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Abstract
Copyright ©The authors 2021. For  The prognosis of elderly individuals with idiopathic pulmonary fibrosis (IPF) remains poor. Fibroblastic
sejpred Ut St cind foci, in which aggregates of proliferating fibroblasts and myofibroblasts are involved, are the pathological
z:;x;zz:z:zgﬁ:ﬁgorg hallmark lesions in IPF to represent focal areas of active fibrogenesis. Fibroblast heterogeneity in fibrotic
lesions hampers the discovery of the pathogenesis of pulmonary fibrosis. Therefore, to determine the

This article has supplementary pathogenesis of IPF, identification of functional fibroblasts is warranted. The aim of this study was to
material available from determine the role of fibroblasts positive for meflin, identified as a potential marker for mesenchymal
erj.ersjournals.com stromal cells, during the development of pulmonary fibrosis.

Received: 15 April 2020 We characterised meflin-positive cells in a single-cell atlas established by single-cell RNA sequencing
Accepted: 7 May 2021 (scRNA-seq)-based profiling of 243472 cells from 32 IPF lungs and 29 normal lung samples. We

determined the role of fibroblasts positive for meflin using bleomycin (BLM)-induced pulmonary fibrosis.
scRNA-seq combined with in situ RNA hybridisation identified proliferating fibroblasts positive for meflin
in fibroblastic foci, not dense fibrosis, of fibrotic lungs in IPF patients. A BLM-induced lung fibrosis
model for meflin-deficient mice showed that fibroblasts positive for meflin had anti-fibrotic properties to
prevent pulmonary fibrosis. Although transforming growth factor-p-induced fibrogenesis and cell
senescence with the senescence-associated secretory phenotype were exacerbated in fibroblasts via the
repression or lack of meflin, these were inhibited in meflin-deficient fibroblasts with meflin reconstitution.
These findings provide evidence to show the biological importance of meflin expression on fibroblasts and
myofibroblasts in the active fibrotic region of pulmonary fibrosis.

Introduction

Although clinical advances have been made in pharmacotherapeutic approaches to idiopathic pulmonary
fibrosis (IPF) [1], the prognosis of elderly individuals with IPF remains poor with a 5-year survival rate
worse than several types of cancer [2]. Although the pathogenesis of IPF remains unclear, some studies on
pulmonary fibrosis suggest the potential role of ageing-related responses such as cell senescence in
fibroblasts and epithelial cells [3, 4]. The pathological hallmark lesions in IPF comprise fibroblastic foci in
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fibrotic lesions that may progress to dense fibrosis [5, 6]. Fibroblastic foci have been assumed to represent
focal areas of active fibrogenesis, in which aggregates of proliferating fibroblasts and myofibroblasts are
involved [7]. As fibroblasts isolated from IPF lungs have heterogenous phenotypes and properties different
from those of normal lung fibroblasts [8, 9], their diversity makes it difficult to understand the
pathogenesis of pulmonary fibrosis [10—14]. Therefore, to determine the pathogenesis of IPF, identification
of functional fibroblasts is warranted.

The advent of single-cell RNA sequencing (scRNA-seq), which enables us to detect well-known or new
cell populations without any reliable surface markers [15], has recently identified a new “ionocyte” cell
type in the conducting airway epithelium [16, 17]. Although scRNA-seq technologies have successfully
defined heterogeneity within cell populations in fibrotic lungs during the development of pulmonary
fibrosis [18-21], they have not fully identified a novel and functional population of fibroblasts with a
fibrogenic or anti-fibrogenic phenotype from the fibrotic lungs of IPF patients.

Although meflin (also known as immunoglobulin superfamily containing leucine-rich repeat (ISLR)) has
recently been identified as a potential marker for mesenchymal stromal cells such as fibroblasts and
pericytes [22], the characterisation of fibroblasts positive for meflin has not been fully determined in
normal or fibrotic lungs. Whether fibroblasts positive for meflin play a critical role during the development
of pulmonary fibrosis also remains unknown.

The aim of this study was to determine the role of fibroblasts positive for meflin during the development
of pulmonary fibrosis.

Material and methods
A detailed description of the methods is provided in the supplementary material.

Analysis of microarray data of human samples

We analysed Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) dataset GSE47460-GPL14550 for
ISLR transcript levels in normal lungs and lungs of IPF patients. Log,-transformed normalised expression
values for the ISLR gene in 122 IPF lungs and 91 control lungs were retrieved using GEO2R and
visualised using Prism version 7 (GraphPad, San Diego, CA, USA).

Sample preparation for single-cell sequencing

IPF lungs were obtained from patients undergoing transplants, while healthy lungs comprised rejected
donor lung organs that underwent lung transplantation at the Brigham and Women’s Hospital (Boston,
MA, USA) or donor organs provided by the National Disease Research Interchange (https:/ndriresource.
org). The study protocol was approved by the Partners Healthcare Institutional Board Review (protocol
2011P002419). Details of sample preparation and subsequent scRNA-seq methodology have been
presented elsewhere [23].

Sample preparation in the CHILDREN registry

Human lung tissue samples from 10 patients with IPF and five subjects with normal lungs were obtained
via surgical lung biopsy or remnants of lung resection at Nagoya University Hospital (Nagoya, Japan). All
study subjects were enrolled in the CHILDREN registry (CHronic Interstitial Lung Disease REgistry of
Nagoya University), as approved by the Nagoya University Ethics Committee (approval date 20 December
2018; approval 2017-0169-3).

Mouse fibrosis model

Pulmonary fibrosis was induced by endotracheal bleomycin (BLM) injection as previously described [10, 11].
All animal studies were reviewed and approved by the University Committee on Use and Care of Animals at
Nagoya University Graduate School of Medicine (approval date 22 March 2019; approval 31333).

Statistical analysis

Data are presented as mediantrange when specified. Comparison of two groups was performed using the
unpaired t-test (parametric) or Mann—Whitney U-test (nonparametric). For multiple comparisons, we used
repeated measures ANOVA with post hoc Bonferroni’s test or one-way ANOVA with post hoc Tukey’s test
to determine the significance. Kaplan—-Meier survival estimation with a log-rank test was performed to
compare the animal survival rate between treatment groups. All statistical analyses were performed using
SPSS statistical software (IBM, Armonk, NY, USA). A p-value <0.05 was considered statistically
significant.
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FIGURE 1 Analysis of ISLR expression in human lung single-cell RNA sequencing data. a) Normalised expression of ISLR mRNA in lung
homogenates from idiopathic pulmonary fibrosis (IPF) (n=122) and control (n=91) lungs. Data were obtained from the published Gene Expression
Omnibus microarray dataset (GSE47460-GPL14550). *: p<0.0001 (Mann-Whitney U-test between two variables). b) Labelling of clusters stratified
according to the expression of classical cell markers by Uniform Manifold Approximation and Projection (UMAP): immune (PTPRC), epithelial
(EPCAM), vascular (CDH5) and mesenchymal (PDGFRB) cell populations. c) Feature plots showing normalised gene expression of ISLR and other
genes relevant to lung fibrosis (ACTA2, COL1A1 and COL3A1). d) Violin plots showing expression of ISLR is restricted to the PDGFRB" cluster.
e) Distribution of ISLR expression within the PDGFRB" cluster. The left panel indicates the origins of the cells stratified by disease state (control or
IPF); the middle and right panels indicate the expression levels of ISLR and ACTA2, respectively. o-SMA: a-smooth muscle actin.
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FIGURE 2 Meflin expression in lung tissues from healthy subjects and patients with idiopathic pulmonary
fibrosis (IPF). a) Expression of ISLR transcripts was evaluated in lung homogenates from IPF (n=10) and control
(n=5) lungs among subjects enrolled in the CHILDREN registry. *: p<0.05 versus control. b) Meflin protein
expression was evaluated in lung fibroblasts derived from IPF (n=5) and control (n=3) lungs among subjects
enrolled in the CHILDREN registry. *: p<0.05 versus control. ¢, d) /n situ hybridisation (ISH) for ISLR (red) and
ACTA2 (green) and haematoxylin/eosin (HE) staining (inset) are shown for the c) lined and d) dashed box areas
in supplementary figure S3e. Original magnification: x400. e, f) HE staining and ISH for ISLR (red) and ACTA2
(green) were performed for representative lung sections from the IPF group (case 193). Original magnification:
x40. The lined and dashed box areas in (e) indicate fibrotic foci region and dense fibrosis region, respectively.
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HE staining is shown for the g) lined and j) dashed box areas, respectively. Original magnification: x200. ISH for
ISLR (red) and ACTA2 (green) is also shown for the h) lined and k) dashed box areas, respectively. Original
magnification: x200. HE staining (inset) and ISH for ISLR (red) and ACTA2 (green) are shown for the lined i) and
l) dashed box areas, respectively. Original magnification: x400. Red arrowheads (h, i, k and l) indicate
meflin-positive cells. m-p) Percentage of ISLR- and/or ACTA2-positive cells that colocalised with nuclei in dense
fibrosis (DF) and fibrotic foci (FF). *: p<0.05 versus DF. a, b, m-p) Mann-Whitney U-test. NC: negative control
(cell lysate of 293FT cells); PC: positive control (cell lysate of 293FT cells stably expressing human ISLR); o-SMA:
o-smooth muscle actin.

Results

Bulk and single-cell transcriptome profiling for characterisation of meflin-expressing cells in normal
and IPF lungs

In our previously published microarray dataset, we found that the expression of ISLR mRNA, which
encodes meflin protein, was significantly increased in lung homogenate from IPF lungs compared with
control lungs in the GSE47460 dataset from the Lung Genomics Research Consortium (figure 1la). To
explore the expression profile of ISLR within lung cells of various lineages, we analysed single-cell
transcriptomes of 243472 cells from 29 normal lung samples and 32 IPF lungs. The analysis with Uniform
Manifold Approximation and Projection (UMAP) showed 38 different clusters of cells. Visualisation of
expression levels with classical markers of cell lineage including immune (protein tyrosine phosphatase
receptor type C (PTPRCQ)), epithelial (epithelial cell adhesion molecule (EPCAM)), vascular (cadherin 5
(CDH5)) and stromal (platelet derived growth factor receptor § (PDGFRB)) cell types validated that each
cluster had distinct gene expression profiles (figure 1b and supplementary figure Sla). We roughly
stratified the identified clusters into six groups according to the observed expression of these classical
lineage markers (figure 1b). In this dataset, the expression of ISLR appeared to be abundant and almost
restricted to the PDGFRB*/EPCAM /CDH5 /PTPRC™ group (hereafter the PDGFRB™ group) (figure 1c
and d, supplementary figure S1b—e and supplementary table S1), which is assumed to include fibroblasts
and myofibroblasts by expression of distinct markers, further supported by visualisation of positive
expression for ACTA2, COL1A1 and COL3A1 (figure 1c). When we investigated the PDGFRB" group,
we further identified two subgroups (figure 1e). One subgroup consisted of cells from both normal lungs
and IPF lungs with scarce expression in ACTA?2, the other consisted largely of IPF-derived cells and was
frequently positive for ACTA2 expression (figure 1le). ISLR-positive cells were observed in both
subgroups (figure le). Analysis of ISLR expression profiles in single-cell resolution using a user-friendly
web database (IPF Cell Atlas; http:/ipfcellatlas.com) validated its distinct expression in the stromal cell
lineage (supplementary figure S2).

To estimate the function of ISLR-positive stromal cells in normal and disease lung states, we characterised
the profiles of genes coordinately expressed with ISLR. We found a set of genes with significant positive
correlations with ISLR levels in the PDGFRB" population (supplementary figure S1f), which included
typical fibrosis markers such as COL1A1 (p=0.312, false discovery rate (FDR) p=4.726E-118), COL3A1
(p=0.286, FDR p=1.35E-98), POSTN (p=0.220, FDR p=3.056E-57) and FN1 (p=0.1792, FDR
p=1.084E-37). We further stratified cells by lung condition (control lungs or IPF lungs) and conducted
gene enrichment analysis of the top 400 genes with positively correlated ISLR expression (supplementary
figure S1g) using GeneGo MetaCore software (https:/clarivate.com/products/metacore). Process networks
such as “cell adhesion” and “proteolysis” were enriched by ISLR-correlated genes in PDGFRB" cells from
both normal and IPF lungs, suggesting their shared functions of ISLR" stromal cells in normal and disease
settings. Meanwhile, distinct process networks were also highlighted between normal and IPF fibroblasts.
For example, ISLR-correlated genes were more enriched in the “proteolysis” process in control lung
fibroblasts, while in IPF fibroblasts, processes relevant to “cytoskeleton” processes were enriched
(supplementary figure S1g).

Taken together, these results suggest that ISLR expression is restricted in a cluster of stromal cell lineage in
human lungs and is often coexpressed with fibrotic genes such as ACTA2, COL1A1 and COL3A1 (figure 1c).
ISLR-positive cells with ACTA2" appear increased, particularly in cases of IPF. Gene enrichment analysis
of coordinately expressed genes with ISLR implies the functional characteristics of ISLR" cells, with
highlighted cellular processes such as matrix remodelling and cell-matrix interaction.

ISLR expression in lung tissues from healthy subjects and patients with IPF
We determined localisation of meflin in lung tissues from five subjects with normal lungs (the control
group) and 10 patients with pathologically diagnosed IPF (the IPF group) among subjects enrolled in the
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FIGURE 3 Anti-fibrotic effect of meflin-positive fibroblasts in an in vivo bleomycin (BLM)-induced lung fibrosis model. Western blot analyses of
meflin, fibronectin (FN) and B-actin in lung homogenates from a) saline- and b) BLM-treated mice at the indicated time (days (D)) were performed.
A representative blot is shown in the upper panels. Intensity of expression was evaluated and is shown after normalisation to B-actin expression in
the lower panels. *: p<0.05 versus DO. c) Real-time PCR analyses for Islr were performed for lung homogenates from saline- and BLM-treated mice
collected at the indicate time. *: p<0.05 versus DO. d) Western blot analyses of meflin was performed for bronchoalveolar lavage fluid (BALF)
supernatants (2 pg total protein per sample) from saline- and BLM-treated mice at the indicated time. A representative blot is shown in the upper
panel. Intensity of expression was evaluated and is shown in the lower panel. *: p<0.05 versus DO. e-h) Representative lung sections from e, f)
saline- and g, h) BLM-treated mice were examined by e, g) haematoxylin/eosin and f, h) in situ hybridisation (ISH) for Islr (brown). Dashed box
areas in e) and g) indicate the periepithelial region and fibrotic region, respectively. Red arrowheads in f) and h) indicate Islr-positive cells. Original
magnification: x200. i) The BLM-induced lung fibrosis model was applied to wild-type (WT) and meflin-deficient (knockout (KO)) mice (WT saline
n=6, KO saline n=6, WT BLM n=9 and KO BLM n=9). Representative histological sections of lung tissue obtained at day 14 following BLM or saline
challenge in WT and KO mice. Original magnification: x200. j) Representative blots from Western blot analyses of meflin, FN, a-smooth muscle actin
(a-SMA), phosphorylated Smad2 (pSmad2), Smad2 and B-actin in lung homogenates from saline- and BLM-treated mice. k, l) Intensity of
expression of k) FN and |) o-SMA was evaluated and is shown after normalisation to B-actin expression. m) Collagen content evaluated by Sircol
collagen assay. n) Ratio of pSmad2 to Smad2 presented as the intensity level. o-r) Real-time PCR analyses for o) Fnl, p) Acta2, q) Collal and
r) Tgfbl for lung homogenates from treated mice. *: p<0.05 versus saline-treated WT mice. *: p<0.05 versus BLM-treated WT mice. a-d) Repeated
measures ANOVA with post hoc Bonferroni’s test; i) log-rank test; k-r) one-way ANOVA with post hoc Tukey’s test. Experiments were repeated three
times with similar results. NC: negative control (cell lysate of 293FT cells); PC: positive control (cell lysate of 293FT cells stably expressing mouse
Islr); TGF-B: transforming growth factor-.

CHILDREN registry. Patient characteristics are shown in supplementary table S2. The levels of ISLR
mRNA expression were significantly higher in lung homogenates from the IPF group than in those from
the control group (figure 2a). The IPF group also showed significant increases in FN1, ACTA2 and
COL1A1 mRNA expression compared with the control group (supplementary figure S3a—c). The levels of
meflin protein and ISLR mRNA expression were significantly higher in lung fibroblasts derived from the
IPF group than in those from the control group (figure 2b and supplementary figure S3d). Dual in situ
hybridisation (ISH) for ISLR (meflin) and ACTA2 (o-smooth muscle actin (¢-SMA)) was performed
(figure 2c-1 and supplementary figures S4-S6). A previous ISH study suggests that the expression of ISLR
is localised in subendothelial or perivascular resident fibroblasts in the bone marrow, adipose tissue and
other organs [22]. ISLR expression was not detected in epithelial, endothelial or alveolar macrophages in
normal lungs (figure 2c and d, and supplementary figure S3e). Although ISLR-positive fibroblasts were
sporadically distributed and scattered in the perivascular region (shown by a lined box in supplementary
figure S3e and figure 2c) or periepithelial region (shown by a dashed box in supplementary figure S3e and
figure 2d), these cells appeared not to be positive for ACTA2 (figure 2c and d). The lung specimens from
10 patients with IPF were also evaluated by dual ISH for ISLR and ACTA2 (figure 2e-l and
supplementary figures S4-S6). The ISH study demonstrated increasing numbers of ISLR-positive
fibroblasts were observed in the lesions of fibroblastic foci (shown by a lined box in figure 2e and f-i).
Meanwhile, most fibroblasts in the lesions of dense fibrosis (shown by a dashed box in figure 2e, f and j-1)
were myofibroblasts with ACTA2 mRNA expression and only a few ISLR-positive fibroblasts were scattered.
When double staining for ISLR and E-cadherin was performed in fibrotic lung tissues, ISLR mRNA
expression was not observed in the cells positive for E-cadherin (supplementary figure S3f-i).
The proportions of ISLR- and/or ACTA2-positive fibroblasts were manually quantified in the lesions of
fibroblastic foci and dense fibrosis among 10 patients with IPF (figure 2m-p). The ISH analysis
demonstrated that >70% of fibroblasts were positive for ISLR in the lesions of fibroblastic foci, ~50% of
which were negative for ACTA2 (figure 2m and n). In dense fibrotic lesions, >70% of fibroblasts were
ACTAZ2-positive myofibroblasts; >95% of myofibroblasts were negative for ISLR (figure 20 and p).

Anti-fibrotic effect of meflin-positive fibroblasts in an in vivo BLM-induced lung fibrosis model

To evaluate the longitudinal expression of meflin during the development of lung fibrosis, BLM-induced
lung fibrosis was established in C57BL/6J (wild-type (WT)) mice [10, 11, 24]. Western blotting showed
that meflin protein expression increased in a time-dependent manner in BLM-treated lungs, but not in
saline-treated lungs, followed by de novo fibronectin protein expression (figure 3a and b). Real-time PCR
showed that the endogenous Islr transcripts were significantly induced in the fibrotic phase during the
development of pulmonary fibrosis, accompanied by the increasing expression of fibrogenic variables
(figure 3c and supplementary figure S7a—f). Next, we determined whether soluble meflin could be
detected in bronchoalveolar lavage (BAL) supernatants. Western blotting showed that a significant increase
in de novo soluble meflin expression was observed in BAL supernatants from BLM-treated lungs
compared with those from saline-treated lungs (figure 3d). The ISH study for Islr showed that Islr-positive
fibroblasts were sporadically distributed and scattered in perivascular or periepithelial regions of the normal
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FIGURE 4 Anti-fibrotic roles of meflin in primary mouse lung fibroblasts ex vivo against transforming growth factor (TGF)-B-induced fibrogenesis.
a) Western blot analyses of meflin, fibronectin (FN) and a-smooth muscle actin (o-SMA) in control or TGF-B-stimulated primary lung wild-type (WT)
and knockout (KO) fibroblasts were performed. A representative blot is shown. b-d) Intensity of expression of b) meflin, c) FN and d) o-SMA was
evaluated and is shown after normalisation to B-actin expression. e) Collagen content of cell lysate evaluated by Sircol collagen assay. f) A WST-1
assay was performed for control or TGF-B-stimulated primary lung fibroblasts from WT and KO mice. g) Numbers of senescence-associated
B-galactosidase (SA-B-Gal)-positive cells were also evaluated in control or TGF-B-stimulated primary lung fibroblasts from WT and KO mice.
h-1) Real-time PCR analyses for h) p16™?, i) p19*%%, j) Il1b, k) Il6 and 1) Tgfbl were performed in control or TGF-B-stimulated primary lung
fibroblasts from WT and KO mice. *: p<0.05 versus control-stimulated fibroblasts from WT mice; *: p<0.05 versus TGF-B-stimulated fibroblasts from
WT mice. m) Western blot analyses of meflin, FN and o-SMA in control or TGF-B-stimulated primary lung KO fibroblasts, for which control or meflin
were reconstituted by using lentivirus, were performed. A representative blot is shown. n-p) Intensity of expression of n) meflin, o) FN and
p) a-SMA was evaluated and is shown after normalisation to B-actin expression. q) Collagen content of cell lysate evaluated by Sircol collagen
assay. r) A WST-1 assay was performed for these cells. s) Numbers of SA-B-Gal-positive cells were also evaluated. t-x) Real-time PCR analyses for
t) p16™K*? 1) p19”°7F, v) Il1b, w) 116 and x) Tgfbl were also performed in control or TGF-B-stimulated primary lung fibroblasts from KO mice, for
which control or meflin were reconstituted. *: p<0.05 versus control-stimulated KO fibroblasts with control gene induction; *: p<0.05 versus with
TGF-B-stimulated KO fibroblasts with control gene induction. f, r) Repeated measures ANOVA with post hoc Bonferroni’s test; b-e, g-1, n-q, s-x)
one-way ANOVA with post hoc Tukey’s test. Experiments were repeated at least three times with similar results. NC: negative control (cell lysate of

293FT cells); PC: positive control (cell lysate of 293FT cells stably expressing mouse Islr); D: days; IL: interleukin.

mouse lungs, while increasing numbers of Islr-positive cells were observed in the fibrotic lesions on BLM
at day 14 (figure 3e-h and supplementary figure S7g—n). To evaluate the role of meflin expression during
the development of pulmonary fibrosis, the BLM-induced lung fibrosis model was applied to
meflin-deficient (knockout (KO)) mice. Lungs from BLM-treated KO mice exhibited more severe
pulmonary fibrosis compared with those from BLM-treated WT mice (figure 3i). Western blotting and a
Sircol collagen assay were performed using lung homogenates from BLM-treated and saline-treated groups
at day 14 (figure 3j—n). Although the saline KO group did not show an increase in fibronectin and a-SMA
protein expression, collagen content or Smad2 activation compared with the saline WT group, the
expression of fibronectin and o-SMA protein, collagen content, and Smad2 activation were significantly
higher in the BLM KO group than in the BLM WT group (figure 3j—n). Real-time PCR showed that de
novo expression of fibrogenic variables including Fnl, Acta2, Collal and Tgfbl, and the related
mediators, was significantly induced in the BLM KO mice compared with those in the BLM WT mice
(figure 3o-r and supplementary figure S70-z). Taken together, these data clearly suggest a protective role
of meflin via anti-fibrotic effects against the development of BLM-induced lung fibrosis in vivo.

Anti-fibrotic roles of meflin in primary lung fibroblasts ex vivo against transforming growth
factor-B-induced fibrogenesis

Our survey of different cell types suggested that meflin was detected in lung fibroblasts, but not in other
cells, including epithelial, endothelial and peripheral blood mononuclear cells (supplementary figure S3j
and k), compatible with a previous study [22]. When naive primary lung fibroblasts were isolated from
WT mice (WT fibroblasts) and meflin KO mice (KO fibroblasts), both cells showed mostly typical
spindle-shaped fibroblast morphology (data not shown). The effects of meflin on transforming growth
factor (TGF)-B-induced phenotypes in fibroblasts were evaluated by Western blotting, Sircol collagen assay
and real-time PCR (figure 4a—e, and supplementary figure S8a—f and h—j). Although primary WT
fibroblasts showed meflin protein expression, TGF-} stimulation for 48 h led to a <80% decrease in meflin
expression in the cells (figure 4a and b, and supplementary figure S8a). The data showed that when no
TGF-B was added, KO fibroblasts did not show de novo induction of fibronectin, a-SMA or collagen with
Smad activation compared with WT fibroblasts (figure 4a and c—e, and supplementary figure S8b—f).
When these KO fibroblasts were treated with TGF-, significant increases in fibronectin, «-SMA and
collagen expression with Smad activation were observed compared with WT fibroblasts (figure 4a and c—e,
and supplementary figure S8b—f). To evaluate the effect of meflin on proliferation ability in fibroblasts, a
WST-1 cell proliferation assay and cell count was performed (figure 4f and supplementary figure S8g).
Both WT and KO fibroblasts showed similar proliferation ability when no TGF-B was added. Although
WT fibroblasts treated with TGF-f had a slight repression of proliferation compared with fibroblasts
without TGF-B, TGF-B-treated KO fibroblasts remarkably showed no or little proliferation, reminiscent of
cell senescence [4, 22, 25]. To evaluate senescence-state cells, senescence-associated B-galactosidase
(SA-B-Gal) staining was performed for these fibroblasts (figure 4g). Meflin KO fibroblasts treated with
TGF-B included a significantly larger number of SA-B-Gal-positive cells when compared with
TGF-B-treated WT fibroblasts. Real-time PCR was also performed for relatively reliable cell senescence
markers and a senescence-associated secretory phenotype (SASP) such as p16™ *, p19”RF 1I1b, 116 and
Tgtb1l expression [4, 25-27]. TGF-B-stimulated KO fibroblasts had significantly increased expression
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FIGURE 5 Anti-fibrotic effect of meflin in human lung fibroblasts and no anti-fibrotic effect of soluble meflin in epithelial cells against transforming
growth factor (TGF)-B-induced fibrogenesis. a) Western blot analyses were performed of meflin, fibronectin (FN), o-smooth muscle actin (o-SMA),
phosphorylated Smad2 (pSmad2), Smad2 and B-actin in control or TGF-B-stimulated normal human adult lung fibroblasts (NHLFs), for which
control or human meflin were reconstituted by using lentivirus. A representative blot is shown. b-d) Intensity of expression of b) meflin, c) FN and
d) 0-SMA was evaluated and is shown after normalisation to B-actin expression. e) Ratio of pSmad2 to Smad2 (pS2/S2) presented as the intensity
level. f) Collagen content of conditioned medium collected from reconstituted fibroblasts evaluated by Sircol collagen assay. g-j) Real-time PCR
analyses for g) ISLR, h) FN1, i) ACTA2 and j) COL1A1 were performed in control or TGF-B-stimulated NHLFs. *: p<0.05 versus control-stimulated
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NHLFs with control gene induction; *: p<0.05 versus TGF-B-stimulated NHLFs with control gene induction. k) Western blot analysis of meflin was
performed for culture medium (CM) (10 pg of total protein per sample) from 293FT cells or 293FT cells stably expressing mouse Islr (upper).
Ponceau S staining was also performed for total protein normalisation (lower). A representative blot is shown. |) Western blot analyses of FN and
B-actin were performed in control or TGF-B-stimulated primary lung knockout (KO) fibroblasts treated with culture medium from 293FT cells or
293FT cells stably expressing mouse Islr. A representative blot is shown. m) Intensity of expression of FN was evaluated and is shown after
normalisation to B-actin expression. n) Real-time PCR analysis for Fnl was also performed for the cells. *: p<0.05 versus control-stimulated KO
fibroblasts with control culture medium; *: p<0.05 versus TGF-B-stimulated KO fibroblasts with control culture medium. o-q) Western blot analyses
of FN, E-cadherin (E-cad) and B-actin were performed in control or TGF-B-stimulated mouse epithelial cells (MLE-12 cells) treated with culture
medium from 293FT cells or 293FT cells stably expressing mouse Islr. o) Representative blot. p, q) Intensity of expression of p) FN and q) E-cad was
evaluated and is shown after normalisation to B-actin expression. r, s) Real-time PCR analyses for r) Fnl and s) Cdhl were also performed for the
cells. *: p<0.05 versus control-stimulated MLE-12 cells with control culture medium; *: p<0.05 versus TGF-B-stimulated MLE-12 cells with control
culture medium. b-j, m-s) One-way ANOVA with post hoc Tukey’s test. Experiments were repeated at least three times with similar results.

levels (figure 4h-k and supplementary figure S8h—j). Furthermore, TGF-B-stimulated KO fibroblasts
strikingly showed increased induction of autocrine Tgfb1 transcripts compared with TGF-f-stimulated WT
fibroblasts (figure 41) [4, 25, 28]. Thus, the repression of or lack of meflin in fibroblasts led to
TGF-B-induced aberrant fibrogenesis and senescence with the SASP. To determine whether meflin
expression in fibroblasts is essential for anti-fibrotic effects against TGF-B-induced fibrogenesis and cell
senescence, a model of meflin reconstitution was established in KO fibroblasts using lentivirus expressing
meflin. The effects of meflin on TGF-B-induced extracellular matrix (ECM) production and a-SMA
expression in fibroblasts were evaluated by Western blotting, Sircol collagen assay and real-time PCR
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FIGURE 6 A schematic diagram of the anti-fibrotic role of meflin expression on fibroblasts during the
development of pulmonary fibrosis. a) In normal lungs, fibroblasts positive for meflin are sporadically
distributed in perivascular or periepithelial regions to control extracellular matrix (ECM) homeostasis. b) In the
early fibrotic phase, increasing meflin-positive fibroblasts inhibit transforming growth factor (TGF)-B induced
fibrogenesis via secretion of meflin. Persistent TGF-B stimulation causes loss of meflin expression in fibroblasts
and consequently acquisition of de novo a-smooth muscle actin (a-SMA) expression and ECM production. ¢) In
the late fibrotic phase, the lack of or repression of meflin in fibroblasts yields TGF-B-induced cellular
senescence with a senescence-associated secretory phenotype, accompanied by exacerbation of TGF-B-induced
fibrogenesis. Reconstitution of meflin expression in myofibroblasts inhibits TGF-B-induced fibrogenesis and cell
senescence.
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(figure 4m—q and supplementary figure S8k—p). Lentivirus-mediated transduction of the meflin gene led to
the steady expression levels of meflin protein in KO fibroblasts (figure 4m and n, and supplementary
figure S8k). Meflin reconstitution successfully repressed de novo fibronectin, a-SMA and collagen
expression with Smad activation induced by TGF-B (figure 40—q and supplementary figure S8l-p). The
effect of meflin reconstitution on TGF-B-induced senescence with SASP was also evaluated. Repression of
cell proliferation induced by TGF-B was significantly restored in the meflin-transduced KO fibroblasts
compared with the control transcript-transduced KO fibroblasts (figure 4r and supplementary figure S8q).
Significantly decreased numbers of SA-B-Gal-positive cells were also observed in KO fibroblasts with
meflin compared with cells with control (figure 4s). These repressive effects of meflin reconstitution
against cell senescence were accompanied by the inhibition of the related transcript expression (figure 4t—x
and supplementary figure S8r—t). When the anti-fibrotic effect of meflin expression was evaluated in
normal human lung fibroblasts using lentivirus expressing meflin, the meflin induction led to the
repression of de novo fibronectin, o-SMA and collagen expression with Smad activation induced by
TGF-B (figure 5a—j). To determine the effect of paracrine meflin on epithelial cells, TGF-B-stimulated lung
epithelial cells (MLE-12 cells) were treated with culture medium including soluble meflin (figure 5k).
Although soluble meflin in culture medium repressed TGF-B-induced fibronectin expression in fibroblasts
(figure 5l-n), it did not lead to inhibition of the induction of fibronectin expression or restore repression of
E-cadherin expression in TGF-B-stimulated MLE-12 cells (figure 50-s).

Discussion

Fibroblasts are central to the progression of lung fibrosis as represented by excessive production of ECM and
aberrant tissue contractility [29, 30]. Our unbiased analysis of scRNA-seq data was performed on a larger
cohort, including 32 TPF patients and 29 control subjects, compared with the previous studies [21, 31].
Assessment of the scRNA-seq data from a total of more than 24000 lung cells successfully revealed
UMAP-based clustering into six distinct groups. In our analysis, the cells with ISLR gene expression were
substantially classified in the PDGFRB" group involving fibroblasts and myofibroblasts, while there was nil
or little expression in other lung cells. In our dual ISH study for ISLR and ACTA2 in human normal lungs,
very few fibroblasts were positive for ISLR and did not appear to express ACTA2 transcripts, compatible
with scRNA-seq analysis. Thus, we identified that the ISLR gene encoding meflin is substantially expressed
in fibroblasts of normal lungs as a rare cell population through combined analysis of scRNA-seq and ISH
studies.

Fibroblastic foci, active “new” areas of fibrosis, are pathologically found at the interface between normal
parenchyma and scarred “old” areas of fibrosis with dense collagen deposition and smooth muscle
proliferation [5, 6, 32, 33]. Our data suggest that fibroblasts/myofibroblasts positive for meflin might be
closely associated with the pathogenesis for the development of fibroblastic foci, active “new” areas of
fibrosis, in IPF. While there is no completely satisfactory animal model of human IPF, the BLM-induced
model is relatively well characterised and does exhibit certain features also found in human disease [18-20].
The numbers of fibroblasts positive for meflin increased in the fibrotic lesions of BLM-induced mouse
injured lungs as those observed in fibroblastic foci of IPF lungs (figures 2m and 3h). Although recent studies
suggested that fibroblasts with meflin expression inhibit not only tumour progression as cancer-associated
fibroblasts but also the development of cardiac fibrosis as cardiac fibroblasts [34, 35], there has been little
understanding or characterisation of fibroblasts positive for meflin in normal and fibrotic lungs [22]. The
BLM-induced meflin KO mice model reveals that meflin-positive fibroblasts have anti-fibrotic properties that
prevent exacerbation of local microinjuries and consequently fibrosis. These findings might provide the basis
to identify the underlying mechanisms by which meflin-expressing fibroblasts emerge in fibrotic foci, not
dense fibrosis, of IPF lungs. In this study, it was hard to determine whether meflin expression might be
associated with clinical parameters, including the fibrotic findings evaluated by thin-section computed
tomography (TSCT), possibly due to the relatively small numbers of patients (10 IPF patients). Although it
remains difficult to distinguish fibrotic foci from dense fibrosis in IPF lungs using TSCT scanning [36-38],
our study demonstrated that soluble meflin could be detected in BAL supernatants in parallel with fibrotic
activity of BLM-induced lung fibrosis. It encourages us to estimate soluble meflin in BAL supernatants as a
biomarker of disease activity in IPF lungs. Although aberrant epithelial-fibroblast communication with
activated TGF-f signalling might be assumed to be the pathogenesis of pulmonary fibrosis [3, 33], soluble
meflin did not appear to inhibit TGF-B-induced fibrogenesis in epithelial cells in vitro.

Cellular senescence has been recently implicated in the pathogenesis of fibrosis [4, 25]. Although senescent
fibroblasts were shown to exacerbate fibrogenesis through secretion of SASP factors [4, 26, 27, 39], the
secretome of senescent epithelial cells might not activate a fibrogenic response in fibroblasts [4]. Moreover,
recent studies showed that TGF-B stimulation might induce cellular senescence [25, 40]. Our data
demonstrate that fibroblasts positive for meflin negatively regulate TGF-B-induced cellular senescence and
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fibrogenesis. Although TGF-B repressed meflin expression in primary WT fibroblasts, the lack of or
repression of meflin in fibroblasts yielded TGF-B-induced cellular senescence [26, 27]. The induction of
autocrine TGF-B transcript expression by paracrine TGF-B1 stimulation was augmented in primary meflin
KO fibroblasts. Consequently, ECM production and increased o-SMA expression were accelerated in meflin
KO fibroblasts via paracrine and autocrine TGF-§ stimulation [4, 2527, 39]. The exact mechanism by which
meflin regulates TGF-B-induced cell senescence and fibrogenesis has not been fully determined [22, 41].
Nevertheless, the reconstitution of meflin in primary KO fibroblasts blunted TGF-B-induced cell senescence
with SASP, followed by the repression of TGF-B-induced fibrogenesis. Furthermore, the induction of meflin
into human lung fibroblasts repressed de novo fibronectin, o-SMA and collagen expression with Smad
activation induced by TGF-B. Our findings provide evidence with which to determine the biological
importance of meflin expression on TGF-B-induced cell senescence and fibrogenesis in fibroblasts and
myofibroblasts. Furthermore, the targeting of TGF-f signalling was demonstrated to reduce the development
of senescence, and improved survival in a mouse model of acute liver injury and failure [25]. Thus, further
investigation is warranted to explore how to approach the enhancement of meflin expression on fibroblasts
and myofibroblasts in the active fibrotic region of pulmonary fibrosis.

In summary, three remarkable findings are highlighted (figure 6). A new therapeutic strategy for
pulmonary fibrosis might be warranted according to the data showing the repressive effect of meflin
reconstitution into fibroblasts against TGF-B-induced fibrogenesis and cell senescence.
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