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Abstract

Pulmonary fibrosis is a common and severe fibrotic lung disease with high morbidity and mortality. Recent
studies have reported a large number of unwanted myofibroblasts appearing in pulmonary fibrosis, and
shown that the sustained activation of myofibroblasts is essential for unremitting interstitial fibrogenesis.
However, the origin of these myofibroblasts remains poorly understood. Here, we create new mouse
models of pulmonary fibrosis and identify a previously unknown population of endothelial cell (EC)-like
myofibroblasts in normal lung tissue. We show that these EC-like myofibroblasts significantly contribute
myofibroblasts to pulmonary fibrosis, which is confirmed by single-cell RNA sequencing of human
pulmonary fibrosis. Using the transcriptional profiles, we identified a small molecule that redirects the
differentiation of EC-like myofibroblasts and reduces pulmonary fibrosis in our mouse models. Our study
reveals the mechanistic underpinnings of the differentiation of EC-like myofibroblasts in pulmonary
fibrosis and may provide new strategies for therapeutic interventions.

Introduction

Pulmonary fibrosis is a severe fibrotic lung disease, affecting >3 million people worldwide [1-6]. In the
progression of pulmonary fibrosis, extensive fibrogenesis occurs in the interstitium of lung tissue, where it
replaces normal structural components, damages alveolar units and disrupts gas exchange [1-8]. The
survival time of patients with pulmonary fibrosis is quite poor due to the dramatic reduction of pulmonary
function [4, 9-11]. Although the mechanism has not yet been determined, the deposition of abnormal
extracellular fibrotic matrix is considered to be a key component in the progression of pulmonary fibrosis
[12-20]. Recent studies have shown that several types of cells contribute to the stimulus of extracellular
matrix deposition, such as alveolar type 2 epithelial cells and alveolar macrophages [21-24]. The studies
reveal that these cells secrete a number of growth factors and cytokines that activate myofibroblasts, which
produce aberrant compositions of extracellular fibrotic matrix, leading to pulmonary fibrosis [3].

Myofibroblasts were initially discovered in the granulation tissue during tissue repair [25, 26]. Advanced
studies have observed that myofibroblasts contain the features of both fibroblasts and smooth muscle cells,
and play a critical role in quickly responding and producing the collagens needed to repair a wound site
[27, 28]. Beyond normal tissue repair, overloaded myofibroblasts are found in almost all fibrotic organs,
including the liver [29], kidneys [30], heart [31] and lungs [1-6], where myofibroblasts persistently
produce and accumulate unwanted fibrotic components to form scar tissue [16]. In pulmonary fibrosis,
excessively activated myofibroblasts have been shown to generate deleterious extracellular matrix that are
dominated by fibrillar collagens, fibronectin and other fibrotic proteomes [1-6, 32, 33]. Although studies
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suggest that several cell lineages may be involved in the differentiation of myofibroblasts, the origin of
myofibroblasts remains unclear.

Matrix Gla protein (MGP) is a bone morphogenic protein (BMP) antagonist and highly expressed in
pulmonary cells [34-38]. MGP is essential for endothelial-epithelial interactions to direct pulmonary
specification. Conventional deletion of the Mgp gene in mice causes an imbalance between the pulmonary
vasculature and the airways, leading to vascular malformations and underdeveloped lungs [36, 38].
Mutations in the human Mgp gene cause Keutel syndrome, which is characterised by peripheral pulmonary
stenoses and other developmental defects [39]. With warfarin treatment that renders MGP nonfunctional by
interfering with y-carboxylation, pulmonary fibrosis deteriorates sharply [40-42]. In addition, MGP has
been found to support normal endothelial differentiation in progenitor cells and prevent endothelial cells
(ECs) from unwanted differentiation [43—45].

In this article, we reveal that cell-specific deletion of Mgp gene causes severe pulmonary fibrosis. We
identify previously unknown endogenous EC-like myofibroblasts, which can differentiate into
myofibroblasts in normal lungs, and we show that EC-like myofibroblasts significantly contribute
myofibroblasts to pulmonary fibrosis. We find that MGP binds to a unique member of the BMP family,
BMP-1, to inhibit its activity in the differentiation of EC-like myofibroblasts. Additionally, we identify a
small molecule that redirects the differentiation of EC-like myofibroblasts and reduces pulmonary fibrosis.

Material and methods

Animals

VE-cadherin®®  (B6.FVB-Tg(Cdh5-cre)7Mlia/J),  SM22a®  (B6.129S6-Taglntm2(cre)Yec/J)  and
Rosa" ™™ (B6;12956-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) mice on C57BL/6J background were
purchased from the Jackson Laboratory. VE-cadherin®®®*™ mice were obtained as gifts from Ralf Adams
(Max Planck Institute for Molecular Biomedicine, Miinster, Germany). Genotypes were confirmed by PCR
[38], and experiments were performed with generation F4-F6. Littermates were used as wild-type controls.
All mice were fed a standard chow diet (Diet 8604; Harlan Teklad Laboratory). Bleomycin (Cat#
1076308) and UK383367 (Cat# PZ0156) were obtained from MilliporeSigma. The studies were reviewed
and approved by the institutional review board and conducted in accordance with the animal care
guidelines set by the University of California, Los Angeles. The investigation conformed to the National
Research Council Guide for the Care and Use of Laboratory Animals [46].

Tissue culture

The tdTomato VE cadherin®, tdTomatoVE cadherin® and tdTomatoVE ‘cadherin™ cells were isolated
using fluorescence-activated cell sorting (FACS) and cultured as described previously [47]. Berbamine
(547190; Sigma-Aldrich), transforming growth factor (TGF)B1 (7666-MB; R&D Systems) and BMP-1
(RDC2450; R&D Systems) treatments were performed as described in the Results section. Lentiviral
vectors containing cytomegalovirus (CMV)-activin receptor-like kinase (ALK)5, CMV-FoxA2, MGP or
FoxA2 short interfering (si)RNA were all purchased from GeneCopoeia and applied to the cells as per the
manufacturer’s protocols.

Vector construction

The FLAG-hMGP vector was constructed as described previously [47]. Briefly, to construct the
N-terminally FLAG-tagged human (h)MGP vector, a fragment containing the coding region for hMGP was
amplified using PCR. The FLAG tag was placed in the N-terminus of the secreted, mature protein by
subcloning a synthesised FLAG-coding DNA fragment between the coding regions of the signal peptide
and the mature protein. The FLAG-containing hMGP DNA fragment was amplified using PCR and
subcloned into the Nhel and Xhol sites of pcDNA3.1(+) (Invitrogen) using restriction sites in the primers.

Pulmonary function tests

Mouse pulmonary function tests were performed as described previously [35]. Mice were weighed and
placed into a single chamber with a volume of 0.8 L in which they were allowed to move freely and
acclimate for >15 min. To provide a baseline reading, a room air reading was taken as follows: compressed
air was supplied to the chamber at a flow rate of 1 L-min~" for 45 min. At this point, the chamber was
completely sealed, with air flow momentarily stopped. The changes in pressure caused by breathing were
recorded and amplified by the software. Subsequently, the mice were allowed to rest for >5 min or until
the breathing returned to baseline before conducting the hypercapnia phase. In the hypercapnia phase, a
gas mixture containing 7% carbon dioxide (CO,), 21% oxygen and balanced nitrogen was supplied to the
chamber at a flow of 1 L-min~'. After 5min, the chamber was sealed and ventilatory patterns recorded.
During the breathing room air and hypercapnia phase, the average tidal volume and respiratory rate were
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measured for a period of >10 consecutive breaths. To avoid an excessive build-up in CO, concentration
within the chamber due to rebreathing, a bias flow regulator (Buxco Electronics) was used. The bias flow
regulator provided a quiet, constant and smooth flow through the animal chamber, which prevented CO,
build-up. The following parameters were recorded: respiratory rate, tidal volume, peak inspiratory flow,
peak expiratory flow and minute ventilation. The results were calculated and corrected for body weight.
Average values were calculated once per minute for each serial 10 min. The machine was sanitised with
alcohol between uses.

RNA analysis

Real-time PCR analysis was performed as described previously [35]. Glyceraldehyde 3-phosphate
dehydrogenase was used as a control gene [35]. Primers and probes for mouse MGP, Col3al, Fibronectin
1 (Fnl), VE-cadherin, Flk1, ALKS5, FoxA2 and von Willebrand factor were obtained from Applied
Biosystems as part of TagMan Gene Expression Assays.

ELISA
ELISA was performed as described previously [35]. ELISA kits were obtained from Abcam (ab119557
and ab222942). The assays were performed in accordance with the manufacturer’s protocols.

Single-cell RNA-sequencing

10x library preparation, sequencing and alignment

A single-cell RNA-sequencing (scRNA-seq) library was generated with the Chromium Single Cell 3’ v3
assay (10x Genomics). The library was sequenced using Illumina NextSeq 550 platform with a depth of
378 million reads. Raw reads were aligned to the mouse genome (mm10). The cellranger (v3.0.0) mkfastq
function was used to generate FASTQ files and cells and gene counts were called using the cellranger
count function.

Cell clustering and cell type annotation

The R package Seurat version 4.0.1 was used for cell clustering and differential gene expression analysis.
Cells were first filtered to have >500 detected genes and <10% of mitochondrial genes. Natural-log
transformation was then applied to the gene counts and data were scaled to regress out total number of
RNA counts and the percentage of mitochondrial reads. The “findvariablefeatures” function was used to
select variable genes with default parameters and principal component analysis (PCA) was performed
using the “runPCA” function on the variable genes. The first 25 principal components were used for cell
clustering with a resolution of 0.5. Uniform manifold approximation and projection (UMAP) dimensional
reduction was applied using the “runUMAP” function. The “findallmarkers” function was used to identify
marker genes for each cluster. Cell identities were defined by known marker genes. The “findmarkers”
function was performed for differential gene expression analysis between two cell types using the
Wilcoxon rank sum test with at least log-fold difference of 0.25 between the two groups of cells.

Pseudotime trajectory construction

The R package Monocle (v2.18.0) was used for pseudotime trajectory construction. Genes with average
expression >0.5 were retained for trajectory analysis in a subset of data. Variable genes were adopted from
variable features identified by the Seurat “findvariablefeatures” function, then were used as ordering genes.
The trajectory was constructed by the “reducedimension” function with default parameters. Differential
expression in pseudotime was carried out by the “differentialgenetest” function using likelihood ratio tests.

CMap and compound identification

From each cell type in scRNA-seq analysis, we selected the top 100 marker genes. Connectivity Map
(CMap) from the Broad Institute is a database with a collection of gene expression profiles that were
obtained from nine human cell lines treated with various small compounds. To identify a small molecule
from 2429 compounds in the LINCS database (L1000), we used the next-generation CMap (CLUE)
platform to directly explore the connectivity of gene signatures among perturbagens with Touchstone tool.
The drug similarity was ranked according to the CMap connectivity score (from —100 to 100).
Connectivity scores >95 or <—95 were considered as strong scores to predict small candidate molecule
corresponding to the query of selected gene expression signatures between different cell types.

FACS

FACS analysis was performed as described previously [35]. The cells were stained with fluorescein
isothiocyanate (FITC)~, phycoerythrin (PE)™ or Alexa Fluor 488 (AF-488)" conjugated antibodies against
CD34 and VE-cadherin (553731 and 562243; BD Biosciences). Nonspecific fluorochrome- and
isotype-matched IgGs (BD Pharmingen) served as controls.
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Immunoblotting and immunofluorescence

Immunoblotting was performed as described previously [44]. Equal amounts of tissue lysates were used
for immunoblotting. Blots were incubated with specific antibodies to BMP-1 and latent TGFB1-binding
protein-1 (LTBP-1) (ab205394 and ab78294; Abcam), Flag (F3165; Sigma-Aldrich), ALK5 (MAB5871;
R&D Systems), Col3al and Fnl (NB600 and NBP1-91258; Novus Biologicals). B-Actin (A2228;
Sigma-Aldrich) was used as a loading control. Immunofluorescence was performed as described in detail
previously [44]. We used specific antibodies to CD34 (553731; BD Bioscience or ab54208; Abcam),
Nkx2.1 (ab76013; Abcam) and VE-cadherin (562243; BD Biosciences). The nuclei were stained with
4’,6-diamidino-2-phenylindole (D9564; Sigma-Aldrich).

Masson’s trichrome staining

Sections were deparaffinised, rehydrated and stained with Trichrome Stain Kit (ab150686; Abcam) as per
the manufacturer’s protocol. After being washed in distilled water, the sections were dehydrated and
cleared in xylene, then mounted with resinous mounting medium.

Statistical analysis

The analyses were performed using GraphPad Instat (version 3.0; GraphPad Software). Data were analysed
by either unpaired two-tailed t-test or one-way ANOVA with Tukey’s multiple-comparisons test for
statistical significance.

Results

Specific MGP deletion causes pulmonary fibrosis

We have shown that a conventional gene deletion of Mgp disrupted pulmonary cell differentiation [35, 38].
To perform cell-specific deletions of Mgp, we generated Mgp/®*"°* mice, in which the genomic region of
exons 2—4 of Mgp gene was floxed by two loxP sites (supplementary figure S1). We bred Mgp™™°* mice
with VE-cadherin®® or Smooth muscle 220 (SM220¢) mice. At 10 weeks of age, Masson’s trichrome
staining showed striking pulmonary fibrosis in both VE-cadherin®Mgp®°* mice and SM220a™Mgp/¥ox
mice, in which quantification of collagen in lung tissues confirmed more collagen accumulated (figure 1a and b).
At 1 year of age, both groups of mice had severe pulmonary fibrosis (figure 1a and b). We examined the
pulmonary function of the mice at 1year of age using unrestricted whole-body barometric
plethysmography. The results showed that the respiratory rates of VE-cadherin™Mgp*f°* mice and
SM220*Mgp™®f°* mice were significantly higher than that of Mgp™f°* control mice during room air
breathing and hypercapnia phases (figure 1c). In addition, VE-cadherin®*Mgp/®*M* and SM22a"Mgp/o/fiox
mice displayed a significant decrease in tidal volume and lower peaks of expiratory and inspiratory flow
(figure 1c). Bleomycin-injected wild-type mice and Mgp™*"°* mice were used as controls [48]. The
results suggested that progressive pulmonary fibrosis occurred in both VE-cadherin®Mgp*f°* mice and
SM220™*Mgp™°x mice.

Endogenous EC-like myofibroblasts in normal lungs

Interestingly, when we examined the expression of endothelial markers, immunostaining and FACS both
showed a robustly increased CD34" cell population in the lungs of VE-cadherin®*Mgp™°* mice and
SM220™*Mgp™/M1°* mice (figure 2a). We verified this result using different anti-CD34 antibodies
(supplementary figure S2). In addition, we showed that the increase of CD34" cell population in the lungs
of VE-cadherin®Mgp"®M* mice and SM220"*Mgp™*/M°* mice persisted at 1 year of age (supplementary
figure S2). Furthermore, immunostaining showed an increase of the CD34" cell population in human
pulmonary fibrosis (figure 2b). We used Nkx2.1 staining as control and showed no overlap between
CD34" cells and pulmonary epithelial cells.

We isolated the lungs of wild-type mice and used FACS to select a pulmonary CD34" population, in
which immune cells were excluded. We examined the transcriptional profile of CD34°CD45~ cells at
single-cell resolution. The scRNA-seq uncovered specific cell clusters in the CD34"'CD45~ population
(figure 3a). Differential gene expression divided these clusters into three major types of cells: 1) ECs that
only expressed endothelial markers; 2) EC-like myofibroblasts that expressed endothelial and
myofibroblast markers, and MGP, SM22c, Snail, Snai2, Zebl and Zeb2; and 3) myofibroblasts that
expressed myofibroblast markers and Twistl and 2 (figure 3a). Cell differentiation trajectory projected a
clear differential path from ECs to EC-like myofibroblasts ending with myofibroblasts (figure 3b).
Interestingly, none of the clusters expressed the typical smooth muscle cell marker smooth muscle myosin
heavy chain (SMMHC), ruling out the involvement of smooth muscle cells (figure 3a). We examined
wild-type mouse lungs and healthy human lungs. Immunostaining showed the co-localisation of
VE-cadherin and platelet-derived growth factor receptor (PDGFR)o. around the vessels and small airways
in the mouse lungs (figure 3c). The co-localisation was also identified in the structures of alveolar units
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FIGURE 1 Pulmonary fibrosis in VE-cadherin®Mgp™™* and Sm22a°Mgp™/°* mice. a) Masson’s trichrome (MT) staining of pulmonary tissues
(n=10). Scale bar=100 pm. b) Quantification of MT staining and collagen accumulation in pulmonary tissues (n=9). c) Mouse pulmonary tests (n=6).
b) and c) were analysed for statistical significance by ANOVA with post hoc Tukey’s test. The bounds of the boxes are upper and lower quartiles
with data points; the line in the box is the median. In b), error bars are maximal and minimal values; in c), error bars are meanzsp. Bleomycin:
wild-type mice injected with bleomycin; VE-cad: VE-cadherin; Mgp: matrix Gla protein; f/f: flox/flox; CO,: hypercapnia phase with 7% carbon
dioxide, 21% oxygen and balanced nitrogen; RA: room air. ***: p<0.0001.

in healthy human lungs (figure 3c). The results suggested that the endogenous EC-like myofibroblasts in
normal lungs contribute to myofibroblasts.

We examined CD34'CD45~ cells in the lungs of VE-cadherin®Mgp™™, SM220 Mgp™™* and
bleomycin-injected wild-type mice. FACS showed an increased number of CD34°CD45  cells in all
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FIGURE 2 Enlarged CD34" cell population in pulmonary fibrosis. a) Immunostaining with quantification of
CD34" cells and fluorescence-activated cell sorting in pulmonary tissues of VE-cadherin“Mgp™7°* and
Sm220Mgp™/1* mice (n=8). Mgp™/™* was used as control. b) Masson’s trichrome (MT) staining and
immunostaining of human tissues with pulmonary fibrosis and quantification of CD34" cells in human
pulmonary fibrosis (n=6). Healthy lungs were used as control. Scale bars=100 pm. The data were analysed for
statistical significance by unpaired two-tailed t-test; the bounds of the boxes are upper and lower quartiles
with data points; the line in the box is the median; error bars are maximal and minimal values. VE-cad:
VE-cadherin; Mgp: matrix Gla protein; f/f: flox/flox; DAPI: 4’,6-diamidino-2-phenylindole. ***: p<0.0001.

three models (figure 3d), suggesting a similar induction of CD34"CD45~ cells in mouse models of
pulmonary fibrosis.

EC-like myofibroblasts contribute to human pulmonary fibrosis

To determine the role of EC-like myofibroblasts in pulmonary fibrosis, we re-analysed publicly available
scRNA-seq data of 10 healthy human lungs and 20 patients with pulmonary fibrosis [15, 32]. The analysis
identified the cluster of EC-like myofibroblasts that co-expressed endothelial and myofibroblast markers,
MGP and SM22q in healthy lungs and pulmonary fibrosis (figure 4a and b). Cell differential trajectory
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whole population of CD34°CD45~ pulmonary cells and violin plots of the gene expression of the lineage
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https://doi.org/10.1183/13993003.01799-2022 7



EUROPEAN RESPIRATORY JOURNAL

a) 0 ® EC progenitor
3 ® Myofibroblast

Healthy control

ORIGINAL RESEARCH ARTICLE | X. WU ET AL.

showed that EC-like myofibroblasts were potentially derived from ECs and differentiated into
myofibroblasts (figure 4a and c). Strikingly, differential expression revealed lower expression of the endothelial
markers VE-cadherin and von Willebrand factor, but higher expression of the myofibroblast markers
o-smooth muscle actin, Col3al and Fnl in EC-like myofibroblasts of pulmonary fibrosis samples compared
to those of healthy control samples (figure 4b). A decrease of EC differentiation together with an increase of
EC-like myofibroblasts and myofibroblasts was also detected in pulmonary fibrosis (figure 4d). The results
suggested that EC-like myofibroblasts contributed myofibroblasts to human pulmonary fibrosis.

Cell lineage tracings reveal EC-like myofibroblasts contributing to pulmonary fibrosis
To further determine if endogenous ECs and EC-like myofibroblasts contributed to pulmonary fibrosis, we
preformed cell lineage tracings in the mouse model of bleomycin-induced pulmonary fibrosis. We used
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VE-cadherin®***™Rosa'™™° mice where founder cells expressing VE-cadherin could be traced by
detecting tdTomato after tamoxifen injections. We also used SM220°Rosa'™™ mice, in which we
could trace the tdTomato-labelled cells that reflected the SM22a expression. At 6 weeks of age,
VE-cadherin®FRRosa' ™™™ mice received tamoxifen injections (75 pg-g ™" daily) for five consecutive days to
induce tdTomato expression. At 8 weeks of age, tamoxifen-treated VE-cadherin®®*Rosa'/™™™ mice and
SM220™Rosa'™™™@® mice received bleomycin injections as described previously [48] to induce pulmonary
fibrosis. Saline-treated mice were used as controls. At 11 weeks of age, we examined the lung tissues. Masson’s
trichrome staining showed pulmonary fibrosis in both tamoxifen-treated VE-cadherin®®**"?Rosqa"!"om
mice and SM220™Rosa/"™" mice after bleomycin injections (figure 5a and b), confirming the induction
of pulmonary fibrosis. In tamoxifen-treated VE-cadherin®®E¥?Rosa'®®™° mice, immunostaining showed
more tdTomato-positive cells expressing higher levels of PDGFRa and Fnl in the bleomycin-treated group
than the controls, suggesting that ECs and EC-like myofibroblasts that expressed VE-cadherin contributed
to bleomycin-induced pulmonary fibrosis (figure 5a). In SM220*Rosa"“"°™ mice, more tomato-positive
cells were identified to express VE-cadherin and a higher level of Fnl in the bleomycin-treated group than
the controls, suggesting again that EC-like myofibroblasts contributed to the bleomycin-induced pulmonary
fibrosis (figure 5b).

We bred and examined SM220Rosa' ™™ Mgp™M°* mice. At 11 weeks of age, we found that more
tomato-positive cells expressed VE-cadherin and a higher level of Fnl than that in SM220"Rosa"*™°
mice (figure 5c). We isolated the tdTomato and VE-cadherin double positive cells from the lungs.
Real-time PCR showed higher expression of Col3al and Fnl in the cells isolated from
SM220 ™ Rosa'Toma)fgpo¥foX mice than from SM220°Rosa™™®™ mice (figure 5c). Together,
multiple cell lineage tracings in the mouse models revealed that EC-like myofibroblasts contributed to
pulmonary fibrosis.

MGP controls EC-like myofibroblast differentiation by regulating BMP-1 activity and TGFf1 maturation
To explore the differentiation of EC-like myofibroblasts in lungs, we isolated tdTomato and VE-cadherin
double-positive cells (tdTomato"VE-cadherin®), tdTomato-negative and VE-cadherin-positive cells
(tdTomato VE-cadherin™) and tdTomato-positive and VE-cadherin-negative cells (tdTomato  VE-
cadherin”) from the lungs of SM220™Rosa“"®™ mice. We characterised the gene expression of these
cells. Real-time PCR showed the expression of MGP, VE-cadherin, SM22a, Col3al and Fnl in
tdTomato"VE-cadherin” cells. TdTomato~ VE-cadherin” cells expressed VE-cadherin with low level of
MGP, but not SM22¢, Col3al or Fnl. TdTomato"VE-cadherin™ expressed MGP, SM22¢, Col3al and Fnl
and high levels of SMMHC (figure 6a and b). The results suggested that tdTomato"VE-cadherin® cells
were the endogenous EC-like myofibroblasts, tdTomato~ VE-cadherin® cells were the pulmonary ECs and
tdTomato"VE-cadherin~ cells could be a mixture of myofibroblasts and smooth muscle cells. We then
depleted MGP in these cells using specific siRNA (figure 6c), treated the cells with TGEB1 (1 ng-mL™"),
and examined the myofibroblast markers Col3al and Fnl and endothelial markers VE-cadherin and von
Willebrand factor. Real-time PCR showed the induction of myofibroblast markers with the reduction of
endothelial markers in MGP-depleted or TGFp1-treated tdTomato VE-cadherin” cells. The combination of
MGP depletion and excess TGFB1 significantly magnified the changes in the expression of these markers
(figure 6c). The results suggested that lack of MGP or excess TGFB1 promoted the differentiation of
EC-like myofibroblasts toward myofibroblasts. Real-time PCR also showed the induction of myofibroblast
markers in MGP-depleted or TGFpl-treated tdTomato VE-cadherin~ cells and the combination of
MGP-depletion and excess TGFB1 enhanced the induction of these markers (figure 6c), suggesting that
lack of MGP or excess TGFB1 further drove the myofibroblasts towards fibrogenesis. Real-time PCR
showed no significant alterations in myofibroblast markers in tdTomato VE-cadherin’ cells. Interestingly,
the data showed that TGFB1 reduced endothelial markers in this cells and MGP depletion further reduced
the expression of endothelial markers (figure 6c), suggesting that MGP depletion and excess TGFp1
caused ECs to lose their identity, but gain potential towards EC-like myofibroblasts.

BMP-1 is known to play a role in the maturation of TGFB1 [49]. Therefore, we isolated
tdTomato" VE-cadherin® cells from the lungs of SM220Rosa'®™°™° mice and treated the cells with
BMP-1 in combination with overexpression of FLAG-tagged MGP. Co-immunoprecipitation followed
by immunoblotting uncovered an interaction between BMP-1 and MGP (figure 7a). Chemical
crosslinking of BMP-1 and FLAG-tagged MGP resulted in the formation of a complex detected by
immunoblotting with both anti-FLAG and anti-BMP-1 antibodies (figure 7b), strongly supporting an
interaction between BMP-1 and MGP. We used BMP-1 to treat tdTomato"VE-cadherin™ cells with or
without MGP deletion. The results showed that excess BMP-1 induced Col3al and Fnl. With MGP
depletion, BMP-1 treatment further induced Col3al and Fnl (figure 7c), suggesting that MGP
interfered with the activity of BMP-1.
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FIGURE 5 Cell lineage tracings reveal endothelial cell (EC)-like myofibroblasts contributing to pulmonary fibrosis. a) Masson’s trichrome (MT)
staining and immunostaining with cell quantification of the lungs of tamoxifen-injected VE-cadherin®®/ R"?Rosa™@™°™ mice after administration of
bleomycin (n=10). b) MT staining and immunostaining with cell quantification of the lungs of Sm22a“Rosa™™™® mice after administration of
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Since BMP-1 has been shown to cleave LTBP-1 for TGFB1 maturation [49], we used BMP-1 to treat
tdTomato"VE-cadherin” cells with or without the overexpression of MGP and examined LTBP-1 in the cell
matrix. Immunoblotting showed that excess BMP-1 efficiently cleaved LTBP-1, and that overexpression of
MGP inhibited the BMP-1 cleavage of LTBP-1 (figure 7d). In addition, we determined the levels of TGFp1
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in the media. ELISA showed that BMP-1 increased the TGFf1 level and that overexpression of MGP
decreased the TGFp1 level, even with BMP-1 treatment (figure 7e). We examined the expression of BMP-1
and TGFp1 in the lung tissues of VE-cadherin®Mgp/®*M°* and SM22a"Mgp/®*M* mice. Immunoblotting
showed higher levels of TGFB1 in VE-cadherin™Mgp™M°* and SM220Mgp™®™°* mice than in Mgp/™*X
control mice (figure 7f). Increased phosphorylation of SMAD2/3 confirmed the induction of TGFB1
signalling (figure 7f). No change in BMP-1 expression was detected, supporting that the interaction
between MGP and BMP-1 inhibited the BMP-1 activity. To determine whether inhibition of BMP-1
affected the pulmonary fibrosis in the new mouse models, we treated VE-cadherin*Mgp/*"°* and
SM220™Mgp*M1°* mice with the BMP-1 inhibitor UK383367 (5 pg-g ™", daily) for 2 weeks. Masson’s
trichrome staining showed a reduction of pulmonary fibrosis in both VE-cadherin®*Mgp™®¥M°* and
SM220"Mgp™®M°* mice after the treatment with UK383367 (figure 7g). Together, the results suggested
that MGP interacted with BMP-1, inhibited the production of mature TGFB1 and in turn regulated the
differentiation of EC-like myofibroblasts towards myofibroblasts (figure 7h).

Berbamine prevents the shift of EC-like myofibroblasts towards myofibroblasts and ameliorates
pulmonary fibrosis in mouse models

In our studies, the scRNA-seq revealed a clear trajectory of cell differentiation from ECs towards EC-like
myofibroblasts and myofibroblasts. By analysing the differential gene expression between myofibroblasts
and ECs, we identified 537 genes with increased expression and 668 genes with decreased expression
using adjusted p-values cutoff <0.01 (figure 8a). These alterations in gene expression detailed the genetic
signature of the shift from ECs to myofibroblasts. To identify a compound that prevented this cell shift, we
input the differential expression profile into the CMap platform. The CMap platform is generated to
connect genetic variants with small-molecule treatments [50, 51]. Using a connectivity score from designed
measurements of expression profiles, a query can be made to search CMap for compounds that cause
similar genetic perturbations [52-57]. With this advantage, The CMap platform provides a possible
approach to identify compounds that modify the transcriptional landscape towards a desired direction of
differentiation. To find a compound to reverse the genetic alteration from ECs to myofibroblasts, we input
the top 100 differential expression profiles with an opposite direction of alteration to generate a novel
query, which allowed the platform to find the compound with the capability to reverse the genetic
alteration. CMap identified a small molecule, berbamine, as a potential candidate.

To determine whether berbamine affected the differentiation of EC-like myofibroblasts, we isolated
tdTomato"VE-cadherin® cells from the lungs of SM22a““Rosa'®™®™ mice. We treated the cells with
20 pM berbamine for 24 h and found a reduction of myofibroblast markers and an increase of endothelial
markers (figure 8b). We also depleted MGP in the cells and treated them with berbamine. Real-time PCR
showed that berbamine prevented the induction of myofibroblast markers and restored the expression of
endothelial markers in MGP-depleted tdTomato"VE-cadherin™ cells (figure 8b). The results suggested that
berbamine redirected EC-like myofibroblasts back to EC differentiation.

We treated VE-cadherin®*Mgp™°* mice and SM220*Mgp™®/M™°* mice at 10 weeks of age with
berbamine (100 ng-g™", daily) for 4 weeks. At 14 weeks of age, we scarified the mice and analysed the
lungs. Masson’s trichrome staining showed that berbamine significantly decreased the pulmonary fibrosis
in both mice (figure 8c and d). In addition, real-time PCR of lung tissue showed that the expression of
Col3al and Fnl was reduced in the berbamine-treated group compared to saline-treated controls (figure
8d). The results suggested that berbamine reduced pulmonary fibrosis.

To determine whether berbamine affects TGFp signalling, we isolated tdTomato VE-cadherin” cells from
the lungs of SM22a“"*Rosa"®™ " mice and treated the cells with berbamine (20 tM). Real-time PCR and
immunoblotting both showed that berbamine reduced the expression of the TGFB1 receptor ALKS5
(figure 9a). We used lentiviral vectors containing CMV promoter-driven ALKS5 to infect the cells and
treated the cells with berbamine. Real-time PCR showed that excess ALKS5 restored the induction of
Col3al and Fnl in MGP-depleted tdTomato VE-cadherin® cells (figure 9b), suggesting that
berbamine-reduced ALKS5 prevented the differentiation of EC-like myofibroblasts to myofibroblasts.
Interestingly, excess ALKS5 did not affect berbamine-induced endothelial markers (figure 9b), suggesting
that berbamine targets an additional factor to drive EC-like myofibroblasts towards EC differentiation.

Berbamine has previously been identified as an inhibitor of calmodulin 1, a calcium channel blocker [58,
59]. We depleted calmodulin 1 in tdTomato"VE-cadherin” cells and found no change in the expression of
endothelial or myofibroblast markers (data not shown), suggesting that inhibition of calmodulin 1 was not
involved in the redirection of myofibroblasts. Therefore, we screened the expression of transcription factors
that were involved in endothelial differentiation. We found that berbamine significantly induced FoxA2
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FIGURE 8 Berbamine ameliorates pulmonary fibrosis in mouse models. a) Uniform manifold approximation
and projection (UMAP) and differential gene expression between endothelial cell (EC)-like myofibroblasts and
ECs. b) Gene expression in tdTomato'VE-cadherin® cells isolated from the lungs of SM22a“®Rosa™™°™® mice
and treated with berbamine (20 pM) with transfection of matrix Gla protein (MGP) siRNA or scrambled siRNA
(SCR) (n=6). c) Masson’s trichrome (MT) staining of pulmonary tissues from VE-cadherinMgp™7"°* and
Sm22a“°Mgp"®/™*  mice after berbamine treatment (100 ng:g™}, daily) (n=12). Scale bars=100 um.
d) Quantification of MT staining and expression of Col3al and fibronectin 1 (Fnl) in pulmonary tissues from
VE-cadherinMgp™7"°* and sm22a“"Mgp"®/"* mice after berbamine treatment (n=9 for quantification of MT
and n=6 for gene expression). b) and d) were analysed for statistical significance by ANOVA with post hoc
Tukey’s test. The bounds of the boxes are upper and lower quartiles with data points; the line in the box is
median; error bars are maximal and minimal values. **: p<0.001, ***: p<0.0001.

expression (figure 9c) and overexpression of FoxA2 alone reduced the expression of ALKS and the
myofibroblast markers (figure 9d). The combination of berbamine and FoxA2 overexpression further
reduced ALKS5 and the myofibroblast markers (figure 9d).
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FIGURE 9 Berbamine induces FoxA2 to regulate transforming growth factor (TGF)B signalling and control endothelial cell (EC)-like myofibroblast
differentiation. a) Expression of activin receptor-like kinase (ALK)5 in tdTomato'VE-cadherin® cells isolated from the lungs of SM22a“"°Rosa™™°mt
mice and treated with berbamine (20 uM). b) Gene expression in tdTomato"VE-cadherin® cells transfected with matrix Gla protein (MGP) siRNA in
combination with berbamine treatment with or without overexpression of ALK5 (n=5). c) Expression of FoxA2 in tdTomato'VE-cadherin® cells
isolated from the lungs of SM22a“®Rosa'®®™° mice and treated with berbamine (20 uM). d) Immunoblotting with densitometry using
tdTomato'VE-cadherin® cell lysates treated with berbamine (Bbm) with or without overexpression of FoxA2 (cytomegalovirus promoter
(CMV)-FoxA2) (n=3). e) Expression of endothelial markers in tdTomato‘VE-cadherin® cells treated with berbamine in combination with FoxA2
overexpression or FoxA2 knockdown (FoxA2 siRNA) (n=6). f) Immunoblotting with densitometry of the lungs of VE-cadherin®Mgp™/™* mice,
Sm22aMgp"®/°* mice and control mice after treatment of berbamine (Bbm) (n=6). g) Quantification of VE-cadherin-positive and platelet-derived
growth factor receptor (PDGFR)a-positive (VE-cadherin"PDGFRa") cells and VE-cadherin negative and PDGFRa: positive (VE-cadherin”PDGFRa") cells
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after immunostaining of the lungs of bleomycin-injected wild-type mice, where gene expression was examined by real-time PCR (n=8).
h) Immunostaining of ALK5 and FoxA2 of human pulmonary fibrosis (n=3). Scale bars=100 um. a) and c) were analysed for statistical significance by
unpaired two-tailed t-test. b), e) and g) were analysed for statistical significance by ANOVA with post hoc Tukey’s test. The bounds of the boxes are
upper and lower quartiles with data points; the line in the box is median; error bars are maximal and minimal values. SCR: scrambled siRNA; Ctr:
control; Fnl: fibronectin 1. **: p<0.001, ***: p<0.0001.

We overexpressed or depleted FoxA?2 in tdTomato"VE-cadherin” cells and treated the cells with berbamine.
The results showed that the overexpression of FoxA2 alone induced the endothelial markers (figure 9e).
FoxA2 overexpression with berbamine treatment enhanced the induction of endothelial markers whereas
FoxA?2 depletion abolished the induction of endothelial markers in tdTomatoVE-cadherin® cells (figure 9e).
We examined the expression of ALKS5 and FoxA2 in the lungs of VE-cadherin®™Mgp™™°* mice and
SM220™Mgp™/M°* mice after berbamine treatment. Immunoblotting showed that berbamine increased
FoxA2 expression and reduced ALKS5 expression in the lungs of these mice (figure 9f). We then treated
wild-type mice with berbamine (100 ng-g™", daily) for 4 weeks after bleomycin administration. Berbamine
significantly decreased the numbers of both PDGFRo." cells and PDGFRo. VE-cadherin” cells in the lungs
of bleomycin-treated mice. Real-time PCR showed a reduction of PDGFRo, Collal, Col3al and Fnl (figure
9g). In addition, the results showed that berbamine induced FoxA2, but had no effect on bleomycin-reduced
MGP expression (figure 9g). To determine whether ALK5 and FoxA2 were expressed in human pulmonary
fibrosis, we performed immunostaining that showed strong expression of ALK5 and less of FoxA2
(figure 9h). Together, these results suggested that berbamine induced FoxA2 to suppress ALK5 expression,
in turn redirecting EC-like myofibroblasts towards EC differentiation. The results suggested berbamine as a
new treatment strategy for pulmonary fibrosis.

Discussion

Pulmonary fibrosis is a severe fibrotic lung disease with high morbidity and mortality worldwide [1-6].
Although the precise mechanism has not been determined, pulmonary fibrosis is characterised by
progressive interstitial fibrogenesis that causes distortion of the alveolar architecture leading to loss of
pulmonary function [1-6, 60, 61]. Recent studies have shown ill-fated myofibroblasts emerging in
pulmonary fibrosis. These unwanted myofibroblasts are strongly activated during interstitial fibrogenesis,
where they produce and deposit excessive amounts of extracellular fibrotic matrix in the tissue [12-20]. In
this study, we found that cell-specific deletions of Mgp cause pulmonary fibrosis. We showed that MGP
regulates the differentiation of a previously unknown population of EC-like myofibroblasts that contributed
to the differentiation of myofibroblasts in pulmonary fibrosis. In addition, we identified a small molecule
which could redirect the differentiation of the EC-like myofibroblasts and reduce pulmonary fibrosis.

Pulmonary ECs are essential in lung tissue. Endothelial defects result in poor induction of pulmonary
lineages from progenitor cells and impaired epithelial repair after lung injury [62]. Pulmonary ECs both
support pulmonary epithelial cells and guide their differentiation and maturation [35, 63]. Previous studies
have reported co-expression of endothelial and mesenchymal markers in pulmonary disease, suggesting
that ECs transition into other lineages under disease conditions [64, 65]. In this study, we uncovered a
novel differentiation trajectory in normal lung tissue, where pulmonary ECs may differentiate into EC-like
myofibroblasts and ultimately myofibroblasts. We showed that the dysregulation of this differentiation
trajectory dramatically increased the production of myofibroblasts that when activated, contributed to
pulmonary fibrosis. We found a robust increase of CD34" cells in the lungs of VE-cadherinMgp/"¥ox
mice and SM220™*Mgp™®/M1°* mice. We showed CD34 to be expressed in all the cells in the differentiation
trajectory, from ECs to myofibroblasts. Additionally, there was an interesting trend of more CD34" cells in
VE-cadherin*Mgp™f°* mice than that in SM22a“°Mgp™®M°* mice (figure 2). The differentiation
trajectory projected that ECs were the upstream of EC-like myofibroblasts. Deletion of MGP in ECs could
drive more ECs to EC-like myofibroblasts and myofibroblasts than MGP deletion in EC-like
myofibroblasts. That would cause more CD34" cells to accumulate in VE-cadherin®Mgp/®*"°* mice, in
which MGP was deleted in ECs and EC-like myofibroblasts, than in SM220Mgp™®M°* mice, in which
MGP was deleted in EC-like myofibroblasts and myofibroblasts.

MGP, a BMP inhibitor, is essential for regulating vascular BMP activity [34, 47, 66-68]. Loss of MGP
causes arteriovenous malformation in cerebrum, lungs, kidneys and retina in mice, which resemble the
mouse model for hereditary haemorrhagic telangiectasia type 2 [38, 67-69]. Mutations in the human Mgp
gene cause Keutel syndrome, a rare disease that involves cardiovascular defects and peripheral pulmonary
stenoses [39, 70, 71]. However, pulmonary fibrosis has not been reported in these rare patients [39, 70, 71].
In addition, severe side-effects of warfarin treatment in pulmonary fibrosis patients suggest interference by
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MGP in pulmonary fibrosis [40—42]. Warfarin inhibits the vitamin K-dependent y-carboxylation, which is
essential for the function of MGP [34]. Warfarin treatment prevents the modification of Glu to Gla
residues in MGP, resulting in impaired BMP binding [34]. Warfarin treatment was reported to rapidly
worsen the progression of pulmonary fibrosis, and a ban of warfarin in pulmonary fibrosis patents has
been suggested [40—42]. In this study, we find that the Mgp deletion in VE-cadherin- or SM22a-positive
cells causes pulmonary fibrosis in mice, suggesting an important role of MGP in the fibrotic process.
These mice provide new animal models for the study of pulmonary fibrosis.

BMP-1 was initially classified as a BMP based on bone induction [72-74]. However, BMP-1 encodes a
metalloprotease with few similarities to other BMPs, and is not included in the TGFf superfamily of
growth factors [75]. BMP-1 executes its activity by modifying the protein precursors to mature proteins
[75-77]. For example, BMP-1 cleaves the BMP antagonist Chordin to regulate BMP activity [78]. BMP-1
also processes extracellular matrix proteins such as collagens, biglycan and osteoglycin [77, 79].
Interestingly, fibroblasts strongly increase the deposition of collagens onto the insoluble extracellular
matrix when incubated with BMP-1 [80]. In addition, BMP-1 cleaves LTBP-1 to facilitate the maturation
of TGFpB1, a master regulator of myofibroblast differentiation in pulmonary fibrosis [49]. Our study
suggests that MGP binds to BMP-1 and reduces the production of mature TGF1, thereby regulating the
differentiation of EC-like myofibroblasts to myofibroblasts. We showed that inhibition of BMP-1 decreased
the fibrosis in the lungs of VE-cadherin®Mgp™*"°* mice and SM220"Mgp™°* mice. The deletion of
BMP-1 was unable to reduce bleomycin-induced pulmonary fibrosis [81], which indicated the mechanism
of fibrosis in VE-cadherin®Mgp/*M° mice and SM220°Mgp™M°* mice may differ from
bleomycin-induced fibrosis. The precise mechanism of bleomycin-induced fibrosis is yet to be revealed.
Previous studies uncovered that bleomycin injured lung cells and triggered the influx of inflammatory and
immune cells, which may lead to fibrogenesis [82]. To our knowledge, no studies have shown whether
BMP-1 is involved in the inflammatory response towards fibrogenesis. The fibrosis in
VE-cadherin®*Mgp™°* mice and SM220"Mgp/®*"°* mice occurred during development and we did not
observe accumulation of inflammatory cells in the lungs of these mice. During lung development, BMP-1
acts as an important factor for TGFB1 production, which is essential to balance the differentiation of ECs
and myofibroblasts [49, 83]. We argue that lack of MGP unleashes BMP-1 activity, enhances the
production of mature TGFP1, pushes ECs and EC-like myofibroblasts towards myofibroblast
differentiation, subsequently causing fibrosis.

Our results suggested an interaction between MGP and BMP-1. MGP has been shown to bind to BMP-2,
-4 and -7 through Proline-64 and surrounding Gla residues [34]. MGP has also been shown to interact with
several other proteins, such as Fnl and vitronectin through its C-terminus [84, 85] and elastin with its
N-terminus [86]. Further studies would be necessary to identify what region of MGP interacts with
BMP-1. The balance between BMP-1 activity and other BMPs regulated by MGP would also be
interesting to explore in fibrosis. Since BMP-1 is a metalloprotease, the effect of BMP-1 on fibrosis would
be different from that of other BMPs. Some BMPs are reported to reduce fibrogenesis through suppression
of TGFB signalling [87], but our results suggest that enhanced BMP-1 activity increases TGFB1 signalling
to cause fibrosis. Differences in affinity between MGP and various BMPs might also be important to
explain variations in BMPs’ activity after loss of MGP. The complexity of extracellular cell matrix may
also play an important role.

Berbamine is a small molecule extracted from the plant named berberis [88]. Berbamine was initially
identified as a calcium channel blocker with anti-arrhythmic effects and ischaemic protective activity
through the inhibition of calmodulin 1 [58, 59]. Recent studies also found that berbamine inhibits the
NF-xB signalling pathway for antimyeloma effects and reduces the activity of signal transducer and
activator of transcription 3 in hepatocellular carcinoma [89, 90]. Our results showed that berbamine
induced the transcription factor FoxA2, which not only prevented EC-like myofibroblasts from
differentiating into myofibroblasts, but also shifted EC-like myofibroblasts towards ECs. FoxA2 is essential
for the development of the cardiovascular system [91]. FoxA2 is highly expressed at an early stage of EC
differentiation and the progenitors of FoxA2" endoderm contribute ECs [92, 93]. Therefore, it is not
surprising that FoxA2 induced by berbamine redirected EC-like myofibroblasts back to EC differentiation,
decreasing myofibroblasts and fibrosis.
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