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Abstract

Progressive pulmonary fibrosis results from a dysfunctional tissue
repair response and is characterized by fibroblast proliferation,
activation, and invasion and extracellular matrix accumulation.
Lung fibroblast heterogeneity is well recognized. With single-cell
RNA sequencing, fibroblast subtypes have been reported by
recent studies. However, the roles of fibroblast subtypes in
effector functions in lung fibrosis are not well understood. In this
study, we incorporated the recently published single-cell RNA-
sequencing datasets on murine lung samples of fibrosis models
and human lung samples of fibrotic diseases and analyzed
fibroblast gene signatures. We identified and confirmed the novel
fibroblast subtypes we reported recently across all samples of
both mouse models and human lung fibrotic diseases, including
idiopathic pulmonary fibrosis, systemic sclerosis-associated
interstitial lung disease, and coronavirus disease (COVID-19).
Furthermore, we identified specific cell surface proteins for each

Pulmonary fibrosis occurs in a variety of
clinical settings, constitutes a major cause of
morbidity and mortality, and represents an
enormous unmet medical need (1). The
development of lung fibrosis is an essential
response of the human lung to pathogens
and noninfectious injuries (2), leading to
downstream fibrotic tissue remodeling and

extracellular matrix deposition, which in turn
perpetuates fibrosis formation (3). As a
criterion for a large group of interstitial lung
disease and usual interstitial pneumonia in
human lungs, pulmonary fibrosis is usually
categorized into lung diseases including
idiopathic pulmonary fibrosis (IPF), chronic
hypersensitivity pneumonitis, systemic

fibroblast subtype through differential gene expression analysis,
which enabled us to isolate primary cells representing distinct
fibroblast subtypes by flow cytometry sorting. We compared
matrix production, including fibronectin, collagen, and
hyaluronan, after profibrotic factor stimulation and assessed the
invasive capacity of each fibroblast subtype. Our results suggest
that in addition to myofibroblasts, lipofibroblasts and Ebfl "
(Ebf transcription factor 17) fibroblasts are two important
fibroblast subtypes that contribute to matrix deposition and also
have enhanced invasive, proliferative, and contraction
phenotypes. The histological locations of fibroblast subtypes are
identified in healthy and fibrotic lungs by these cell surface
proteins. This study provides new insights to inform approaches
to targeting lung fibroblast subtypes to promote the development
of therapeutics for lung fibrosis.

Keywords: pulmonary fibrosis; fibroblast subtype; single-cell RNA-
sequencing; cell surface marker; extracellular matrix

sclerosis—associated interstitial lung disease
(SSc-ILD), rheumatoid arthritis, lupus
erythematosus, and other rheumatic diseases
(4). Nintedanib and pirfenidone have been
approved by the U.S. Food and Drug
Administration and the European Medicines
Agency for patients with pulmonary fibrosis,
including IPF and SSc-ILD, but many
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Clinical Relevance

We defined lung fibroblast subtypes
and identified cell surface markers
for directly isolating primary cells of
fibroblast subtypes from human
idiopathic pulmonary fibrosis lungs.
Multiple lung fibroblast subtypes
secreted matrix proteins and had
different capacities for invasion,
proliferation, and contraction. In this
study, we document the direct
contributions of fibroblast subtypes
to lung matrix gene expression and
production and identify new insights
into approaches to target fibroblast
subpopulations.

questions remain regarding the lack of long-
term lung functional improvement, effects
on mortality, and significant tolerability
issues associated with these therapies (2).

The major effector cells in fibrotic
diseases are fibroblasts, which have long been
suggested to be heterogeneous in
mammalian lungs (5). Myofibroblasts, one of
the major components of fibroblasts, have
been believed to be the major sources of
matrix production in lung fibrosis (6),
although their contractile properties were
initially identified to be critical for normal
wound healing (7). Increased expression of
a-SMA (a-smooth muscle actin) has been a
major indication of fibroblast activation.
However, recent studies suggest that «-SMA
is an inconsistent marker of fibroblast
activation (8). In addition to myofibroblasts,
we and others have identified multiple
fibroblast subtypes in lungs, including
lipofibroblasts, EBF1 ™ fibroblasts, smooth
muscle cells, pericytes, and mesothelial cells
(9-13), although the genes for the definitions
might differ.

Except for myofibroblasts, other
fibroblast subtypes might not express high
levels of a-SMA under homeostatic
conditions. However, their contributions to
matrix gene expression in fibrotic conditions
have been reported (14-16). For example, the
Adrp ™ lipogenic fibroblasts (lipofibroblasts)
were found to be located in dense fibrotic
areas in bleomycin-treated mouse lungs and
showed an upregulated expression of matrix
genes, such as Acta2 and Collal, after injury
(17). WT1 (Wilms’ tumor 1), a mesothelial
cell-specific gene, was necessary for the
maintenance of the human lung mesothelial

cell phenotypes. Loss of WT1 upregulated
the expression of extracellular matrix
markers a-SMA and fibronectin and
increased the migration and contractility of
the primary mesothelial cells isolated from
human lungs (18). In the microenvironment
of the IPF lungs, microvascular pericytes
from human lungs adopted the expression of
matrix genes, such as a-SMA. Pericytes from
IPF lungs responding to TGF-B1 adopted
functional characteristics, including the
ability to produce a collagen- and
fibronectin-rich extracellular matrix (19).
Mouse lung pericytes derived from Foxd1l
progenitors expanded after bleomycin lung
injury and activated expression of Collal
and o-SMA in the fibrotic foci of mouse
lungs (15). These studies shed light on the
potential contribution of these fibroblast
subpopulations to matrix secretion in
fibrotic conditions (10), but the direct or
comprehensive evidence of these hypotheses
has yet to be fully established.

To further delineate the biological
function of fibroblast subtypes in lung
fibrosis, we incorporated several single-cell
RNA-sequencing (scRNA-seq) datasets on
lung fibrosis from both mouse models and
human diseases published recently. We
defined lung fibroblast subtypes with a
common feature of collagen gene expression
and assessed differentially expressed genes
in each subtype. Most importantly, we
identified cell surface markers for directly
isolating primary cells of fibroblast subtypes
from human IPF lungs. With further in vitro
study, we showed that multiple lung
fibroblast subtypes secreted matrix proteins.
Interestingly, we found that fibroblast
subtypes had different capacities for invasion,
proliferation, and contraction. In this study,
we document the direct contributions of
fibroblast subtypes to lung matrix gene
expression and production and identify
new insights into approaches to target
fibroblast subpopulations.

Methods

See the data supplement for detailed
methods.

Study Approval

All the experiments on human lungs were
approved by the Institutional Review Board
(IRB) of Cedars-Sinai Medical Center and
were in accordance with the guidelines
outlined by the IRB (IRB number:

Pro00032727). Informed consent was
obtained from each subject.

scRNA-seq Analysis and Data
Accessibility

scRNA-seq data of freshly isolated lung
single cells from mice, human patients, and
healthy donors were obtained from publicly
available datasets, and the gene expression
omnibus (GEO) accession numbers are
presented in Table 1 (20-30). Details for data
analysis and cell surface marker identification
are described in the data supplement.

Human Lung Fibroblast Culture
Human lung fibroblasts were isolated from
surgical lung biopsies or lung transplant
explants obtained from patients with IPF.
Detailed isolation protocols were previously
described (31, 32). Detailed methods can be
found in the data supplement.

Immunofluorescence Staining
Immunofluorescence staining was
performed and processed on fixed human
lung tissues embedded in optimal cutting
temperature compound (OCT) or paraffin.
Detailed methods can be found in the data
supplement.

ELISA

ELISA was performed according to the
manufacturer’s instructions. For the
prefibrotic treatment of the fibroblasts,
TGF-B1 or fibrosis cocktail (FC) (33) was
used. Detailed methods can be found in the
data supplement.

Fibroblast Invasion

Fibroblast invasion was performed as
previously described (31, 32). Detailed
methods can be found in the data supplement.

Cell Contraction Assay
Fibroblast-induced polymerized collagen
matrix contraction was performed with a cell
contraction assay kit. Detailed methods can
be found in the data supplement.

Statistical Analysis

The statistical difference between two groups
in the bioinformatics analysis of the scRNA-
seq data was calculated using the Wilcoxon
signed-rank test, and the lowest P value
calculated in Seurat was P < 2.2 X 10~ ',
For all other data, the statistical differences
between groups were calculated using
GraphPad. The exact values are shown by
mean = SEM with P values. Unpaired
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Table 1. Accessibility of the Single-Cell RNA-Sequencing Data on Murine and Human Lung Tissues Used in This Study

Numbers of Tissues (n)

Treatment/ Collection Dissociation Instrument
Species Model/Disease GEO ID Fibrosis Normal Timepoint Reagent Model References

Murine Bleomycin/adult GSE111664 3 7 Day 14 Liberase MiSeq 20
GSE129605 4 4 Day 11 Collagenase A NextSeq 500 21

GSE131800 1 1 Day 21 Elastase NovaSeq 6000 22

GSE104154 1 1 Day 21 Elastase NextSeq 500 9

GSE132771 4 4 Day 14 Collagenase A HiSeq 4000 23

Bleomycin/aged = GSE157379 3 3 Day 14 Collagenase IV NextSeq 500 10
Silica/adult GSE184854 12 (Days7 5 (Day 3) Days 3,7, Liberase NovaSeq 6000 24

and 21) and 21

Human IPF GSE136831 32 28 NA Elastase/liberase HiSeq 4000 12
GSE157376 5 5 NA Elastase NextSeq 500 10

GSE128169 0 5 NA Collagenase A NextSeq 500 25

GSE135893 12 10 NA Collagenase | NovaSeq 6000 11

GSE128033 8 10 NA Collagenase A NextSeq 500 26

GSE122960 4 8 NA Collagenase D HiSeq 4000 27

GSE132771 6 6 NA Collagenase A NovaSeq 6000 23

SSc-ILD GSE159354 2 5 NA Collagenase | HiSeq 4000 28
GSE132771 6 4 NA Collagenase A NovaSeq 6000 23

COVID-19 GSE171524 19 7 NA NA NovaSeq 6000 29
COVID-19 GSE158127 3 3 NA Collagenase D HiSeq 4000 30

late-stage

Definition of abbreviations: COVID-19 = coronavirus disease; GEO = gene expression omnibus; IPF =idiopathic pulmonary fibrosis; NA = not
associated; SSc-ILD = systemic sclerosis—associated interstitial lung disease.
Bleomycin/adult indicates bleomycin-induced lung fibrosis in adult mice; bleomycin/aged indicates bleomycin-induced lung fibrosis in aged
mice; silica/adult indicates silica-induced mouse lung fibrosis.

Student’s two-tailed ¢ test was used for
comparing differences between two groups.
Two-way ANOVA followed by Tukey’s
multiple comparison test was used for
multiple comparisons.

Results

Collagen Contribution by Fibroblast
Subtypes in Fibrotic Murine Lungs
We reported several collagen
gene—expressing lung fibroblast subtypes
previously (10). To analyze fibroblast
subtypes comprehensively in lung fibrosis,
we incorporated recently published scRNA-
seq datasets on fibrotic and normal murine
lungs of different pulmonary fibrosis murine
models (Table 1). In the bleomycin-induced
lung fibrosis model, five datasets composed
of 13 fibrotic and 17 normal samples from
adult mice were integrated (9, 10, 20-23),
and 3 fibrotic and 3 normal samples from
aged mice were integrated (10). Fibroblast
components were subset from the
corresponding integrated datasets (Figures
1A and 1F), and the purities were confirmed
(see Figures E1A and E1C in the data
supplement). Using the fibroblast subtype
features (average expression of the gene sets)
we identified previously (10) (Figures E1B

and E1D), we defined the fibroblast cell
subtypes in adult and aged lungs with the
bleomycin lung injury model (Figures 1B
and 1G). Quantification of each fibroblast
subtype suggested a dramatic decrease in
lipofibroblast percentage in both adult and
aged fibrotic lungs and an increased
intermediate fibroblast subpopulation in
aged fibrotic lung (Figures 1C and 1H).

We then checked the expression of common
matrix genes, including Collal, Colla2,
Col3al, and FnI (Figures E2A and E2C), as
well as other matrix component genes
(Figures E2B and E2D), and found elevated
expression of these genes in total fibroblasts
and fibroblast subtypes from fibrotic lungs
compared with the cells from control lungs.
To simplify the data presentation, we then
defined the average expression of common
matrix genes, Collal, Colla2, Col3al, and
Fnl1, as the collagen score. Both the adult
and aged fibrotic fibroblasts demonstrated
dramatically elevated collagen scores
(Figures 1D and 1I) compared with the
matched control fibroblasts. As expected, all
the fibroblast subtypes contributed to the
increased collagen expression in the total
fibroblasts (Figures 1E, 1], and E2), although
the contribution ratios varied. Consistent
with our previous findings, these
observations demonstrated that all fibroblast

Liu, Dai, Zhang, et al.: Fibroblast Subtypes Contribute to Pulmonary Fibrosis

subtypes have elevated matrix gene
expression in bleomycin-induced lung
fibrosis in adult and aged mice.

To further validate this finding, we
accessed another scRNA-seq dataset of a
murine lung fibrosis model induced by silica
(Table 1) (24), which is commonly used to
model fibrotic lung diseases caused by free
crystalline silica particles, such as silicosis
(34). The cells of mouse lungs on Days 3, 7,
and 21 after silica treatment were integrated,
and fibroblasts were subset and clustered
(Figures E3A-E3C). As the cells from Day 3
after silica treatment mostly reflect acute
inflammatory response and epithelial cell
injury (35), we identified the fibroblast
component mainly from Days 7 and 21 as
fibrotic cells and fibroblasts from Day 3 as
nonfibrotic or control cells (Figure E3B). The
fibroblasts were subset (Figure 1K) and the
purity was confirmed (Figure E3D), and
fibroblast subtypes were identified by the
expression of subtype features and individual
genes (Figures 1L and E3E). Similarly, the
ratio of lipofibroblasts decreased and that of
myofibroblasts increased in the fibrotic lungs
(Figure 1M). The collagen expression of the
fibroblasts from late silica-treated fibrotic
lungs was significantly elevated compared
with the fibroblasts from early injured
control lungs (Figures 1N and E3F),
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Figure 1. Matrix contribution by lung fibroblast subpopulations in mouse fibrotic lungs. (A-J) Single-cell transcriptomics analysis of the adult
mice (A-E) or aged mice (F-J) with bleomycin-induced lung fibrosis. (K-O) Single-cell transcriptomics analysis of mice with silica-induced lung
fibrosis. (A, F, and K) Distribution of the mesenchymal cells from normal and fibrotic lungs of adult mice (A) and aged mice (F) in bleomycin-
and silica-induced (K) lung fibrosis models. (B, G, and L) Identification of the fibroblast subtypes in lungs from adult (B) or aged (G) mice in
bleomycin- and silica-induced (L) lung fibrosis models. (C, H, and M) Percentage of fibroblast subtypes in lungs from adult (C) or aged (H)
mice in bleomycin- and silica-induced (M) lung fibrosis models. (D, /, and N) Violin plot comparisons of the collagen score (average expression
of the matrix genes: Col1at, Col1a2, Col3al, and Fn1) in lung fibroblasts of adult (D) and aged (/) mice in bleomycin- and silica-induced (N)
lung fibrosis models. (£, J, and O) Violin plot comparisons of the collagen score in fibroblast subtypes of adult (£) and aged (J) mice in
bleomycin- and silica-induced (O) lung fibrosis models. Wilcoxon P<0.05 is statistically significant by Wilcoxon rank sum test (D, E, I, J, N, and
0). Ebf1* =Ebf1* fibroblast; Inter = intermediate fibroblast; Lipo = lipofibroblast; Meso = mesothelial cell; Myo = myofibroblast; Peri = pericyte;

SM = smooth muscle cell; UMAP = uniform manifold approximation and projection.

although the increase in ratio was not as high
as in the lung fibrosis model induced by
bleomycin. Increased collagen expression in
all the fibroblast subtypes from fibrotic lungs
was also observed (Figures 10, E3F, and
E3G), suggesting that extracellular matrix
deposition in this model was contributed by
all the fibroblast subtypes.

Extracellular Matrix Deposition by
Fibroblast Subtypes in Fibrotic
Human Lungs

As elevated collagen expression was
observed in all fibroblast subtypes in
murine lungs, we next attempted to
determine if this is also present in human
fibrotic lung diseases. We first
incorporated recently published datasets
on human IPF and healthy lung samples

48

(10-12, 23, 25-27) (Table 1) and
distinguished the purified fibroblast
compartments using the same criterion

as used with mouse fibroblasts (Figures
2A and E4A). We then identified fibroblast
subtypes from IPF and healthy control
lungs (Figures 2B and E4B). Again, the
lipofibroblast percentage decreased while
myofibroblast and intermediate fibroblast
percentages increased in the IPF lungs
(Figure 2C). The fibroblasts from IPF
lungs showed significantly upregulated
collagen gene expression (Figures 2D,
E4C, and E4D), and all IPF fibroblast
subtypes demonstrated increased collagen
gene expression (Figures 2E, E4C, and
E4D) compared with that of healthy
fibroblasts. These results were consistent
with what we observed with mouse lung

fibrosis and indicated that the collagen
deposition in IPF lungs was contributed
by all the fibroblast subtypes.

SSc is a multidisciplinary disease with a
wide range of systemic complications. The
complications in the pulmonary system
include ILD and pulmonary arterial
hypertension, which are the main causes of
morbidity and mortality in the course of SSc
(36). Here we accessed two scRNA-seq
datasets on human lung tissues of patients
with SSc-ILD (Table 1) (23, 28). The pure
fibroblasts were subset and clustered (Figures
2F and E5A-E5D), and major fibroblast
subtypes were identified (Figures 2G and
E5E). Similarly, the lipofibroblast ratio
decreased, whereas myofibroblast and
EBF1™ fibroblast ratios were dramatically
elevated (Figure 2H). Significantly
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Figure 2. Matrix contribution by lung fibroblast subpopulations in human fibrotic lung diseases. Single-cell transcriptomics analysis of the lung
fibroblasts from patients with (A-E) idiopathic pulmonary fibrosis (IPF), (F-J) systemic sclerosis—associated interstitial lung disease (SSc-ILD),
(K-0) coronavirus disease (COVID-19), and (P-T) late-stage COVID-19 with confirmed pulmonary fibrosis and matched healthy donors. (A, F, K,
and P) Distribution of the mesenchymal cells from human lungs of patients with IPF (A), SSc-ILD (F), COVID-19 (K), and late-stage COVID-19
with confirmed pulmonary fibrosis (P) and matched healthy donors. (B, G, L, and Q) Identification of the fibroblast subtype in human lungs of
patients with IPF (B), SSc-ILD (G), COVID-19 (L), and late-stage COVID-19 with confirmed pulmonary fibrosis (Q) and matched healthy donors.
(C, H, M, and R) Percentage of fibroblast subtypes in human lungs of patients with IPF (C), SSc-ILD (H), COVID-19 (M), and late-stage COVID-19
with confirmed pulmonary fibrosis (R) and matched healthy donors. (D, /, N, and S) Violin plot comparisons of the collagen score (average
expression of the matrix genes: COL1A1, COL1A2, COL3A1, and FN1)in lung fibroblasts from patients with IPF (D), SSc-ILD (/), COVID-19 (N), and
late-stage COVID-19 with confirmed pulmonary fibrosis (S) and matched healthy donors. (E, J, O, and T) Violin plot comparisons of the collagen
score in fibroblast subtypes from patients with IPF (E), SSc-ILD (J), COVID-19 (0O), and late-stage COVID-19 with confirmed pulmonary fibrosis

(T) and matched healthy donors. Wilcoxon P<0.05 is statistically significant by Wilcoxon rank sum test (D, E, I, J, N, O, S, and 7).

upregulated collagen gene expression was
evidenced in total fibroblasts (Figures 2I and
E5F) and in each fibroblast subtype (Figures
2], E5F, and E5G) from the SSc-ILD lungs
compared with that of fibroblasts from
control lungs, suggesting all fibroblast
subtypes contributed to lung fibrosis in the
disease of SSc-ILD.

With the increasing impact of
coronavirus disease (COVID-19) worldwide,
progressive pulmonary fibrosis has been
found in patients with severe COVID-19,

and COVID-19-associated lung fibrosis
shares features with IPF (30, 37). In this
study, we retrieved a dataset on lung samples
from individuals who died from COVID-19
and control individuals (29), as well as a
dataset on lung samples of patients with late-
stage COVID-19 with confirmed progressive
lung fibrosis and control lung samples (Table
1) (30). The pure fibroblasts were clustered
(Figures 2K, 2P, EGA-E6D, and E7A-E7D),
and major fibroblast subtypes were identified
in these two datasets (Figures 2L, 2Q, E6E,

Liu, Dai, Zhang, et al.: Fibroblast Subtypes Contribute to Pulmonary Fibrosis

and E7E). The ratio changes in the fibroblast
subtypes were similar to those of other
fibrotic lungs (Figures 2M and 2R). The
fibroblasts from the lungs of patients with
COVID-19 showed significantly upregulated
collagen gene expression (Figures 2N and
E6F), contributed by all the fibroblast
subtypes (Figures 20, E6F, and E6G).
Furthermore, fibroblasts from lungs of
patients with late-stage COVID-19 with
confirmed lung fibrosis showed much higher
expression of collagen genes (Figures 2S and
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Figure 3. Identification of cell surface marker genes of each fibroblast subpopulation in human lungs. (A) Cell surface marker genes were
identified in the integrated single-cell RNA-sequencing data of mesenchymal cells from IPF and healthy human lungs: CD82 for lipofibroblasts,
BCAM (CD239) for myofibroblasts, CD55 for EBF1* fibroblasts, PDGFRB (CD140B) for pericytes, and VCAM1 (CD106) for mesothelial cells.
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Figure 4. Matrix secretion by each fibroblast subpopulation after profibrotic treatment. (A and B) Quantification of fibronectin secretion by each
human fibroblast subtype stimulated by TGF-B1 (A) and fibrosis cocktail (FC) (B). n=6 per group for CD82"¢° and CD82" (A and B); n=7 (A)
or 6 (B) per group for CD239"°° and CD239": n=5 (A) or 6 (B) per group for CD55™9 and CD55™; n=4 (A) or 6 (B) per group for CD140B"9
and CD140B"; n=8 (A) or 5 (B) per group for CD106"¢ and CD106™. (C and D) Quantification of COL1A1 and hyaluronan (HA) secretion by
sorted myofibroblasts (CD239"™) and control fibroblasts (CD239"9) stimulated by TGF-g1 (C) and FC (D). n=8 per group for COL1A1 secretion
and n=7 per group for HA secretion (C and D). (E) Western blot for total protein levels of FN, COL1A1, and a-SMA in each human fibroblast
subtype after TGF-B1 stimulation. Quantitative data are represented as mean = SEM. *P<0.05, **P<0.01, and ****P<0.0001 by one-way
ANOVA. hi=high; neg = negative; NS = not significant.

Figure 3. (Continued). (B and C) Costaining of CD82 (lipofibroblast marker) and HTII-280 (human alveolar type Il cell marker) (B) and a-SMA
(a-smooth muscle actin) (myofibroblast marker) (C) on healthy and IPF lung sections. (D) Bright-field and fluorescence images of the CD82"°9
(nonlipofibroblasts) and CD82™ (lipofibroblasts) fibroblasts after visualization of the intracellular lipid droplets by Nile red staining. Higher
magnifications of the boxed regions are shown (B-D). Scale bars, 50 um (B and D).
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Figure 5. Invasion, proliferation, and contraction of each fibroblast subpopulation. (A) Representative images and quantification of invasion of
each fibroblast subpopulation. n=4 per group. Scale bars, 200 pum. (B) Cell proliferation rates of the cell surface marker-negative and -positive
fibroblast subtypes by EdU assay. n=3 per group. (C) Collagen contraction induced by each fibroblast subpopulation and (D) quantifications
of the contraction diameters. n=3 per group. Quantitative data are represented as mean = SEM. *P<0.05, **P<0.01 by Student’s t test

(A and B) or one-way ANOVA (D). No Fb =no fibroblast control.
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E7F). Notably, all the fibroblast subtypes
showed significant contribution to collagen
gene expression (Figures 2T, E7F, and E7G).

In summary, we have identified novel
fibroblast subtypes in lungs of human
fibrotic diseases, including IPF, SSc-ILD, and
COVID-19. All the fibroblast subtypes in
fibrotic lungs showed elevated matrix gene
expression.

Identification of Cell Surface Markers
for Fibroblast Subtypes

Next, we attempted to determine cell surface
markers for each fibroblast subtype. We
analyzed differentially expressed genes in IPF
lung fibroblast subtypes and focused on
those genes encoding cell surface proteins.
We first identified specific cell surface
protein genes in each subtype, including
FGFR4, ITGAS8, SLC40A1, and CD82 for
lipofibroblasts; BCAM for myofibroblasts;
CD55 and CD248 for EBF1 ™ fibroblasts;
PDGEFRSB for pericytes; and VCAM1,
CXADR, TM4SF1, and CLDNI1 for
mesothelial cells (Figures 3A and ESA).

We then validated the cell surface
protein expression in primary lung
fibroblasts from patients with IPF by
commercial antibodies using flow cytometry.
Of these, BioLegend monoclonal antibody,
clone ASL-24, against CD82 worked well in
the identification of lipofibroblasts in
primary IPF lungs (Figures 3A and E8B).

Pulmonary lipofibroblasts are
recognizable by their characteristic lipid
droplets, which endow them with the role
as an accessory cell to the type II epithelial
cells in the synthesis of surfactant proteins
during alveolar development and
regeneration (38). To localize lipofibroblasts
anatomically in human lungs, we did
immunostaining of CD82 with human
alveolar type II (AT2) marker HTII-280
and activated myofibroblast marker
a-SMA. Most of the CD82" fibroblasts
were juxtaposed to AT2s in healthy human
lungs (Figure 3B), suggesting a basic
function of lipofibroblasts: transferring
neutral lipids to AT2s. In IPF lungs, these
CD82 " fibroblasts were sporadically
distributed in the lung (Figure 3B).
Although CD82™ fibroblasts can be seen
in fibrotic foci, CD82 immunostaining
was not colocalizated with a-SMA™*
(Figure 3C). To confirm the practicality of
the cell surface markers we identified above
in vitro, we stained the sorted CD82
negative (CD82"%) and CD82 high
(CD82M) fibroblasts with Nile red for lipid

droplets and phalloidin for cytoskeleton.
Although scattered lipid droplets could be
found in very few CD82"® fibroblasts,
potentially owing to the active proliferation
and lipid metabolism of these cells to
generate energy or produce the structural
components of cell membranes (Figure 3D,
boxed regions of left panels), most of the
CD82™ fibroblasts showed lipid droplet
pools (Figure 3D, boxed regions of right
panels), suggesting these cells contained
abundant lipid storage.

Of the antibodies tested to identify other
fibroblast subtypes, the following antibodies
worked in primary IPF lung fibroblasts:
Phycoerythrin (PE) anti-human CD239
(BCAM) antibody (Miltenyi Biotec, 130-126-
539) for myofibroblasts, PE anti-human
CD55 antibody (BD Biosciences, 561901) for
EBF17 fibroblasts, PE anti-human CD140b
(PDGFRB) antibody (BioLegend, 323605)
for pericytes, and PE anti-human CD106
(VCAM]1) antibody (BioLegend, 305806) for
mesothelial cells (Figures 3A and E8B).
Immunostaining suggested that many of the
CD239™ fibroblasts (myofibroblasts) were
colocalized with SMA™ fibroblasts, especially
in the IPF lung sections (Figure E9A), and
CD55™ fibroblasts (EBF1* fibroblasts,
previously identified as pericyte progenitor
cells [10]) were mostly localized surrounding
the vascular-like structures in IPF lung
sections (Figure E9B). Notably, in normal
human lung sections, CD55 was also
detected in the alveolar epithelial layers,
suggesting that CD55 was also potentially
expressed in human AT1 cells (Figure E9B).
CD140B™ cells were localized adjacent to
CD31% endothelial cells (Figure E9C), and
CD106™ cells were localized in the pleural
mesothelial layers in both healthy and IPF
lungs (Figure E9D).

To test the practicality of these markers
in mouse datasets, we checked their
transcription in the mouse datasets and
found most of the human cell surface marker
genes also showed specific transcription in
the matched fibroblast subtypes in mouse
lungs (Figures E10A and E10B). Specifically,
Cd82/Fgfr4(Cd334)/Igta8 were specific to
lipofibroblasts, Cd55/Cd248 were specific to
Ebf1 ™" fibroblasts, and Cxadr/Tm4 sfl were
specific to mesothelial cells, whereas Gpc3/
Slc40al/Bcam(Cd239)/Pdgfra(Cd140)/
Vcam1(Cd106)/Cldnl showed either low or
unspecific transcriptions in the fibroblast
subtypes and should not be considered as cell
surface markers in the mouse datasets
(Figures E10A and E10B).
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Matrix Secretion Capacities of
Fibroblast Subtypes

To further validate the matrix contribution
by the fibroblast subtypes in IPF lungs, the
primary IPF lung fibroblasts with negative or
high expression of the above cell surface
markers were sorted (Figure E8B) and
treated with profibrotic factors TGF-1

or FC (33).

Secreted matrix proteins, including FN
(Fibronectin), COL1A1 (collagen), and HA
(hyaluronan), in the culture medium were
examined by ELISA assays (Figures 4A-4D).
As the assay for FN showed fewer variations
(Figures 4A-4D), we used the ELISA for FN
to represent the matrix secretion for most of
the analyses. As expected, both TGF-1
(Figures 4A and 4C) and FC (Figures 4B and
4D) treatment significantly increased the
secretion of FN (Figures 4A and 4B),
collagen, and hyaluronan (Figures 4C and
4D) in all fibroblasts. Notably, CD239"
fibroblasts (myofibroblasts) showed much
higher FN and HA secretion after TGF-B1 or
FC treatment than the negative control
fibroblasts (nonmyofibroblasts). CD55"
fibroblasts (EBF1™ fibroblasts) secreted
higher levels of FN protein than negative
fibroblasts after TGF-31 treatment, whereas
CD82" fibroblasts (lipofibroblasts) secreted
higher levels of FN protein than negative
fibroblasts after FC treatment. The other two
subtypes, pericytes (CD140™) and
mesothelial cells (CD106™), showed
comparable secretion of FN with negative
control fibroblasts after TGF-1 or FC
treatment (Figures 4A and 4B).

Western blotting was then applied to
examine the total matrix protein levels in
these fibroblast subtypes with or without
profibrotic treatments. Most of the fibroblast
subtypes showed comparable expression
levels of these proteins before TGF-31
treatment, whereas after TGF-31
stimulation, all the fibroblast subtypes
showed elevated protein levels of FNI1,
COLI1AL1, and a-SMA. Notably, CD82"
(lipofibroblast), CD239" (myofibroblast),
and CD55" (EBF1" fibroblast) fibroblasts
showed higher expression levels of these
proteins than the corresponding cell surface
marker—low fibroblasts, suggesting these
fibroblast subtypes contributed more
collagen in the fibrotic conditions
(Figures 4E and E11A-E11C). These data
confirmed the observations in the scRNA-
seq analysis that all the fibroblast subtypes
contributed extracellular matrix production
in fibrotic lungs, but the contribution ratios
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differed, with highest matrix expression in
myofibroblasts.

Functional Characterizations of
Fibroblast Subtypes

We and others reported that the invasive
phenotype of lung fibroblasts promotes
severe fibrosis (39). To determine the
invasive capacities of fibroblast subtypes,
we performed invasion assays on fibroblast
subtypes sorted by cell surface markers we
identified. Lipofibroblasts, myofibroblasts,
and EBF " fibroblasts enriched by high
expression of cell surface CD82, CD239,
and CD55, respectively, showed elevated
invasion indices compared with the
corresponding negative fibroblasts, whereas
pericytes (CD140B™) and mesothelial cells
(CD106™) showed similar invasion
capacities to those of the respective control
fibroblasts (Figure 5A). Fibroblast invasion
is associated with the degradation of the
extracellular matrix (ECM) by matrix-
degrading enzymes, such as MMP genes
(40). The MMP genes showed elevated
expression in IPF fibroblasts compared
with normal fibroblasts and in lipofibroblast,
myofibroblast, EBF1 " fibroblast, and
intermediate fibroblast subtypes compared
with other fibroblast subtypes (Figures
E11D-E11F), which was consistent with the
observation that these subtypes showed
higher invasion capacities. These data
suggested that the invasive capacity of
fibroblast subtypes is correlated to the
matrix-degrading enzyme gene expression
of the cells.

We next attempted to investigate the
proliferation of the fibroblast subtypes.
Although most of the cell-surface negative
fibroblasts had comparable proliferation
rates, the cell-surface positive fibroblasts
showed different proliferation rates (Figure
E12A). Notably, CD82- and CD239-high
fibroblasts showed higher proliferation rates
relative to respective cell-surface negative
fibroblast subtypes (Figure 5B).

Fibroblasts presented a contractility
property, which is an important factor in
regulating tissue injury repair and fibrosis
(41). Here we applied the cell contraction
assay to evaluate the contractility properties
of each fibroblast subtype. A significant
contractility was only found in myofibroblasts
(CD239™) and EBF1 ™ fibroblasts (CD55")
compared with the matched control
fibroblasts (Figures 5C, 5D, and E12B).

These data established the well-
described functional characterizations of

each fibroblast subtype in healthy and IPF
lungs. Expanded studies on these fibroblast
features might provide novel insights in
investigating the involvements of fibroblast
subtypes in lung fibrosis initiation and
progression.

Discussion

ILDs, a set of progressive lung diseases with
high morbidity and mortality, are a
heterogeneous group of diffuse parenchymal
lung disorders of known or unknown causes
with varying degrees of inflammation or
fibrosis (42). IPF is the most common
fibrotic ILD and is characterized by an
imaging and pathological pattern of
pulmonary fibrosis of unidentifiable causes
(2). Lung fibroblasts, the key fibrotic effector
cells responsible for the synthesis of
extracellular matrix proteins of lung fibrosis
(43), have been better characterized in recent
years, thanks to the development and
application of single-cell omics technologies,
such as scRNA-seq. The heterogeneity of
fibroblasts has been well described, and the
involvement of lung fibroblast
subpopulations and their lineages, together
with those of other lung compartments, in
lung fibrosis have been well studied at single-
cell levels (9-12, 27). Up to now, the studies
of fibroblast contributions to lung fibrosis
have been mostly based on two aspects: the
genetic deficiency or activation-induced
fibroblast-myofibroblast transition, and the
fibroblast-directed cell-cell communications
proposed by digital analyses. Myofibroblasts
have been believed to be the major
contributor of matrix deposition in fibrosis.
However, the functions of fibroblast subtypes
have not been as well determined as other
lung cellular components, such as epithelial
and immune cells (44). We previously
reported the contribution of collagen genes
by all the major fibroblast components at
mRNA levels, not only myofibroblasts, in
murine and human fibrotic lungs (10). To
address this issue more comprehensively and
to examine effector functions, the current
study incorporated more data to include
more samples from different datasets and
different murine lung fibrosis models and
human fibrotic lung diseases. As expected, all
the fibroblast subtypes in both murine and
human lungs showed contributions of matrix
gene expression in fibrotic lungs. This
observation was further confirmed at protein

levels by in vitro profibrotic fibroblast
models.

Myofibroblasts, one of the major
fibroblast subtypes we identified, have been
believed to be the key effector cells in fibrotic
tissues and, as such, are responsible for the
synthesis of extracellular matrix proteins
(45). Elevated collagen expression was found
in the myofibroblast subtypes of murine and
human fibrotic lungs at single-cell nRNA
levels. Moreover, the sorting-enriched
human myofibroblasts showed much higher
fibronectin protein secretion than
nonmyofibroblast components when treated
with antifibrosis factors TGF-B1 or FC.
These data further supported the fact that
myofibroblasts are one of the major
contributors of matrix protein expression in
fibrotic lungs.

In addition to myofibroblasts, reports
on the contribution of other lung fibroblast
components are more limited.
Lipofibroblasts are another major subset of
lung fibroblasts (10) and contributions to
alveolar development largely rely on the
transportation of neutral lipids to AT2 cells
to support surfactant and phospholipid
synthesis (38). Initially, lipofibroblasts,
residing next to AT2 cells, were considered
to be supportive stem niche cells of AT2 cells
during development and regeneration (46).
However, a recent study also suggested
lipofibroblasts as one of the sources of
activated myofibroblasts in mouse lung after
bleomycin-induced injury, although a
portion of myofibroblasts reverted to
quiescent state characteristics of the
preexisting lipofibroblasts during fibrosis
resolution (17). In our current study,
lipofibroblasts were one of the major
contributors of collagen gene expression in
fibrosis conditions at both mRNA and
protein levels both in vivo and in vitro,
although we could not deny the existence of
lipofibroblast-myofibroblast transition when
lipofibroblasts were treated with profibrotic
mediators in vitro.

EBF17 fibroblasts were suggested to be
the potential progenitor cells of lung
pericytes in early lung development (10),
although lineage-tracing experiments are
ultimately needed to clarify this. Both
EBF1" fibroblasts and pericytes also
contributed to the expression of collagen
genes directly in fibrotic conditions in both
in vitro and in vivo models. Supporting
evidence in the literature included murine
Foxdl lineage” and human a-SMA " lung
pericytes showed elevated collagen gene
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expression in fibrotic conditions (15, 19).
This observation has also been believed to be
an important source of matrix deposition in
the studies of fibrosis of other organs,
especially in the kidney (47).

Intermediate fibroblasts were another
fibroblast subtype contributing a significant
amount of collagen in the fibrotic conditions
in both human and mouse lungs. However, it
is hard to identify any markers that were
consistent at different development stages
(10) or among different datasets. This
subtype is close to the adventitial fibroblasts
in normal human lung tissues (13). Recently,
a fibroblast subtype marked by the gene
Cthrc1/CTHRCI has been reported to be a
collagen-producing fibroblast subpopulation
in mouse and human lungs (23). In our
analysis, this gene showed specific
transcription in the intermediate fibroblast
clusters in the bleomycin-induced adult and
aged fibrotic lungs and human IPF lungs.
However, in the other datasets, including
silica-induced mouse fibrotic lungs, human
SSc-ILD lungs, and COVID-19-caused
human fibrotic lungs, the expression of this
gene was either low or not specific in
intermediate fibroblast clusters. We assumed
that this subset of fibroblasts might show
some further heterogeneity, but this
assumption needs further investigation in a
future study.

In addition to the above fibroblast
sublineages, mesothelial cells, although they
account for a small percentage of the lung
fibroblasts in the fibrotic conditions (10),
have been reported to be of importance in
the development of tissue fibrosis after
injury, in not only lung but also other
mesothelial cell-abundant tissues such as
pleura and peritoneum (16).

Mesothelial-myofibroblast transition has
been suggested, but because of the small
numbers of mesothelial cells in lung
fibroblast compartments, their contribution
to the myofibroblast burden and to lung
fibrosis is limited (18). We found this to be
true in our in vitro profibrotic models on
human lung fibroblasts.

Cell-cell interactions between
fibroblasts and other cell types may
importantly contribute to the homeostasis
and pathogenesis of fibrotic diseases in the
lung. During lung development and
maturation, alveolar myofibroblasts are
essential for secondary septation, a process
critical for the development of the gas-
exchange region of the lung (48). Alveolar
epithelial cell injury and death provoke the
proliferation and activation of lung
myofibroblasts, leading to accumulation of
these pathogenetic myofibroblasts and the
extracellular matrix that they synthesize. In
turn, these activated myofibroblasts induce
further alveolar epithelial cell injury and
death, thereby creating a vicious cycle of
profibrotic epithelial cell-fibroblast
interactions (49). Pulmonary lipofibroblasts
participate in the synthesis of extracellular
matrix structural proteins during alveolar
development and transfer neutral lipids to
AT?2 cells to support surfactant and
phospholipid synthesis in normal lung
homeostasis (38); however, their
participation in lung fibrosis has been rarely
investigated. Our previous study has
suggested EBF1 " fibroblasts as the potential
progenitor cells of lung pericytes in the
developing lungs (10). Pericytes play crucial
key roles in lung morphogenesis and
vascular homeostasis by regulating the
epithelial and endothelial morphogenesis,

and in fibrosis models, early ablation of
pericytes reduced acute lung inflammation
(50). The mesothelial cells, although at low
proportion in the lungs, also play important
roles in the fibrotic process through
interaction with inflammatory cells,
profibrotic mediators, and both the
coagulation and fibrinolytic pathways (16).
These studies have enumerated a great deal
of data evidencing the involvement of the
lung fibroblast subtypes in the fibrotic
process not only by direct matrix
contribution but also by regulating cell-cell
communications and interactions.

In summary, this functional
investigation extends our previous
transcriptomics study (10), solidifying the
concept that all fibroblast subpopulations,
not only myofibroblasts, contribute to matrix
production and to lung fibrosis. Although
the fibroblasts are believed to be the key
effectors in lung fibrosis, only myofibroblasts
and the transition to the myofibroblast
phenotype have drawn significant attention
in research and in drug development. In
addition, we found that, in contrast to matrix
production, the emergence of the invasive
fibroblast phenotype was more relegated to a
few fibroblast subpopulations. Collectively,
these data can inform future therapeutic
approaches to targeting progressive
pulmonary fibrosis. ll
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