybridized for 2 hat 40 °C, followed by signal amplifica-
tion steps. Fluorophore (Akoya Biosciences, FP1487001KT) was incu-
bated for 30 min at 40 °C. The sections were incubated with DAPI for
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counterstaining and then mounted using Fluoromount-G solution.
A Zeiss LSM T-PMT confocal laser-scanning microscope was used for
obtaining the images.

Single-cellisolation and flow cytometry analysis

To obtain single-cell suspensions, lung tissue samples were dissected,
washed with PBS and minced with arazor blade followed by digestion
inadigestionbuffer (2 mg ml™ collagenase IV,2 mg ml™ dispase lland
10 U ml™ DNase I) for 30 min at 37 °C. DMEM containing 10% FBS was
added to stop digestion, and the cells were filtered through 100 pm
and 40 pm strainers. After centrifugation at 300g for 5 min, the cell
pellet was resuspended in red blood cell lysis buffer (Sigma), incu-
bated for 2 min at 37 °C, followed by washing with HBSS containing
10% FBS and centrifuged at 300g for 5 min. Flow cytometry analysis
was performed as previously described®**. In brief, cells were incu-
bated with PE-Cy7-CD45 (BioLegend, 103114, 1:100), APC-EpCAM (Bio-
Legend, 118214, 1:100) and BV711-CD31 (BioLegend, 102449, 1:100)
antibodies in FACS buffer (5% FBS with 0.5 mM EDTA in PBS) for 1 h at
4°C, and then incubated with Live/Dead stain dye for 10 min at room
temperature to exclude dead cells. After washing with FACS buffer,
the cells were fixed and permeabilized using Fixation/Permeabiliza-
tion buffer and then incubated with Alexa Fluor 488-«SMA antibody
(eBioscience, 53-9760-82,1:100) at 4 °C for 1 h. BD LSRII and FlowJo
(v.10) software were used for obtaining data and analyses, respectively.
Live CD45 EpCAM CD31 mesenchymal cells were gated for further
analysis. For scRNA-seq, single-cell suspensions were applied to sort
live tdT* cells from Lepr®:R26'" mice or live tdT*CD45 EpCAM CD31
mesenchymal cells from Leprt*2;:R26'“" mice using a BD Influx cell
sorter. For the analysis of bone marrow monocytes and neutrophils,
the single-cell suspensions were obtained from femur bone marrow
as previously described***°. Bone marrow cells were incubated with
eFluor450-CD45 (eBioscience, 48-0451,1:100), Alexa Fluor 700-Ly6G
(BioLegend, 127622,1:100), Alexa Fluor 488-Ly6C (BioLegend, 128022,
1:100) and PE-Cy7-CD11b (eBioscience, 25-0112,1:100) antibodies in
FACS buffer for 1 h at 4 °C. The flow cytometry data were collected
on aBD LSRII and analysed using FlowJo (v.10) software. CD45Ly6G~
CD11b*Ly6C" monocytes and CD45'Ly6G"CD11b*Ly6C" neutrophils
were gated for analysis.

scRNA-seq analysis

Sorted tdT* cells were loaded onto a Chromium Controller instrument
(10x Genomics) at the Single Cell Analysis Core of Genome Center at
Columbia University. 10x Single Cell 3’ V2 and V3 chemistry kits were
used to produce single-cell barcoded droplets and to prepare librar-
ies. An Illumina NovaSeq 6000 instrument was used to sequence the
resulting libraries and to obtain the fastq files. Reads were aligned to
a custom reference containing the mouse genome GRCm38/mm10
with the tdTomato-WPRE-polyA sequence, and the unique molecu-
lar identifier (UMI) counts were obtained using Cell Ranger (v.3.1.0
and v.7.1.0) software. We re-analysed publicly available scRNA-seq
data of developing mouse lung” (GEO accession numbers GSE160876
and GSE165063), normal adult mouse lungs®'®'* (GEO accession num-
bers GSE132771, GSE201698 and GSE211713), bleomycin-challenged
mouse lungs®®***” (GEO accession numbers GSE131800, GSE132771,
GSE183545 and GSE201698), silica-exposed mouse lungs™ (GEO acces-
sion number GSE184854), CCl,-treated mouse liver® (GEO accession
number GSE171904) and human patients with IPF* (GEO accession
number GSE136831) and publicly available bulk RNA-seq data of
human patients with IPF**** (GEO accession numbers GSE124685 and
GSE134692). The R package Seurat (v.4.4.0)*"* was used for further
analysis by importing the raw count matrices. Low-quality cells were
excluded as determined by the number of gene transcripts, UMI counts
and the percentage of mitochondrial transcripts. UMI count normaliza-
tionand variable feature identification were performed using the Seu-
rat NormalizeData and FindVariableFeatures functions, respectively.

Two sample objects were integrated by identifying integration anchors
using Seurat FindIntegrationAnchors and IntegrateData. Seurat
merge and RunFastMNN functions were used to integrate multiple
Seurat objects with batch correction. ScaleData, principal component
analysis and nonlinear dimensional reduction UMAP were applied to
perform dimensional reduction. Cell clusters were identified using
Seurat FindNeighbors and FindClusters functions. The Seurat Find-
AllMarkers function was used with the default parameters to identify
the differentially expressed genes for each cluster. Cell clusters were
manually annotated according to the marker genes in each cluster.
Fibroblast clusters were selected for re-clustering, and four specific
clusters (alveolar fibroblasts, adventitial fibroblasts, pathological
fibroblasts and proliferating fibroblasts) were identified on the basis
of the reported marker genes. To obtain the module scores for fea-
ture expression, the average expression levels of gene signaturesona
single-cell level were calculated using the AddModuleScore function.
The differentially expressed genes between “alveolar fibroblast’ and
‘pathological fibroblast’ were identified using the Seurat FindMarkers
function. R packages Monocle2 (ref. 63) and Monocle3 (ref. 64) were
used to perform pseudotime analysis, specifying ‘alveolar fibroblast’
as roots of the pseudotime. The Enrichr program®%>® was used to
predict transcription factors and signalling pathways by importing
the enriched genes in ‘pathological fibroblast’.

SCATAC-seq analysis

For scATAC-seq, 8-week-old C57BL/6 wild-type mice wereintratrache-
ally administered with 1 unit kg™ bleomycin or saline after anaesthesia
with ketamine (100 mg kg™) and xylazine (10 mg kg™). At day 14, the
lungs were perfused with 12 ml cold DPBS (Life Technology) and then
inflated with dissociation buffer (PRMI1640 (Thermo Scientific) with
10% FBS, 1 mM HEPES (Life Technology), 1 mM MgCl, (Life Technol-
ogy),1mM CacCl, (Sigma-Aldrich), 0.525 mg ml collagenase D (Roche),
5 unit mI* dispase (Stemcell Technologies) and 0.05 mg ml ' DNase |
(Roche)). Minced lung was placed in dissociation buffer for 30 min at
37°C, and cell solution was filtered through 70 pm and 40 pm strain-
ers. Ammonium-chloride-potassium lysis was used to remove blood
cells, and cell pellets were resuspended in FACS buffer. Antibodies used
for flow cytometry included BV510-CD45 (BioLegend, 103138, 1:100),
PE-Epcam (BioLegend, 118206, 1:100), PE-CD31 (BioLegend, 102408,
1:100) and APC-PDGFRa (BioLegend, 135908, 1:100). DAPI was used to
label dead cells. Atotal 0f 18,000 cells from each group was subjected
to scATAC-seq following the standard protocol by the Center for Epig-
enomics at the University of California, San Diego. Sample preparation
and library construction were performed as previously described®’.
For dataanalysis, read alignment (mouse genome mm10) and cell bar-
code demultiplexing were conducted using 10x Genomics Cell Ranger
ATAC (v.2.1.0) with default settings. Quality control, transcriptional
startsite enrichment, data normalization, dimensional reduction and
UMAP-based cell clustering were performed using Signac®®. Analysis of
differentially accessible peaks was performed using FindAlIMarkers.
ChromVAR* was used to analyse differential transcription factor bind-
ing motif activities between groups of cells. The expression features
of marker genes and the projection of motif enrichment scores were
profiled and visualized using the R package ggplot2 (v.3.5.1).

Cell migration assay

Around 5 x10*sorted tdT*EGFP* and tdT EGFP* lung fibroblasts without
mycoplasma contamination cultured in DMEM supplemented with10%
FBS were added into the top chamber of a BioCoat Control cell insert.
Totrigger cellmigration, 10 ng mI” PDGF-BB was added to the bottom
chamber. Afterincubation for 24 hat 37 °C with 5% CO,, the cells were
fixed with 4% paraformaldehyde for 30 min at room temperature. The
cellsonthe upper side of the insert membrane were removed by scrub-
bing with a cotton swab. DAPI was used for counterstaining. Images
were obtained using an EVOS M5000 system.
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RNA extraction and RT-qPCR

Total RNA extraction was performed according to the instructions
of acommercial RNA extraction kit (Qiagen, 74134). A SuperScript
Il First-Strand SuperMix kit (ThermoFisher, 18080400) was used to
synthesize the first-strand cDNA from RNA. To quantify cDNA, iTaq
Universal SYBR Green Supermix (Bio-Rad, 1725122) was used accord-
ing to the manufacturer’s instructions for a QuantStudio 5 Real-Time
PCR system. At least three technical and biological replicates were
performed. The primer sequences used in this study are listed in Sup-
plementary Table 4.

siRNA-mediated knockdown of RUNX2 in human normal lung
fibroblasts treated with TGFf1and in human IPF fibroblasts
Human normal and IPF lung fibroblast isolation and culture were per-
formedas previously described®. Theisolated humanlung fibroblasts
were tested to be negative for mycoplasma contamination. Human
normallungfibroblasts were transfected with RUNX2 siRNA (Santa Cruz,
sc-37145) or anon-targeting control siRNA (Santa Cruz, sc-37007) using
Lipofectamine RNAiIMAX Reagent (ThermoFisher,13778) according to
the manufacturer’sinstructions while being treated with 5 ng mI TGF31
for 48 h. In brief, Lipofectamine RNAiIMAX Reagent and siRNA were
dilutedin Opti-MEM medium. Diluted siRNA was added to Lipofectamine
RNAiIMAX Reagentatal:1ratiobefore applyingtothe cells. The cells were
incubated at 37 °C with 5% CO,. Human IPF lung fibroblasts were also
transfected with RUNX2 siRNA or a negative control siRNA. Cells were
incubated in the mixture for 48 hand collected for further analysis. The
oligonucleotide sequences of siRNA are listed in Supplementary Table 5.

Quantification and statistical analysis

Whole-slide digital images of lung lobes were used to quantify the
fibrotic area of pulmonary fibrosis. For quantification of tdT" cells,
EGFP’ cells, xSMA" cells, CTHRC1" cells and RUNX2" cells, at least 10
random fields (x20 magnification or1 mm?) were captured, and Image)
(v.1.51) software was used to count the positive cells or to measure the
area of aSMA" cells as previously described”. Each group included at
least three replicates for all experiments. All dataare presented as the
mean + s.e.m. using GraphPad Prism 8. Unpaired two-tailed t-test with
Welch'’s correction and two-sided Wilcoxon rank-sum test were used to
determine statistical significance. For multiple comparisons, two-way
analysis of variance was used with Sidak’s correction. P < 0.05 or less
was considered significant.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The scRNA-seq and scATAC-seq data generated in this study have been
deposited into the GEO (accession numbers GSE229523, GSE276546
and GSE278419). The publicly available scRNA-seq data for mouse lung
development (accession numbers GSE160876 and GSE165063), normal
adult mouse lungs (accession numbers GSE132771, GSE201698 and
GSE211713), bleomycin-challenged mouse lungs (accession numbers
GSE131800, GSE132771, GSE183545 and GSE201698), silica-exposed
mouse lungs (accession GSE184854), CCl,-treated mouse liver (acces-
sion number GSE171904), human patients with IPF (accession num-
ber GSE136831) and bulk RNA-seq data for human patients with IPF
(accession numbers GSE124685 and GSE134692) were used for analy-
ses. Source data are provided with this paper.

Code availability

The codes used in this study for scRNA-seq and scATAC-seq analyses
are available from the corresponding authorsuponrequest. No custom
code was generated.
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|Lepr' mesenchymal cellsin the developing and adult
mouse lung. a-b, UMAP plot showing the different cell populations (a) in the
lungs collected at E18.5, PO, P3, P7 and P14 (b). Re-analysis of the datasets
GSE160876 and GSE165063. ¢, UMAP plot showing expression of Leprinthe
developinglungs.d, UMAP plot showing the integration of lung mesenchymal
cellsatE18.5, PO, P3,P7 and P14. e, Dot plot showing the representative markers
foreach mesenchymal cell population. f, tdTomato (tdT) expressioninthe lungs
of Lepr-Cre;R26tdT mice at different postnatal stages. P: Postnatal. g, tdT and
o-SMA expressioninthe lungs of Lepr-Cre;R26tdT mice at different postnatal
stages. The arrows indicate rare tdT" smooth muscle cells. aw: airway, bv: blood
vessel.h, Schematic depicting the generation of Lepr-CreERT2 mouse strain.
i-j, Schematic diagram for tamoxifeninjectionand the representative
immunostainingimage of tdT in the lungs of Lepr-CreERT2;R26tdT mice at P14 (i)

and P20 (j).k, Schematic depicting the use of tamoxifen-containing chow to
feed Lepr-CreERT2;R26tdT mice and representative immunostainingimages
of surfactant protein C (SPC) and tdT in lung tissues. I, UMAP plot showing
different mesenchymal populations from the adult control lungs thatintegrate
the datasets GSE132771, GSE201698 and GSE211713. m, Dot plot showing the
representative markers for each mesenchymal population. n-o, UMAP plot
showing expression level of Lepr (n) and Scube2 (o). p, Blended feature plots
showing co-expression of Leprand Scube2. q, Representative images of tdT
immunostaining and Scube2 RNAin situ hybridization. r-s, Quantification
analysis showing the percentage of Scube2* tdT cellsin total tdT" cells (r,n=5)
andinScube2" alveolar fibroblasts (s, n =5). Dataare representative of at least
threeindependent experiments. Data are mean + SEM. Scale bars:100 pm

(20 pmin magnified views).
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Extended DataFig.2|See next page for caption.
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Extended DataFig.2|Lepr-Crelabeled cells contribute to pathological
fibroblasts. a, Representativeimages of migrated tdT'"EGFP* and tdTEGFP*
lung mesenchymal cells triggered by PDGF-BB. b, Quantification of the migrated
cells (DAPI)ina (tdT'EGFP*:n =3, tdTEGFP*: n = 3). ¢, Relative expression

of matrixgenes intdT'"EGFP*and tdTEGFP' lung mesenchyme (RT-qPCR)
(tdT'EGFP*:n=3,tdTEGFP":n=3).d, Expression of Acta2, Collal and Ccn2in
tdT'EGFP* and tdTEGFP* lung mesenchymal cells treated with/without TGF-f1
(RT-qPCR) (n=3foreachgroup).e, tdT and EGFP expressionin the lungs of
Lepr-Cre;R26tdT;Collal-EGFP mice challenged with saline or bleomycin.

f, Quantification of tdT" cells (Saline: n = 6, Bleomycin: n = 6). g-h, Quantification
of the proportion of a-SMA'tdT" cellsamong a-SMA* cells (g) and among

tdT" cells (h) (Saline: n = 6, Bleomycin: n = 6). i, Gating strategy to identify
a-SMA"tdT cellsin live mesenchymal cells. j, FACS analysis of tdT" and a-SMA*
cellsisolated from the lung of Lepr-Cre;R26tdT mice treated with saline or

bleomycin. k, Flow cytometric quantification for the percentage of a-SMA" tdT*
cellsinthelungs of Lepr-Cre;R26tdT mice treated with saline or bleomycin
(Saline:n=3, Bleomycin: n=4).1, Experimental schematic and representative
H&Eimages.m, a-SMA* tdT" cellsin the lungs of Lepr-Cre;R26tdT mice exposed
tosalineorsilica. n, Quantification of a-SMA* tdT" cells (Saline: n = 6, Silica:
n=6).0,Experimental schematic and representative H&E images. p, a-SMA and
tdT expressioninlung tissues. q, Quantification of x-SMA" tdT" cellsinthe
lungs of Lepr-CreERT2;R26tdT mice following silica exposure (Saline:n=6,
Silica: n = 6). Dataare representative of at least three independent experiments.
Dataare mean + SEM. Statistical analysis was performed using unpaired two-
tailed t-test with Welch’s correction (b, ¢, f, g, h, k, n, q) and two-way analysis of
variance with multiple comparisons test with Sidak’s correction (d). Scale bars:
1,0:200 pum, a,e, m, p:100 pm (e, m, p: 20 pmin magnified views).
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Extended DataFig. 3 |scRNA-seqreveals the contribution of Lepr-Cre
labeled alveolar fibroblasts to pathological fibroblasts. a, Schematic
diagram for scRNA-seq experimental design. b, UMAP plot showing the
transcriptlevels of tdTomato. c, UMAP plot showing different cell populations.
d, Red dots showingthe cells from saline-treated lungs and blue dots showing
the cells from bleomycin-treated lungs. e, Dot plot showing the representative
markers for each population. f, UMAP plot showing four different fibroblast

populations. g, Red and blue dots showing the cells from saline- and bleomycin-

treated lungs, respectively. h, Dot plot showing the representative markers for
eachfibroblast population.i, Frequency of each fibroblast populationinsaline
and bleomycin-treated lungs. j, UMAP plot showing the score of alveolar
fibroblast signature. k-1, UMAP plot showing the expression level of the
alveolar fibroblast markers Npnt (k) and Scube2 (1). m, UMAP plot showing the

adventitial fibroblast signature score.n, UMAP plot showing the expression
level of the adventitial fibroblast marker Pi16. 0, Representative immunostaining
image of Pil6 and tdT in the adventitial cuffs. aw: airway. p, UMAP plot showing
the pathological fibroblast signature score. q, UMAP plot showing the
expression level of the pathological fibroblast marker Cthrcl. r, Representative
immunostainingimage of Postn and tdT in the lungs of Lepr-Cre;R26tdT mice
treated with bleomycin. s, UMAP plot showing pseudotime analysis with
Monocle3. t-u, Trajectory analysis with Monocle2 showing cells ordered by
pseudotime (t) and cell type (u). v, UMAP plot showing the expression of Leprin
the mesenchymal cells of the lungsisolated from Lepr-Cre;R26tdT mice challenged
withsaline or bleomycin. Dataare representative of at least three independent
experiments. Scalebars:0and r:100 pm (0: 20 umin magnified views).
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Extended DataFig.4|scRNA-seqanalysisreveals the heterogeneouslung
fibroblastslabeled by Lepr-CreERT2. a, Gating strategy tosort tdT' lung
mesenchymal cells (CD45EpCAM CD31) from the lungs of Lepr-CreERT2;R26tdT
mice treated with bleomycin or saline for scRNA-seq. b, tdTomato transcript
levels are shown by UMAP plot. c, UMAP plot showing multiple Lepr-CreERT2
labeled cell populations. d, Red and blue dots showing the cells from saline- and
bleomycin-treated lungs, respectively. e, Dot plot showing the representative
markers for each population. f, Violin plot showing the significantly increased
fibrosis-associated genes upon bleomycin challenge. g, 3D UMAP plot showing
four different Lepr-CreERT21abeled fibroblast populations. h-i, UMAP plot
showing the expression level of the alveolar fibroblast markers Npnt (h) and

Inmt (i).j, UMAP plot showing the adventitial fibroblast signature score.

k-1, UMAP plot showing the expression level of the adventitial fibroblast
markers Dcn (k) and Pi16 (I). m, Schematic depicting for the use of tamoxifen
(Tmx)-containing chow to feed Lepr-CreERT2;R26tdT mice and representative
immunostainingimage of Pil6 and tdT in the adventitial cuffs. aw: airway. bv:
blood vessel. n, Schematic depicting for the use of Tmx-containing chow and
bleomycin challenge of Lepr-CreERT2;R26tdT mice, and representative images
of Postn"tdT" pathological fibroblastsin lung tissues. Dataare representative
ofatleastthreeindependent experiments. Statistical analysis was performed
using two-sided Wilcoxon Rank Sum test (f). Scale bars:mand n: 100 pm

(20 pmin magnified views).
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Extended DataFig. 5|See next page for caption.
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Extended DataFig.5|Lepr-CreERT21abeled alveolar fibroblasts generate
pathological fibroblasts. a, The cell distribution of Lepr-CreERT2labeled
fibroblast clusters along with the color-coded pseudotime (upper panel).
Heatmap showing dynamic gene expressionin fibroblast clusters (lower
panel). Representative genes (left) and enriched pathways (right) in alveolar
fibroblasts and pathological fibroblasts are shown, respectively.b, The
expression levels of the alveolar fibroblast makers Scube2, Npnt, Inmt and the

pathological fibroblast markers Cthrcl, Postn along pseudotime analysis.

c-d, Thetopten GO terms (c) and KEGG pathways (d) associated withgenes
enrichedin pathological fibroblasts. e, UMAP plot showing the enrichment of
Tgfp1transcriptin pathological fibroblasts. f, UMAP plot showing the expression
of Leprtranscriptinlung mesenchymal cells of Lepr-CreERT2;R26tdT mice
challenged with saline or bleomycin.
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Extended DataFig. 6 | Anovel Higd1b-CreERT2 mouse strain specifically
labels pericytes whichrarely contribute to pathological fibroblasts during
lung fibrosis. a, UMAP plot showing different mesenchymal populations from
the adult control lungs thatintegrate the datasets GSE132771, GSE201698 and
GSE211713.b-c, UMAP plot showing the expression levels of Higd1b (b) and
Cox4i2(c)inpericytes. Of note, 88% pericytes expressed Higd1b.d, Schematic
depicting the generation of Higd1b-CreERT2 mouse strain. e, Schematic
diagram for Tmx injection of adult Higd1b-CreERT2;R26-tdT mice and
representative images showingimmunostaining of pericyte marker NG2 and
tdT. f, Schematic diagram for Tmx injection and bleomycin challenge of adult

Higd1b-CreERT2;R26-tdT mice and representative images showing
immunostaining of a-SMA, ERG and tdT. g, Representative images of two
examples showing immunostaining of Cthrcland tdTin the lungs of Higd1b-
CreERT2;R26-tdT mice challenged with bleomycin. h, Quantification analysis
showing the rare contribution of pericytes to Cthrcl pathological fibroblasts
inthelungs of Higd1b-CreERT2;R26-tdT mice (n = 6). Data arerepresentative of
atleast threeindependentexperiments. Dataare mean + SEM. i-j, Representative
images showing immunostaining of tdT, Collagen (i) and Ki67 (j) in the lungs
of Higd1b-CreERT2;R26-tdT mice challenged with bleomycin. Scale bars:100 pm
(20 pmin magnified views).
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Extended DataFig.7 | Postn* pathological fibroblasts are identified in
silica-challenged lungs. a, UMAP plot showing four different lung fibroblast
populationsinsilica-treated lungs. The results were generated by re-analysis of
the dataset GSE184854. b, Dot plot showing the representative markers for
eachfibroblast population. c-d, Postn expression shown by UMAP plot (c) and
ViolinPlot (d). e, Schematic diagram for Tmx injection and silica exposure of
Postn-CreER;R26tdT mice and representative images showing immunostaining

of a-SMA and tdT in lung tissues. f, Quantification analysis showing increased
tdT cellsuponsilicaexposure (Saline: n = 6, Silica: n = 6). g, Representative
images showingimmunostaining of a-SMA, ERG and Endomucinin lung tissues.
Dataarerepresentative of at least three independent experiments. Dataare
mean + SEM. Statistical analysis was performed using unpaired two-tailed ¢-test
with Welch’s correction. Scale bars: 100 um (20 pmin magnified views).


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184854

Article

b Runx2 d
P < 0.0001 c "
—_— Saline
- Runx2 Bleomycin Harvest
. 3 AN A
3 g2 (Pays) o 14
c g 2y e
o @ 1
21 3] o - CD45CD31-EpCAM
“;; £o ik Single cell ATAC-seq
u Alveolar  Pathological Adventitial Proliferating -
o] Fibroblasts Fibroblasts Fibroblasts Fibroblasts
Saline Bleomycin
Alveolar
e f ® Saline ® Bleomycin Pathological Fibroblast
10+ Mesothelium Alveolar Fibroblast  Fibroblast ]
- - 10 2 . "i — - o Pathological
. ntitial @% - %% me%d Fibroblast
s smo P 54 — MR o Adventitial
muscle N Fibroblast
N . . o . — ° Peribronchial
& 07 t < 01 Fibroblast
=
=] > ® Smooth muscle
-5 57 | | | ® Pericyte
. | ® Mesothelium
-104
-104 L Z-score
T 0.100
T T T T -10 i
-10 - 0 3 I0.075
UMAP_1 4 0.050
0.025
0.000
h ! ® Saline @ Bleomycin )
104 Average Expression Percent Expressed
10 ] . o @
0o 1 2 25 50 75
Mesothelium{e e« - 6@« - c oo v o v v v v v e un . .
Z| 01 2|0 <« Pericyte{« o -« @ - csem . .o cessos .
< <
% % ‘ Smooth muscle{« e« - @ « ccone ecee e-000 .
Peribronchial fibroblast{« - « - - @ 0o @ eceoece P
-104 -10 .
e Pathological fibroblast{s e e c 00 - c 0@ ceccc0 000 -0 .
Pericyte - Adventitial fibroblast{e « « e « R R .. .
R - -10 -5 0 5 10
10 5 U?\AAP 15 10 UMAP_1 Alveolar fibroblast o . c @ e @ e c-00e e e
B N S A S Y R N S AT A
SRR ERGNGE®
k Runx2 I Runx2
4
o m
33 « 187 P =0.048934
- x
2 2151 .
& 5
£1 c 1.2
i 2 =0
w 0 — 1 % 0.9 P
& & & S ¢ 3
& & & F S S 061
& ¢ & & & < & g
N > > & ey & Z 0.3
& & ¢ & s 3
& & NS &
A ® 0.0 - ,
<Q Q@ Saline Bleomycin
P Cthrc1
© Control ® CCl4 5.0
25
N <
o .
< 0
=
=)
-2.51

0
UMAP_1

Extended DataFig. 8 |See next page for caption.

0 5
UMAP_1

10




Extended DataFig. 8| The TF-binding motifenrichmentidentified by
scATAC-seq.a, UMAP plot showing the expression of Runx2transcriptsinlung
mesenchymal cells from Lepr-Cre;R26tdT mice challenged with saline or
bleomycin.b, Violin plot showing the increased expression of Runx2in the
lungs of Lepr-CreERT2;R26tdT mice challenged with bleomycin. ¢, Violin plot
showing the enrichment of Runx2in pathological fibroblasts and proliferating
fibroblasts of bleomycin-treated Lepr-CreERT2;R26tdTmouse lungs.d, Schematic
depicting the experimental design for scATAC-seq. e, UMAP plot of scATAC-seq
showing various lung mesenchymal populations. f, Blue and red dots showing
the cells fromsaline-and bleomycin-treated lungs, respectively. g, Heatmap
showing the representative markers for each lung mesenchymal population.
h-i, UMAP plot showing various lung mesenchymal populations (h) from
bleomycin-treated (blue dots) and control (red dots) lungs (i) thatintegrate

the published scRNA-seq datasets GSE131800, GSE132771, GSE183545 and
GSE201698.j, Dot plot showing the representative markers for each fibroblast
population. k-1, UMAP plot (k) and Violin Plot (I) showing the enrichment of
Runx2transcriptsin pathological fibroblasts. m, RT-qPCR analysis of Runx2
transcriptsin FACs-sorted tdT" cellsisolated from the lungs of Lepr-Cre;R26tdT
mice treated with bleomycinor saline (Saline: n =3, Bleomycin: n = 3). n-o, UMAP
plotshowing the quiescent and active hepatic stellate cells (n) of control (red
dots) and CCl,-treated (blue dots) mice (0). The dataset GSE171904 was used for
re-analysis. HSC: Hepatic stellate cell. p-q. UMAP plot showing the expression
of Cthrcl (p) and Runx2(q) in hepatic stellate cells. Data are representative of at
least threeindependent experiments. Data are mean + SEM. Statistical analysis
was performed using two-sided Wilcoxon Rank Sum test (b) and unpaired two-
tailed t-test with Welch’s correction (m).
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Extended DataFig.9|Conditional deletion of Runx2attenuates bleomycin-
induced lungfibrosis. a,b, FACS analysis to quantify bone marrow monocytes
among CD45" cells (Lepr-Cre;Runx2"*:n=3, Lepr-Cre;Runx2”:n =3).c,d, FACS
analysis to quantify bone marrow neutrophils among CD45" cells (Lepr-Cre;
Runx2”":n=3, Lepr-Cre;Runx2”:n=3). e, Representative H&E staining images
ofuntreated lungs from Lepr-Cre;Runx2"* and Lepr-Cre;Runx2” mice.

f, Experimental schematic and representative H&E stainingimages of the lungs
from Lepr-Cre;Runx2”* and Lepr-Cre;Runx2” mice after bleomycin challenge.

g, Quantification of fibrotic areas in the lungs of Lepr-Cre;Runx2”* (n=9) and
Lepr-Cre;Runx2” mice (n = 9). h, Hydroxyproline content in the lungs of
Lepr-Cre;Runx2** (n=7) and Lepr-Cre;Runx2 mice (n = 7) treated with bleomycin.
i,a-SMA and SPC expressionin the lungs of Lepr-Cre;Runx2"* and Lepr-Cre;Runx2”
mice after bleomycin challenge. j, Quantification of a-SMA" cellsin the lungs of
Lepr-Cre;Runx2”* (n=6) and Lepr-Cre;Runx2” mice (n = 6).k, Experimental
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schematic and representative Picro-Sirius Red staining images. I, a-SMA

and tdT expressioninthe lungs of Lepr-CreERT2;Runx2"*;R26tdT and
Lepr-CreERT2;Runx2”;R26tdT mice. m, Quantification of a-SMA* cellsin the
lungs of Lepr-CreERT2;Runx2"*;R26tdT (n = 6) and Lepr-CreERT2;Runx2":R26tdT
mice (n=6).n, Experimental schematic and representative Picro-Sirius Red
stainingimages. 0, a-SMA and tdT expression inthe lungs of Scube2-CreERT2;
Runx2"";R26tdT and Scube2-CreERT2;Runx2";R26tdT mice. p, Quantification
of a-SMA" cellsin the lungs of Scube2-CreERT2;Runx2"";R26tdT (n = 6) and
Scube2-CreERT2;Runx2”:R26tdT mice (n = 6). Data are representative of at least
threeindependent experiments. Data are mean + SEM. Statistical analysis was
performed using unpaired two-tailed t-test with Welch’s correction. Scale bars:
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Extended DataFig.10 | Increased expression of RUNX2in IPF lungs.

a, Separated UMAP plots showing fibroblasts from normal human lungs and
IPF lungs. These results were generated through the re-analysis of the dataset
GSE136831.b, Dot plot of scRNA-seq showing the representative markers for
each fibroblast population. c-f, UMAP plot showing the expression levels of
LEPR (c), SCUBE2 (d), COL1A1(e) and ACTA2 (f).g, Violin plot of scRNA-seq
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Fibroblasts Fibroblasts Fibroblasts

showing the expression levels of ECM associated genes. h, Venndiagram

showingthe common and differential genes expressedin pathological fibroblasts
of humanIPF and bleomycin-treated mouse lungs. i, Increased transcriptlevels
of RUNX2inIPF lungs revealed by re-analyzing the bulk RNA seq dataset
GSE134692 (Normal:n =26, IPF: n = 46). Dataare mean + SEM. Statistical analysis
was performed using unpaired two-tailed t-test with Welch’s correction.
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Software and code

Policy information about availability of computer code

Data collection  Zeiss LSM 710 with ZEN 2012 SPS5 FP3 software (black, Version 14.0.27.201) was used to obtain fluorescence images.
BD LSRII with FACSDIVA software (version 9.0) was used to collect flow cytometry data.
QuantStudio Design & Analysis software (version 1.5.2) was used for gPCR data collection.
EVOS M5000 Cell Imaging System software (version 1.4.1031.622) was used to obtain fluorescence images.

Data analysis Zeiss ZEN 3.6 (blue edition, version 3.6.095.09000), R version 4.0.2, Aperio ImageScope software (v12.4.3.5008), GraphPad Prism version
8.0.2, FlowJo version 10.0.7 and ImageJ version 1.51w were used to analyze data. The custom reference and alignment for single cell RNA-seq
were made by Cell Ranger version 3.1.0 and 7.1.0. Cell Ranger ATAC version 2.1.0 was used for reads alignment and cell barcode demultiplex
of single cell ATAC-seq.

The following R packages were loaded for data analysis.

BSgenome.Mmusculus.UCSC.mm10_1.4.3 BSgenome_1.72.0 rtracklayer_1.64.0 BioclO_1.14.0
Biostrings_2.72.0 XVector_0.44.0 TFBSTools_1.42.0
JASPAR2020_0.99.10 chromVAR_1.26.0 Signac_1.9.0

monocle3_1.3.7 SingleCellExperiment_1.26.0 SummarizedExperiment_1.34.0
GenomicRanges_1.56.0 GenomelnfoDb_1.40.1 IRanges_2.38.0
S4Vectors_0.42.0 MatrixGenerics_1.16.0 matrixStats_1.3.0
monocle_2.32.0 DDRTree_0.1.5 irlba_2.3.5.1

VGAM_1.1-11 Biobase_2.64.0 BiocGenerics_0.50.0 plotly_4.10.4 htmlwidgets_1.6.4
lubridate_1.9.3 forcats_1.0.0 stringr_1.5.1 purrr_1.0.2 readr_2.1.5
tidyr_1.3.1 tibble_3.2.1 tidyverse_2.0.0 enrichR_3.2 hypeR_2.2.0

DoMultiBarHeatmap_0.1.0 magrittr_2.0.3 rlang_1.1.4 dittoSeq_1.17.0 scales_1.3.0
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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The scRNA-seq and scATAC-seq data generated in this study were deposited in Gene Expression Omnibus (GEO) (accession # GSE229523, GSE276546 and
GSE278419). The publicly available scRNA-seq data for mouse lung development (accession # GSE160876 and GSE165063), normal adult mouse lungs (accession #
GSE132771, GSE201698 and GSE211713), bleomycin-challenged mouse lungs (accession # GSE131800, GSE132771, GSE183545 and GSE201698), silica-exposed
mouse lungs (accession # GSE184854), CCl4-treated mouse liver (accession #GSE171904), human IPF patients (accession # GSE136831) and bulk RNA-seq data for
human IPF patients (accession # GSE124685 and GSE134692) were used for analysis. Source data are provided with this paper.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender This research examined the expression of RUNX2 in normal and IPF lungs from patients with decoded identities . We included
5 normal samples (2 males + 3 females) and 8 IPF patients (4 males + 4 females).

Population characteristics IPF patients were from 50-80 years of age, and normal samples were from 50-70 years of age.

Recruitment De-identified individuals were enrolled into IRB-approved studies at Cedars Sinai Medical Center and Columbia University
Medical Center

Ethics oversight Approved by IRB committee at Columbia University (IRB AAAS4094) and Cedars Sinai Medical Center (IRB Pro00032727)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculation was performed. Sample sizes were determined empirically based on experience in our group or previous published
relevant studies with similar layout.

Data exclusions  No data was excluded from analyses.

Replication Each group included at least three replicates for all experiments, except for scRNA-seq analysis. Sample size is indicated in figure and figure
legend.

Randomization  Gender- and age-matched mice were randomly allocated for experiments.

Blinding No human subjects in clinical trials were involved in this study. No blinding was applied as the same investigators performed the experiments
and analyzed results.
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Materials & experimental systems Methods
n/a | Involved in the study n/a 7 Involved in the study
[]IX] Antibodies X[ ] chip-seq
[ ]IX] Eukaryotic cell lines [ ]IPX] Flow cytometry
|Z| |:| Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
[ JIX] Animals and other organisms
XI|[ ] clinical data
X[ ] pual use research of concern
Antibodies
Antibodies used For immunostaining imaging, primary antibodies:

anti-a-SMA (Santa Cruz, sc-32251, 1:200) https://www.scbt.com/p/alpha-actin-antibody-1a4?
srsltid=AfmBOopBcRxD8aS_bKMijfvyNBal7GbYnEkz-iBRPWw-zfGXCQamzfkJo

anti-tdtomato (biorbyt, orb182397, 1:1000) https://www.biorbyt.com/tdtomato-antibody-orb182397.html

anti-RFP (Rockland, 600-401-379, 1:500) https://www.rockland.com/categories/primary-antibodies/rfp-antibody-pre-
adsorbed-600-401-379/?srsltid=AfmBOopibPVAcpLpVPao0i463TVbaZlpUIAMn8dye6QEyglUDFFzOkyO

anti-Collagen | (SouthernBiotech, 1310-01, 1:200) https://www.southernbiotech.com/goat-anti-type-i-collagen-unlb-1310-01
anti-Pi16 (R&D, AF4929, 5 ug/ml) https://www.rndsystems.com/products/mouse-peptidase-inhibitor-16-pil6-antibody_af4929
anti-Cthrcl (MaineHealth Institute for Research, VIi55, 1:250) https://mhir.org/?page_id=2008

anti-Postn (Abcam, ab215199, 1:200) https://www.abcam.com/en-us/products/primary-antibodies/periostin-antibody-epr20806-
ab2151997srsltid=AfmB0O0qZ0OLQ9SsZ48)qg-LYhhIBrLiUtETaLW_OL--uvsh-UU50phtuc)

anti-ERG (Abcam, ab92513, 1:200) https://www.abcam.com/en-us/products/primary-antibodies/erg-antibody-epr3864-ab92513?
srsltid=AfmBOop6tD7RdIDcn24PeeZpBasTeVxGuaYtbuva_IlhWV2K_draxpHA

anti-Endomucin (Santa Cruz, sc-65495, 1:200) https://www.scbt.com/p/endomucin-antibody-v-7¢7?
srsltid=AfmBO0qXQ8F9_FDkULuY-gQb9aWSdj5RC2cgS212NxGysIF-GjFABRe4

anti-Runx2 (Cell Signaling Technology, 125565, 1:200) https://www.cellsignal.com/products/primary-antibodies/runx2-d117f-rabbit-
mab/125567?srsltid=AfmBO00AZq1002rm0fUZVjpe05Z5Hi7kbrcDNazEHzkpk/ZWoU7CDIPb

anti-Ki67 (Cell Signaling Technology, 9129S, 1:200) https://www.cellsignal.com/products/primary-antibodies/ki-67-d3b5-rabbit-
mab/9129

anti-NG2 (Millipore Sigma, AB5320, 1:200) https://www.sigmaaldrich.com/US/en/product/mm/ab5320?
srsltid=AfmBOoprr5SKkHP6IX5YrRIBoGBEPaUUEWg1SmkQh88rhojuTuX86zzT9

anti-ProSPC (Abcam, ab211326, 1:500) https://www.abcam.com/en-us/products/primary-antibodies/prosurfactant-protein-c-
antibody-epr19839-ab2113267?srsltid=AfmBOoqnPBGAkx2jarRkoluDN_Jv6mUYEZ4E1w1BAOUN3H8VsYIxpaKk#

Secondary antibodies:

Alexa Fluor 488 Donkey Anti-Mouse (Jackson Immuno Research, 715-545-151, 1:500) https://www.jacksonimmuno.com/catalog/
products/715-545-151

Cy3 Donkey Anti-Goat (Jackson Immuno Research, 705-165-147, 1:500) https://www.jacksonimmuno.com/catalog/
products/705-165-147

Alexa Fluor 488 Donkey Anti-Rabbit (Jackson Immuno Research, 711-545-152, 1:500) https://www.jacksonimmuno.com/catalog/
products/711-545-152

Alexa Fluor 488 Donkey Anti-Rat (Jackson Immuno Research, 712-545-150, 1:500) https://www.jacksonimmuno.com/catalog/
products/712-545-150

For FACS, antibodies:

PE-Cy7-CD45 (Biolegend, 103114, 1:100) https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-cd45-antibody-1903
APC-EpCAM (Biolegend, 118214, 1:100) https://www.biolegend.com/en-us/products/apc-anti-mouse-cd326-ep-cam-antibody-4974
BV711-CD31 (Biolegend, 102449, 1:100) https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-cd31-
antibody-19258

BV510-CD45 (Biolegend, 103138, 1:100) https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-cd45-
antibody-7995

PE-Epcam (Biolegend, 118206, 1:100) https://www.biolegend.com/en-us/products/pe-anti-mouse-cd326-ep-cam-antibody-4726
PE-CD31 (Biolegend, 102408, 1:100) https://www.biolegend.com/en-us/products/pe-anti-mouse-cd31-antibody-122

APC-PDGFRa (Biolegend, 135908, 1:100) https://www.biolegend.com/en-us/products/apc-anti-mouse-cd140a-antibody-6439

Alexa Fluor 488-a-SMA (eBioscience, 53-9760-82, 1:100) https://www.thermofisher.com/antibody/product/Alpha-Smooth-Muscle-
Actin-Antibody-clone-1A4-Monoclonal/53-9760-82

eFluor 450-CD45 (eBioscience, 48-0451-82, 1:100) https://www.thermofisher.com/antibody/product/CD45-Antibody-clone-30-F11-
Monoclonal/48-0451-82

Alexa Fluor 700-Ly6G (Biolegend, 127622, 1:100) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-ly-6g-
antibody-6754

Alexa Fluor 488-Ly6C (Biolegend, 128022, 1:100) https://www.biolegend.com/en-us/products/alexa-fluor-488-anti-mouse-ly-6¢-
antibody-6756




Validation

PE-Cy7-CD11b (eBioscience, 25-0112-82, 1:100) https://www.thermofisher.com/antibody/product/CD11b-Antibody-clone-M1-70-
Monoclonal/25-0112-82

All the antibodies used in this study were validated for their specificity and specific application by the manufacturer and validation
methods and data are described in the provided links to the manufacturer's websites.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Primary human lung fibroblasts were isolated from normal and IPF patient lungs. Primary mouse lung fibroblasts were
isolated from Lepr-Cre;R26-tdtomato;Col1al-EGFP mice.

The cells have not been authenticated.

Mycoplasma contamination All the primary fibroblasts have been tested negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in this study according to ICLAC register version II.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Lepr-Cre (#008320), Postn-MerCreMer (#029645), Rosa26-tdtomato (#007914), Rosa26-DTA (#009669) and ACTB-Flpe (#005703)
were imported from Jackson Laboratory. Lepr-CreERT2 and Higd1b-CreERT2 mouse strains were generated in the Que lab. Scube2-
CreERT2 mice were a kind gift from Dr. Dean Sheppard (University of California, San Francisco, CA). Runx2flox/flox (CDB0832K,
RBBC10433) mice were a kind gift from Dr. Takeshi Takarada and imported from RIKEN BRC, Japan. Col1al-EGFP mice were a kind
gift from Dr. David Brenner (University of California, San Francisco, CA). All the mice between the ages of 8 and 12 weeks old
maintained on C57BL/6 background (both male and female) were used in the experiments. Mice were housed with a 12h light/dark
cycle at 18-23 degree and 40-60% humidity in the animal facility at Columbia University Medical Center.

No wild animals were used in this study.
Both male and female were used in this study.
No field-collected samples were used in this study.

All mouse experiments and care were conducted in accordance with the procedures approved by the Institutional Animal Care and
Use Committee at Columbia University (protocol # AABM6565).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

To obtain single cell suspension, lung tissues were dissected, washed with PBS and minced with a razor blade followed by
digesting in a digestion buffer (2 mg/ml collagenase-1V, 2 mg/ml dispase Il and 10 U/ml DNase ) for 30 min at 37°C. DMEM
containing 10% FBS was added to stop digestion and the cells were filtered through 100-um and 40-um strainers. After
centrifuged at 300g for 5 min, cell pellet was resuspended in red blood cell lysis buffer (Sigma), incubated for 2 min at 37°C,
followed by washing with HBSS containing 10% FBS and centrifuged at 300g for 5 min. Flow cytometry analysis was
performed as we previously described. In brief, cells were incubated with PE-Cy7-CD45 (Biolegend, 103114), APC-EpCAM
(Biolegend, 118214) and BV711-CD31 (Biolegend, 102449) antibodies in FACS buffer (5% FBS with 0.5mM EDTA in PBS) for
one hour at 4°C, and then incubated with Live/Dead stain dye for 10 min at room temperature to exclude dead cells. After
washing with FACS buffer, cells were fixed and permeabilized by using Fixation/Permeabilization buffer and then incubated
with AF488-a-SMA antibody at 4°C for one hour. BD LSRIl and FlowJo V10 software were used for obtaining data and analysis,
respectively. Live CD45-EpCAM-CD31- mesenchymal cells were gated for further analysis. For Single cell RNA sequencing
(scRNA-seq), single cell suspension was applied to sort live Tdtomato+ cells from Lepr-Cre;R26tdT mice or live Tdtomato
+CD45-EpCAM-CD31- mesenchymal cells from Lepr-CreERT2;R26tdT mice by using BD Influx cell Sorter. For bone marrow
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Instrument
Software

Cell population abundance

Gating strategy

monocytes and neutrophils analysis, the single cell suspensions were obtained from femur bone marrow as previously
described. Bone marrow cells were incubated with eFluor 450-CD45 (eBioscience, 48-0451), Alexa Fluor 700-Ly6G
(Biolegend, 127622), Alexa Fluor 488-Ly6C (Biolegend, 128022) and PE-Cy7-CD11b (eBioscience, 25-0112) antibodies in FACS
buffer for one hour at 4°C. The flow cytometry data were collected on BD LSRIl and analyzed using FlowJo V10 software.
CD45+Ly6G-CD11b+Ly6C+ monocytes and CD45+Ly6G+CD11b+Ly6C+ neutrophils were gated for analysis.

BD LSRII equipped with four lasers (405nm, 488nm, 561nm and 635nm)
BD FACSDiva v9.0 and FlowJo v10.0.7

The proportion of a-SMA+Tdtomato+ cells in Live CD45-EpCAM-CD31- mesenchymal cells varied from 2.21 to 13.6%
depending on the saline and bleomycin treatment.

The proportion of CD45+Ly6G-CD11b+Ly6C+ monocytes among CD45+ immune cells varied from 15.23 to 22.81% in bone
marrow from Lepr-Cre;Runx2+/+ and Lepr-Cre;Runx2f/f mice.

The proportion of CD45+Ly6G+CD11b+Ly6C+ neutrophils among CD45+ immune cells varied from 38.11 to 49.79% in bone
marrow from Lepr-Cre;Runx2+/+ and Lepr-Cre;Runx2f/f mice.

Live cells were gated by forward scatter, side scatter, doublets discrimination and by Live/Dead stain dye exclusion.
Mesenchymal cells were selected by CD45-, EpCAM- and CD31-. a-SMA+Tdtomato+ cells were gated based on the expression
of a-SMA and Tdtomato.

Monocytes were gated by forward scatter, side scatter, doublets discrimination, CD45+, Ly6G-, CD11b+ and Ly6C+.
Neutrophils were gated by forward scatter, side scatter, doublets discrimination, CD45+, Ly6G+, CD11b+ and Ly6C+.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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