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Abstract

Background Recent advances in comprehensive gene analysis revealed the heterogeneity of mouse lung
fibroblasts. However, direct comparisons between these subpopulations are limited due to challenges in isolating
target subpopulations without gene-specific reporter mouse lines. In addition, the properties of lung lipofibroblasts
remain unclear, particularly regarding the appropriate cell surface marker and the niche capacity for alveolar epithelial
cell type 2 (AT2), an alveolar tissue stem cell.

Methods and results Using cell surface markers applicable even into wild-type mouse lungs, we could classify
PDGFRa™ total lung resident fibroblasts into at least two major distinct subpopulations: integrin a8 (ITGA8)* and
SCA-1* fibroblasts. We analyzed their characteristics, including lipid content, transcriptome profiles, and alveolar
stem cell niche capacity. ITGA8" fibroblasts showed higher positivity of intracellular lipid droplets compared to
SCA-1* fibroblasts (91.041.5% vs. 5.0 +0.5% in LipidTOX staining; 91.3+1.4% vs. 7.1 +1.7% in Oil Red O staining).
The fluorescence intensity of LipidTOX in the ITGA8™ fibroblasts was highest in newborn compared to adult or aged
lungs. The transcriptome profile of ITGAS™ fibroblasts in adult mouse lungs, evaluated through two independent
single-cell RNA-seq datasets, consistently showed higher expression of Tcf21 and Plin2, which are canonical markers
of lipofibroblasts. ITGAS™ fibroblasts were primarily located in the alveolar area, particularly in the neighborhood of
AT2. Compared to SCA-17 fibroblasts, ITGA8* fibroblasts showed higher mRNA expression of potential AT2-supportive
factors, Fgf10, Fgf7, and Wnt2, but unexpectedly, exhibited lower efficiency in alveolar organoid formation.

Conclusions ITGA8" lung fibroblasts correspond to alveolar lipofibroblasts, but the alveolar niche capacity may
be lower than SCA-1* lung fibroblasts. Further studies are necessary for the functional distinction between lung
fibroblast subpopulations.
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Introduction

The lung consists of a conducting airway and a respira-
tory portion, both surrounded by interstitium or intersti-
tial connective tissue. Fibroblasts are the most common
cells in the lung interstitium and are responsible for the
formation and maintenance of interstitial fibers (colla-
gen and elastic fibers) and matrix, as well as the signaling
niches to the surrounding cells [1-3]. Alveoli, which is a
minimum unit of respiratory portion, is covered by two
types of alveolar epithelial cells, known as type 1 (AT1)
and type 2 (AT2), and AT2 is a tissue stem cell in alveoli
and can self-renew and differentiate into AT1. Alveolar
fibroblasts, mainly Pdgfra® lung fibroblasts, mechani-
cally and functionally supports AT2 as a stem cell niche
[4]. Therefore, any fibroblast abnormality can lead to lung
diseases with AT2 disorders, including pulmonary fibro-
sis [5, 6]. This underscores the importance of studying
this cell type.

Recent technological advances, particularly due to
single-cell RNA sequencing (scRNA-seq), have broaden
our scientific knowledge regarding the heterogeneity
of lung resident fibroblasts and identified several sub-
populations based on the transcriptome profiles. Lee et
al. analyzed lung mesenchymal cells in the view of Lgr5
or Lgr6 lineage and reported the AT2-supportive capac-
ity of Lgr5™ mesenchymal cells [7]. Zepp et al. proposed
a novel lung mesenchymal subpopulation, termed as
mesenchymal alveolar niche cell (MANC), which also
successfully supported AT2 [8]. Taghizadeh et al. also
proposed another AT2-supportive subpopulation, SCA-
1*Fgf10" mesenchymal cell [9]. Xie et al. categorized
resident fibroblasts in untreated lungs into lipofibro-
blast, Coll3al* fibroblast, and Coll4al* fibroblast [10].
Although in the same group, Liu et al. newly determined
fibroblast subpopulations, lipofibroblast, EbfI* fibro-
blast, proliferating fibroblasts, myofibroblast (in devel-
oping lungs), and intermediate subtype [11]. Tsukui et
al. analyzed the Collal-GFP mouse lungs and found at
least three fibroblast subpopulations in their untreated
lungs: alveolar lipofibroblast, adventitial fibroblast, and
peribronchial fibroblast [12]. However, the overlap and
distinction between these many proposed subpopula-
tions are unclear due to differences in mouse lines used.
Additionally, most subpopulations were determined
only based on the transcriptome profiles with or without
localization data, often lacking functional analysis. The
live cell isolation of target subpopulations, particularly
applicable even in wild-type mice, would be helpful to
resolve such problems due to its ease of application and
validation.

Lipofibroblasts are a fibroblast subpopulation with
many lipid droplets in the cytoplasm, which is believed
to transfer lipids to AT2 for surfactant synthesis [13].
Although several gene markers for lipofibroblasts have
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been suggested, such as Plin2, Lpl, Tcf21, and Apoe
[10-12, 14-16], their coding proteins and antibodies are
not generally used for live cell isolation on fluorescence-
activated cell sorting (FACS). To our knowledge in the lit-
erature, potential cell surface markers for lipofibroblasts
include PDGFRa, THY-1, and SCA-1 [4, 9, 17].

Previously, using wild-type mice, we demonstrated
that lung resident fibroblasts could be divided into at
least two subpopulations using cell surface markers, inte-
grin a8 (ITGAS8) and SCA-1 [18]. In this current study,
we analyzed lung fibroblast subpopulations based on
the expressions of the two markers in terms of (1) com-
patibility as lipofibroblasts by directly evaluating their
intracellular lipid content; (2) comparison with several
subpopulations proposed in previous studies using two
independent scRNA-seq datasets; (3) alveolar stem cell
niche capacity using an alveolar organoid assay.

Methods

All the experiments have been newly performed and the
data in the present study is independent from that of our
previous study [18].

Mouse lines

We obtained wild-type C57BL/6 mice from Japan
SLC. We also purchased Pdgfra-GFP mice (B6.129S4-
Pdgfra™1EGEP)Sor /1. Strain #007669) [19], Sftpc-creERT2
mice (B6.129 S-Sftpc1€e/ERT2BIN /1. Strain #028054) [20],
andtd Tomatomice(B6.Cg-Gt(ROSA)26Sor " HCAG-tdTomato)tze .
Strain #007914) [21] from The Jackson Laboratory. All
mice were bred and kept in a specific pathogen-free
mouse facility under constant temperature (18°-23 °C)
and humidity (40-60%) in sterilized plastic cages. A
12 h-light/12 h-dark cycle was maintained. Typically, we
utilized adult male mice aged 8—14 weeks, unless other-
wise specified. To label AT2 cells, Sftpc-creERT2; tdTo-
mato mice were intraperitoneally injected with tamoxifen
(0.25 mg per g body weight in peanuts oil) two times on
alternative days and these mice were used for organoid
experiments two weeks after the last injection.

Preparation of mouse primary cells and FACS sorting

The procedure was based on that in previous studies
[6, 22]. In brief, mice were euthanized, and then a per-
fusion of 5 mL of Dulbecco’s phosphate-buffered saline
(DPBS) was conducted through the right ventricle. Sub-
sequently, 1 mL of protease solution containing Colla-
genase type I (900 U/mL, Worthington), Elastase (1 U/
mL, Worthington), and DNasel (0.1 mg/mL, SIGMA) in
advanced DMEM was intratracheally injected, and the
trachea was tied off. After a 3-min incubation on a dish,
only lung lobes were extracted. These lobes were finely
chopped with a small blade and incubated in 3 mL of
protease solution for 45 min at 37 °C. The tissues were
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then dissociated by repetitive pipetting, and 10 mL of
our FACS buffer (consisting of 3% heat-inactivated FBS
in DPBS) was added. The resulting cell suspension was
filtered through 70 um and 40 um strainers. After a cen-
trifugation step (400 g, 3 min), the cells were incubated
with RBC lysis buffer (BioLegend #420301) at room tem-
perature for 3 min. Next, the cells were resuspended in
FACS buffer and centrifuged (400 g, 5 min). Following
this, the cells were stained with the specified antibodies
(see Table 1) and sorted using Moflo Astrios EQ (Beck-
man Coulter). The digestion procedure was common
regardless of the target cells except for the combination
of antibodies applied. For the organoid experiments,
lung fibroblasts were isolated from Pdgfra-GFP mice
[DAPI-negative (alive) & GFP*EpCAM CD31"CD45°C
D146°LYVE-17] or from wild-type mice [SYTOX Red-
negative (alive) & PDGFRa'EpCAM CD31"CD45°CD
146" LYVE-1"] with/without selected markers (ITGAS8
and SCA-1)]. AT2 cells were isolated from tamoxifen-
treated Sftpc-creERT2; tdTomato mice [DAPI-negative
(alive) & Tomato"EpCAM*CD31-CD457]. For the evalu-
ation of lipid content in each subpopulation of lung fibro-
blasts, wild-type C57BL/6 mice, not Pdgfra-GFP mice,
were used due to the limitation of the fluorescence col-
ors available, and the lung fibroblasts were determined
by a panel of PDGFRa*EpCAM CD31 CD45 CD146~
LYVE-1~ with/without selected markers (ITGA8, SCA-
1, and THY-1). Data collection was performed using

Table 1 Antibodies and staining materials used in the present

study

Target protein Supplier  Code Application Dilution

ITGA 8 R&D BAF4076  FACS/IHC 1:100

(biotin-conjugated)

Ly6a (SCA-1) (PE/ eBioscience 25-5981- FACS 1:100

Cy7) 82

CD140a (PDGFRA)  BioLegend 135923 FACS 1:50

(Bv421)

CD326 (EpCAM) eBioscience 17-5791- FACS 1:100

(APC or PE/Cy7) 82

CD31 (APC or PE/ Biolegend 102410  FACS 1:100

Cy7)

CD45 (APC or PE/ BioLegend 103112 FACS 1:100

Cy7)

CD146 (APQ) BioLegend 134712 FACS 1:100

LYVE-1 (APC) R&D FAB2125A FACS 1:100

CD90.2 (THY-1.2) BioLegend 140314 FACS 1:100

(biotin-conjugated)

PE Streptavidin Biolegend 405203  FACS 1:100

Ly6a (Sca-1) Miltenyi 130-123- IHC 1:100
Biotec 848

Prosurfactant Merck AB3786  IHC 1:500

prontein C

DAPI Nakalai 19178-91 FACS/IHC 1:500

SYTOX Red Thermo S34859  FACS 1:1000
Fisher
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Summit Software v6.3.1 (Beckman Coulter) and Flow]Jo
v10.7.2 was employed for the analysis of all FACS data.

Note: in evaluating or sorting fibroblasts, the lineage
marker set for negative selection included CDI146 (a
marker of pericytes and smooth muscle cells) and LYVE-1
(lymphatic endothelial cells) in addition to CD31 (endo-
thelial cells), CD45 (blood cells), and EpCAM (epithelial
cells), which enabled to increase the purity of fibroblasts
(Supplementary Fig. 1A).

Culture of alveolar organoids

Sorted AT2 cells from tamoxifen-treated Sfipc-creERT2;
tdTomato mouse lungs and lung fibroblasts from Pdgfra-
GFP or wild-type mouse lungs were mixed in culture
medium, along with an equal volume of growth factor-
reduced Matrigel™ (Corning #354230). We placed 800
AT?2 cells and 4000 fibroblasts per 20 puL gel-containing
drop at the bottom of 24-well plates. These drops were
allowed to solidify by incubating for 20 min at 37 °C,
after which 500 pL of medium was added to each well.
The culture medium composition was as follows: 50 ng/
mL human EGF (ThermoFisher #PHG0311), 30 ug/mL
Bovine Pituitary Extract (ThermoFisher #13028014),
5 pg/mL heparin (Merck #H3149-100KU), 10 pM
Y-27632 (FUJIFILM #030-24021), GlutaMAX Supple-
ment (Gibco #35050-061), Insulin-Transferrin-Selenium
(Gibco #41400045) in Advanced DMEM (Thermo Fisher
#12491015) containing 5% FBS. The medium remained
unchanged until day 11. Organoids were imaged using
CellDiscoverer 7 (Carl Zeiss). The number and size were
evaluated only for Tomato® organoids with a diameter
more than 50 pm. For the isolation of AT2-derived cells
from Matrigel™, only live Tomato® cells (without DAPI
positivity) were sorted after dissolving the gel using Try-
pLE™ Express Enzyme (Gibco #12605010) for 30 min.

Immunohistochemistry

Sections were stained with primary antibodies listed in
Table 1. Secondary antibodies directly conjugated with
Alexa Fluor 488/555/647 were used for multi-color imag-
ing. DAPI was used for nuclear counter staining. Images
were obtained using a TCS SP8 confocal microscope
(Leica). The distance between cells was defined as the
distance between the center of DAPI-positive nuclei in
each cell. For the measurement, z-stacks and the projec-
tion images were acquired from at least three different
sections from three individual mice.

Evaluation of lipid content

Lipid content was evaluated using LipidTOX (HCS Lip-
idTox™ Green Neutral Lipid Stain: Invitrogen #H34475;
dilution 1:200) and Oil Red O (MutoPureChemicals
#40492) after FACS with Cytospin preparation. For Lip-
idTOX staining, fixation with 4% paraformaldehyde and
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permeabilization with 4% saponin were performed, and
fluorescence was evaluated by TCS SP8 confocal micro-
scope (Leica). For Oil Red O staining, fixation with 4%
paraformaldehyde and incubation with 60% isopropa-
nol were done, followed by staining with 60% Oil red O
working solution with/without Hematoxylin counter-
stain. The images of Oil Red O were obtained using IX83
inverted microscope (Olympus). The visualized lipid
droplets (stained by LipidTOX or Oil Red O) in each cell
were semi-quantitatively scored: absent (LipidTOX) or
scarce (Oil Red O) =score 0; a few =score 1; many =score
2. The representative images are shown in Fig. 1B and
C. The scoring was performed to 300 cells in each fibro-
blast subpopulation in a mouse lung and the sum of the
semi-quantitative scores was also calculated. The binary
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cutoff of “presence of intracellular lipid” was defined as
the score with 1 or 2. The quantification of mean fluores-
cence intensity of LipidTOX in each target subpopulation
was evaluated using flow cytometry.

scRNA-seq library preparation, sequencing, and data
processing

Lung cells were obtained from three 12-week-old male
wild-type mice, and these cells constituted one sam-
ple. Using FACS, we sorted live (SYTOX Red-nega-
tive) lineage-negative cells (negative for E-cadherin,
CD45, CD31, CD146, LYVE-1, and TER119) and loaded
them onto the Chromium controller (10x Genom-
ics). For library preparation, we utilized the Chro-
mium Next GEM Single Cell 3’ Kit v3.1 according to the
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Fig. 1 Evaluation of previously-reported cell surface markers for lung lipofibroblasts. (A) Representative FACS gating panels for sorting PDGFRa* lung
fibroblasts. Lineage=a mixture of EpCAM (for epithelial cells), CD31 (endothelial cells), CD45 (blood cells), CD146 (smooth muscle cells and pericytes),
and LYVE-1 (lymphatic endothelial cells). (B) Representative images of PDGFRa* lung fibroblasts on Oil Red O staining and the scoring result (scale bar:
left=50 um; right=5 um). The results are obtained from three independent adult male mice (wild-type: #1, #2, and #3). (C) Representative images of
PDGFRa* lung fibroblasts on LipidTOX staining and the scoring result (scale bar: left = 50 um; right = 5 um). The results are obtained from three independent
adult male mice (wild-type: #1, #2, and #3). (D) FACS panels of PDGFRa* lung fibroblasts and LipidTOX-fluorescence intensities between SCA-17THY-1",
SCA-1*THY-1*, and double-negative cells. The right graph is the quantification. Data represent the mean +SEM of results obtained from three indepen-
dent adult male mice (wild-type). *P<0.05, **P<0.01 (one-way analysis of variance with Bonferroni correction). Lineage=a mixture of EpCAM, CD31,

CD45,CD146, and LYVE-1
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manufacturer’s protocol. The libraries were sequenced
on DNBSEQ-G400 (MGI). Sequencing data were aligned
to the mouse genome mm10 using CellRanger version
6.1.1 (10x Genomics). Data processing was performed
using the Seurat R package version 4.0.5. Cells with fewer
than 200 genes detected or greater than 10% mitochon-
dria genes were excluded. Clustering was done using the
FindClusters function of Seurat (dims.use = 1:20). Cluster
visualization on a 2D map was achieved through uniform
manifold approximation and projection (UMAP) (using
the RunUMAP function of Seurat, dims.use=1:20).
UMAP plots and dot plots were generated using Seurat.

RNA velocity estimation

The spliced (exonic) and unspliced (intronic) transcript
levels were determined from the CellRanger version 6.1.1
(10x Genomics) output using Velocyto version 0.17.17
(run10x function) [23]. RNA velocity was estimated in
stochastic mode from the resulting unspliced/spliced
count loom file and visualized with scVelo version 0.2.4
[24].

Total RNA isolation, cDNA preparation, and quantitative
RT-PCR

Total RNA was purified with ISOGEN (NIPPON GENE)
as per the manufacturer’s instructions. Then, it was
reverse transcribed to ¢cDNA by SuperScript III First-
strand synthesis system (INVITROGEN) according to
manufacturer’s instructions. Quantitative RT-PCR was
performed using primer sets shown in Table 2, utilizing
Thunderbird SYBR qPCR mix (TOYOBO) on Quant-
Studio5 Real-time PCR machine (Thermo Fisher Sci-
entific). PCR cycling parameters were 95 °C for 10 min
(one cycle); 95 °C for 15 s and 60 °C for 60 s (40 cycles).
Gapdh (glyceraldehyde 3-phosphate dehydrogenase)

was used for the normalization of gene expression as a

Table 2 Primers used in the present study

Gene Forward Reverse

Gapdh  AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT

Fgf7 TTTGGAAAGAGCGACGACTT GGCAGGATCCGTGTCAGTAT

Fgf10 GCCACCAACTGCTCTTCTTC CTGACCTTGCCGTTCTTCTC

Wnt2 ATCTCTTCAGCTGGCGTTGT CCTTCCTTCCAGCTCTGTTG

Tef21 CAAACCCAACACACGAAGTG GTCACAGTCCAGCATCTCCA

Plin2 CCCTGTCTACCAAGCTCTGC CGATGCTTCTCTTCCACTCC

Npnt GACGTGGTCAAAGGACAGGT CTCTTCCAGTCGCACATTCA

Epcam  GAGTCCGAAGAACCGACAA GATGTGAACGCCTCTTGA

GGA AGCG

Sftpc GTCCTCGTTGTCGTGGTGATTG  AAGGTAGCGATGGTGTCT
GCTC

Pdpn ACAACCACAGGTGCTACTGGAG  GTTGCTGAGGTGGACAG
TTCCT

Krt8 AGATCACCACCTACCGCAAG TGAAGCCAGGGCTAGTG
AGT

Mki67 GACAGCTTCCAAAGCTCACC TGTGTCCTTAGCTGCCTCCT
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house-keeping gene. Fold-changes in expression of tar-
geted genes were calculated using 2724 method.

Reanalysis of datasets of single-cell RNA-seq

Re-analysis for single-cell RNA-seq datasets was per-
formed using R studio software using the Seurat package
(https://satijalab.org/seurat/index.html).

Human lung samples

Formalin-fixed human lung samples were collected from
six adult subjects, who received autopsy at Hamamatsu
University Hospital and had not been diagnosed with
lung diseases including emphysema, fibrosis, or cancer.
Using the frozen sections, LipidTOX was stained.

Data availability

The authors declare that all data supporting the findings
of this study are available within the article and its sup-
plementary materials. Our original sequencing data in
this study are available at NCBI GEO under the accession
numbers GSE244237. Previously published sequencing
data that were reanalyzed are available under the acces-
sion number GSE132771 (mouse: integrated data of GFP*
and GFP~ cells; human: integrated data of “‘NML1_ALL
“NML2_ALL, and “NML3_ALL”) [12].

Statistics

All results are presented as mean + standard error (SEM)
from a minimum of three independent mice. Statistical
analyses were performed using unpaired Student’s t-test
(two-tailed) for comparisons between two groups or
using a one-way analysis of variance with Bonferroni cor-
rection for comparisons between more than two groups.
The differences with P<0.05 are considered significant.

Results

ITGAS is a useful cell surface marker for lung lipofibroblasts
PDGFRa« is a pan-fibroblast marker in the lungs that can
be used for cell sorting (Fig. 1A). To evaluate the actual
lipid content in the PDGFRa" fibroblasts, direct visu-
alization using LipidTOX and Oil Red O staining was
done and revealed that about 40% of PDGFRa" fibro-
blasts did not have apparent lipid droplets in their cyto-
plasm (Fig. 1B and C), suggesting that the expression
of PDGFRa is not specific for lipofibroblasts. Among
PDGFRa* fibroblasts, another potential lipofibroblast
markers, THY-1 and SCA-1 [9, 17], were evaluated but
did not guarantee high or frequent lipid content (Fig. 1D
and Supplementary Fig. 1B). Even when evaluating THY-
1% or SCA1" cells in all cell types, not just fibroblasts,
the intracellular lipid was rarely seen (Supplementary
Fig. 1C). Collectively, PDGFRa, THY-1, and SCA-1
seemed not suitable for a marker of lipofibroblasts.
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PDGFRa" total lung resident fibroblasts were divided
by the protein expressions of ITGA8 and SCA-1 using
FACS, as we have previously reported (Correction
from our previous paper: the expression of SCA-1 in the
ITGAS8-single-positive fibroblasts was mainly “nega-
tive”, not “low”) [18]. More detailed evaluation by flow
cytometry revealed that PDGFRa" fibroblasts were sub-
divided into three groups: SCA-1-single-positive, SCA-
1&ITGA8-double-positive, and ITGAS8-single-positive
fibroblasts. Furthermore, it was found that the expres-
sion of PDGFRa protein increased in this order (Supple-
mentary Fig. 2A). Then, it was determined whether this
dividing method can be used for lipofibroblast identifi-
cation. Interestingly, ITGA8-single-positive fibroblasts
showed more lipid score and higher lipid droplet positiv-
ity than SCA-1-single-positive fibroblasts (91.0+1.5% vs.
5.0£0.5% in LipidTOX staining; 91.3 +1.4% vs. 7.1+1.7%
in Oil Red O staining). The double-positive fibroblasts
(SCA-1* and ITGAS8"*) showed the intermediate lipid
score between SCA-1- and ITGAS8-single-positive fibro-
blasts (Fig. 2A and B, and 2C). Even when comparing
ITGAS8-positive with -negative fibroblasts, the former
showed significantly more intra-cellular lipid content
(Supplementary Fig. 2B, 2 C, and 2D). The lipid drop-
let positivity in ITGAS8-positive vs. -negative fibroblasts
was 90.3+1.2% vs. 1.6+0.6% in LipidTOX staining or
92.9+1.6% vs. 8.6 £0.7% in Oil Red O staining.

It was also found that the mean fluorescence intensity
of LipidTOX in ITGA8" fibroblasts was the highest at
newborn (postnatal day 7) compared to adult (2-month-
old) or aged (2-year-old) lungs. In contrast, ITGA8*
fibroblasts consistently had lipids in their cytoplasm even
in the aged lungs (Fig. 2D). These results suggest that
ITGAS is a useful and consistent cell surface marker of
mouse lung lipofibroblasts regardless of age.

Comparison of ITGA8* or SCA-1" fibroblasts with other
lung fibroblast subpopulations proposed in previous
studies

One of the most important functions of alveolar fibro-
blasts is supporting AT2, an alveolar epithelial tis-
sue stem cell [4, 25]. In the lungs of Pdgfra-GFP mice,
ITGA8*GFP* fibroblasts were confirmed to be local-
ized frequently at the alveolar area, particularly at the
neighborhood of SFTPC-positive AT2 cells (Fig. 3A).
In contrast, SCA-1*GFP* or ITGA8 GFP* fibroblasts
were relatively flat-shaped and found mostly at the peri-
bronchial and peri-vascular area (Fig. 3A). The distances
from the nearest AT2 cells for the ITGA8*GFP* fibro-
blasts were much shorter than for the SCA-1*GFP* or
ITGA8 GFP* fibroblasts (Note: 94.8+1.2% of ITGAS-
negative fibroblasts was positive for SCA-1 in flowcytom-
etry, n=3). The mean distances were 10.0 um, 58.7 pm,
and 61.5 pm, respectively (Fig. 3B).
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To evaluate the transcriptome profiles of ITGA8"
and SCA-1* fibroblasts, we utilized a published data-
set of scRNA-seq (GSE132771) by Tsukui et al.,, which
analyzed untreated adult mouse lungs. [12] Consistent
with our FACS results, Pdgfra® lung fibroblasts could be
divided into two major subpopulations: Itga8" or Ly6a*
(a SCA-1 gene) fibroblasts when the analysis resolution
was set at a low level (Fig. 3C). Except for fibroblasts, the
expressions of ltga8 and Ly6a were mainly observed in
smooth muscle cells and endothelial cells, respectively
(Supplementary Fig. 3). Based on the transcriptome
comparison, ltga8" fibroblasts showed higher mRNA
expressions of AT2-supportive factors [9, 25-27], such
as Fgf10, Fgf7, and Wnt2 (Fig. 3C). They also had higher
expressions of Tcf21, Plin2, Coll13al, and Npnt, which are
similar to those of “lipofibroblast” determined by Liu et
al. [11], “alveolar lipofibroblast” by Tsukui et al. [12], and
“Col13al" fibroblast” by Xie et al. [10]. Additionally, we
confirmed the reproducibility even in the FACS-sorted
lung fibroblasts of Pdgfra-GFP mice by qRT-PCR analy-
ses of selected genes (Supplementary Fig. 4). In contrast,
Ly6a (SCA-1)" fibroblasts showed a signature resembling
a mixture of several proposed subpopulations in each
study, such as, “Coli4al” fibroblast (the major genes:
Col14al and Pil16)” and “lipofibroblast (Cd44 and Cd9)”
defined by Xie et al. [10]; “EbfI™ fibroblast (Ebf1 and Pdg-
frb)” and “intermediate subtype (Igfbp7 and Fbin5)” by
Liu et al. [11]; “peribronchial fibroblast (Hhip and Aspn)”
and “adventitial fibroblast (Coli14al and Pil6)” by Tsu-
kui et al. [12] (Fig. 3C). To validate these findings, we
originally performed scRNA-seq using wild-type mouse
lung-derived, lineage marker (CD45/CD31/E-cadherin/
CD146/LYVE-1/TER119)-negative, FACS-sorted mes-
enchymal cells (GSE244237). Similar results were repro-
duced even in our dataset (Fig. 3D and Supplementary
Fig. 5). Interestingly, an RNA velocity analysis suggested
that Ly6a* fibroblasts were in more progenitor status
than Jtga8" fibroblasts (Supplementary Fig. 6).

In contrast, in both the scRNA-seq datasets, we could
not confidently determine which clusters correspond to
some of the previously-reported AT2-supportive fibro-
blast subpopulations, Lgr5* mesenchymal cell (due to the
extremely-low expression level of Lgr5 or Lgr6 among
the Pdgfra* total lung fibroblasts) [7], MANC (due to the
inconsistent expression pattern regarding the reported
major marker genes, such as Axin2, Mmp2, and Sfrp4)
[8], and SCA-1¥Fgf10" mesenchymal cell (due to the low
expression level of Fgfl10 in Ly6a* fibroblasts) [9], regard-
less of the resolution level analyzed (Supplementary
Figs. 3 and 5).

Evaluation of alveolar stem cell niche capacity
Although the localization data and transcriptome profiles
suggested a higher alveolar stem cell niche capacity for
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Fig. 2 Evaluation of ITGAS as a cell surface marker for lung lipofibroblasts. (A) FACS panels of PDGFRa* lung fibroblasts and LipidTOX-fluorescence
intensities between SCA-1-single-positive, [TGA8-single-positive, and double-positive fibroblasts. The right graph is the quantification. Data represent
the mean+ SEM of results obtained from three independent adult male mice (wild-type). *P<0.05 (one-way analysis of variance with Bonferroni cor-
rection). Lineage=a mixture of EpCAM, CD31, CD45, CD146, and LYVE-1. Note: ITGA8 was also expressed in non-fibroblast cells (CD31-positive cells: 5.2% in
average; CD45-positive cells: 1.9%,; CD146-positive cells: 4.4%; EpCAM-positive cells: 0.7%) (n=3, wild-type adult male mice). (B) Representative images of Oil
Red O staining with hematoxyline for SCA-1-single-positive and ITGA8-single-positive lung fibroblasts (scale bar: 50 um) and the quantification including
double-positive fibroblasts (sum and breakdown of the scores). Data represent the mean +SEM of results obtained from three independent adult male
mice (wild-type). **P<0.01, **P<0.001 (one-way analysis of variance with Bonferroni correction). (C) Representative images of LipidTOX staining with
DAPI (scale bar: 100 um) for SCA-1-single-positive and ITGA8-single-positive lung fibroblasts and the quantification including double-positive fibroblasts
(sum and breakdown of the scores). Data represent the mean + SEM of results obtained from three independent adult male mice (wild-type). ***P<0.001
(one-way analysis of variance with Bonferroni correction). (D) Representative images of newborn (P7), adult (2 months), and aged (2 years) lungs stained
with LipidTOX, anti-ITGA8 antibody, and DAPI (scale bars: 20 um), and the quantification of LipidTOX-fluorescence intensities of [TGA8™ lung fibroblasts
evaluated by flowcytometry. Triangles show ITGA8*LipidTOX* fibroblasts. Data represent the mean +SEM of results obtained from three independent
mice (wild-type) in each generation. **P<0.01 (one-way analysis of variance with Bonferroni correction)

ITGAS" fibroblasts, these findings were based on indirect ~ of lung fibroblasts within the same lung were sorted
evidence. To confirm these, an alveolar organoid assay and compared: ITGAS8-single-positive fibroblasts
was conducted using AT2 from tamoxifen-treated Sftpc-  (ITGA8'SCA-1"GFP"), SCA-1-single-positive fibroblasts
creERT2; tdTomato mice and lung fibroblasts from Pdg- (SCA-1"ITGA8 GFP*), and double-positive fibroblasts
fra-GFP or wild-type mice. Here, three subpopulations (ITGA8'SCA-1*GFP*) (Fig. 4A). Results showed that
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Fig. 3 Localization and transcriptome profiles of ITGA8*or SCA-1*lung fibroblasts. (A) Representative images of a Pdgfra-GFP mouse lung stained with
anti-ITGA8 antibody (upper)/anti-SCA-1 antibody (lower), anti-SFTPC antibody (upper), and DAPI (scale bars: 20 um). Triangles show ITGA8*GFP* fibroblasts.
Arrows show SCA-1*GFP* fibroblasts. Br=bronchus; Ar=artery. The results are obtained from three independent adult male mice. (B) Quantifications of
the distances from the nearest SFTPC-positive alveolar epithelial cell type 2 (AT2) in ITGA8-positive, SCA-1-positive, or ITGA8-negative fibroblasts. One
hundred fibroblasts in each fibroblast subpopulation of the mouse lung are counted and the data are obtained from three independent Pdgfra-GFP
mice (#1, #2, and #3). ***P<0.001 (one-way analysis of variance with Bonferroni correction). (C) Reanalysis of single cell RNA-seq data of mouse lung cells
isolated from ColTal-GFP mice (GSE132771). Clustering of subpopulations (left upper) and visualization of mRNA expressions of Pdgfra, ltga8, and Lyéa.
The lower panels show the dot plot analysis for selected genes between Ly6a™ and ltga8* fibroblasts. (D) Analysis of our original single cell RNA-seq data
of mouse lung mesenchymal cells isolated from wild-type mice (GSE244237). Clustering of subpopulations (left upper) and visualization of mMRNA expres-

sions of Pdgfra, Itga8, and Ly6a. The lower panels show the dot plot analysis for selected genes between Ly6a* and ltga8* fibroblasts

while ITGA8-single-positive fibroblasts did support alve-
olar organoid formation, unexpectedly, the number and
size of organoids were lower than those made by SCA-
1-single-positive and double-positive fibroblasts (Fig. 4B
and C). These observations were almost reproduced even
using wild-type lung fibroblasts (Supplementary Fig. 7A).
In contrast, cultured AT2-derived cells, re-sorted by
FACS using the positivity of Tomato fluorescence, exhib-
ited no apparent differences in the expression of prolifer-
ating marker Mki67 or major epithelial markers including
Epcam (a pan-epithelial marker), Sftpc (a canonical AT2
marker), Pdpn (a canonical AT1 marker), and Krt8 (an
AT2-to-AT1 intermediate marker) (Fig. 4D).

Relevance with human lung resident fibroblasts

In human lungs, we have previously reported that ITGA8
is broadly expressed in lung fibroblasts at not only alve-
olar region but also peri-bronchiolar region [18]. It is
unclear whether these human ITGA8" lung fibroblasts
actually have lipid in their cytoplasm. Using frozen lung
sections from six human adult subjects, we evaluated the
presence of intra-cellular lipid using LipidTOX. However,
there was no evidence of lipid droplets in the lung cells
including fibroblasts (data not shown).

Using a published dataset of scRNA-seq of human
lung cells [12], we evaluated the transcriptional profile
of ITGA8" human lung fibroblasts. Lung resident fibro-
blasts with high expression of PDGFRA were divided into
two major subpopulations: ITGA8-high and ITGA8-low
fibroblasts (Fig. 5A). Interestingly, although not so appar-
ent, ITGA8-high fibroblasts showed relatively higher
expression of lipofibroblast markers, LPL and TCF21I,
than /ITGAS8-low fibroblasts. This means that /TGA8 can
be a marker of lipofibroblast-like cells even in human
lungs.

Discussion

In this study, it was demonstrated that ITGAS8 serves as a
novel and valuable cell surface marker for alveolar lipofi-
broblasts within PDGFRa* total lung resident fibroblasts.
By leveraging two scRNA-seq datasets, the relationship
between Itga8" and Ly6a* fibroblasts and several subpop-
ulations previously proposed in other studies was esti-
mated. While the transcriptome profile of ITGAS8 (Itga8)*

fibroblasts, along with their close proximity to AT2 in
vivo, suggests a potential role as an alveolar stem cell
niche, their supporting capacity for AT2 evaluated by an
alveolar organoid assay revealed an inferiority to SCA-1
(Ly6a)* fibroblasts. These findings contribute to advanc-
ing our understanding of lung fibroblast heterogeneity
and functional distinctions.

Alveolar lipofibroblasts have a potential to transfer lip-
ids to AT?2 cells, aiding in surfactant synthesis, and are
known to be part of the Tc¢f21 lineage in mouse devel-
opment [13, 15]. Recent scRNA-seq analyses have sug-
gested the presence of lipofibroblast-like cells even in
humans [11, 16], although we could not find the actual
lipid droplets in human lungs. In vitro assessment of tar-
get cell nature, often requiring live cell isolation methods
like FACS, has been hindered by the lack of suitable cell
surface markers for this population. In this study, we have
identified ITGAS8 as the most reliable cell surface marker
for alveolar lipofibroblasts, a finding validated through
scRNA-seq analysis, flowcytometry, and the direct visu-
alization of intracellular lipid content. Moreover, we
showed that this method is applicable to wild-type mice
of all ages, adding to its practicality.

Recent research by several investigators has highlighted
the heterogeneity of lung resident fibroblasts or mes-
enchymal cells, and they have defined subpopulations
based on their transcriptome datasets [7—-12]. However,
it remains unclear how these studies overlap or differ.
In our present study, we aimed to comprehend the het-
erogeneity of lung fibroblasts using just two markers,
ITGA8 and SCA-1. We also sought to establish connec-
tions with previously-reported fibroblast subpopulations
(Fig. 3 and Supplementary Figs. 3 and 5), although not
all subpopulations could be incorporated. We propose
that PDGFRa" total lung resident fibroblasts can be cat-
egorized into at least two major subpopulations: ITGA8*
alveolar lipofibroblasts and SCA-1* peri-bronchial/peri-
vascular fibroblasts with limited lipid content (Fig. 5B).

Compared to SCA-1* fibroblasts, ITGA8" fibroblasts
showed higher mRNA expressions of AT2-supportive
factors: Fgf10, Fgf7, and Wnt2 [9, 25-27]. These features,
in conjunction with the localization data, evoke a simi-
larity of ITGAS8™ fibroblasts with the MANC population
reported by Zepp et al. [8]. However, surprisingly, the
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supporting capacity of ITGA8" fibroblasts was inferior to
SCA-1-positive fibroblasts in vitro, which is inconsistent
with the data of MANC. In contrast, our observation is
partly consistent with the data of SCA-1*FgfI0* mesen-
chymal cell population reported by Taghizadeh et al., [9]
although it seems to be further modified when consider-
ing the positive selection using PDGFRa and dead cell

exclusion (Supplementary Fig. 7C, D, and E). Support-
ing AT2 is highly important to maintain alveolus and
the functional redundancy of fibroblast subpopulation
may be advantageous for the organisms. If the intracel-
lular lipid droplets can be acquired via a differentiation
process of fibroblasts, the SCA-1* peri-bronchial/peri-
vascular fibroblasts may have a more progenitor status
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than the ITGA8" alveolar fibroblasts, which was also
supported by the result of our RNA velocity analysis
(Supplementary Fig. 6). This hypothesis may explain the
broad niche capacity of SCA-1" peri-bronchial/peri-vas-
cular fibroblasts even for “alveolar” epithelium, although
it might be just due to the in vitro higher proliferating
capacity of SCA-1* fibroblasts [18], which could compen-
sate for the capacity gap at the single cell level. Anyway,
our data can be an alert to the scientific field: while single
cell transcriptomics can predict cellular heterogeneity,

independent validation such as by using organoid assays
is equally important to determine whether genetic het-
erogeneity also translates into functional heterogeneity.

In summary, we identified that ITGA8" lung fibroblasts
correspond to alveolar lipofibroblasts. Their biological
significance and functional distinction from other fibro-
blast subpopulations should be further examined in the
future.
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