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Abstract the differentiation of Krt8" transitional alveolar type II epithelial
cells into alveolar type I epithelial cells and inhibiting fibroblast
Idiopathic pulmonary fibrosis (IPF) is a progressive fatal activation and extracellular matrix production potentially by
interstitial lung disease without an effective cure. Herein, we regulation of Nr2f2. In addition, T; regulated the crosstalk of
explore the role of 3,5,3 -triiodothyronine (Ts) administration macrophages with fibroblasts, and the ProsI-Axl signaling axis
on lung alveolar regeneration and fibrosis at the single-cell level. significantly facilitated the attenuation of fibrosis. The findings
T; supplementation significantly altered the gene expression in demonstrate that administration of a thyroid hormone promotes
fibrotic lung tissues. Immune cells were rapidly recruited into the  alveolar regeneration and resolves fibrosis mainly by regulation of
lung after the injury; there were much more M2 macrophages the cellular state and cell-cell communication of alveolar epithelial cells,
than M1 macrophages in the lungs of bleomycin-treated macrophages, and fibroblasts in mouse lungs in comprehensive ways.
mice; and M1 macrophages increased slightly, whereas M2
macrophages were significantly reduced after T treatment. Keywords: pulmonary fibrosis; T; therapy; single-cell RNA-seq;
T enhanced the resolution of pulmonary fibrosis by promoting cell-cell communication; gene regulatory network

Pulmonary fibrosis (PF) is a progressive lung  lung injury; for instance, stimulating the lung have been generated using single-cell
disease that is characterized by irreversible propagation of alveolar epithelial cells could sequencing, and these maps have revealed
scarring of the distal lung, leading to increase the capacity of the lung to undergo the molecular state of ~58 cell types in
respiratory failure and death (1). Currently, self-repair, which is frequently limited by the ~ healthy and diseased lungs (5), the presence
treatment of PF mainly relies on transplantation ~ surrounding microenvironment or niche of aberrant cell populations that reside in the
and short-term pharmacotherapy, which (2, 3). The recruitment of monocytes results lungs in patients with idiopathic PF (IPF) (6),
slow the rate at which forced vital capacity in changes in macrophage states and the the heterogeneity of fibroblasts (7), and the
decreases; however, these treatments have conversion of fibroblasts to myofibroblasts presence of profibrotic macrophages in the
limited clinical benefits (1). Many changesin  during fibrogenesis (4). To date, several lungs of humans and mice with PF (8, 9).
cellular states and cell types occur after high-resolution reference maps of the human  These inherent or induced heterogeneities
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and changes in cell types significantly
contribute to pathological lung diseases;
however, the cell-intrinsic properties

that drive these processes and the strict
spatiotemporal regulation of crosstalk
among the various cell types that are
activated or recruited after injury are not
well understood, and little is known about
how they respond to pharmacotherapy.

Single-cell RNA sequencing (scRNA-seq)
technology has the potential to comprehensively
elucidate the diversity of cell types and cell
states as well as the molecular programs
underlying these differences (10). scRNA-seq
can provide detailed insights into the cellular
architecture and the molecular mechanisms
that drive lung regeneration and repair at the
single-cell level, and scRNA-seq can be used to
compare and characterize intercellular
communication (11) and, thus, draw
conclusions about single-cell regulatory
networks (12, 13). scRNA-seq and the
associated methods will facilitate the
development of novel personalized therapeutic
regimens for treating lung disease (10).

Our previous studies demonstrated that
the administration of thyroid hormones
attenuated mitochondria-regulated apoptosis
in alveolar epithelial cells and restored
mitochondrial function in bleomycin-treated
mice (14); however, the roles of other cell
types, changes in cellular states, and cellular
interactions are currently unknown. Here,
we integrated single-cell sequencing, bulk
RNA sequencing (RNA-seq), and mass
spectrometry to construct a multi-omics
transcriptomic and proteomic atlas of
healthy mouse lungs, mouse lungs with
bleomycin-induced fibrosis (BLM), and mouse
lungs treated with 3,53 -triiodothyronine (T5).
We performed a comprehensive analysis, and
our findings increase the understanding
of T3 and the effects of thyroid hormones
on epithelial transformation, fibroblast
activation, and macrophage turnover.
Overall, this work elucidates the mechanism
by which T; therapy affects PF in mice at
unprecedented resolution.

Some of the results of these studies have
been previously reported in the form of an
abstract (15).

Methods

Construction of Bleomycin-induced
PF and Treatment with T3 in Mice
The procedure was approved by the Henan
Normal University Institutional Animal Care

and Use Committee (HTU2019-02). The mice
were randomly assigned to groups that
received intratracheal administrations of either
1.5 U/kg bleomycin (Hanhui Pharma) or an
equivalent volume (50 pl) of 0.9% saline.
Aerosol administration of T; (Sigma) at

40 pg/kg daily started at Day 10 after bleomycin
administration, and equivalent volumes of
0.9% saline were administered as control.

Preparation of Single-Cell
Suspensions from Mouse Lung

Lung tissue was transferred to gentleMACS
C Tubes (Miltenyi Biotec) containing 4.9 ml
HEPES buffer with collagenase D solution
and DNase I solution for samples. The cells
were filtered and washed with HEPES buffer
and were spun down at 300 X g for 10 min.
After removal of the supernatants, the cells
were resuspended with the desired volume of
phosphate-buffered saline with EDTA

and BSA.

scRNA-seq Data Analysis

The R package Seurat was used for quality
control, analysis, and exploration of scRNA-
seq data (16).

Pseudotime and Velocyto Analysis
Pseudotime analysis was performed on
epithelial cells using the Monocle 2 (17)

R package. Binary or Sequence Alignment
files were converted to the loom files with
counts divided into spliced, unspliced, and
ambiguous. The Velocyto.R package was
applied to estimate RNA velocity (18).

Cell Communication Analysis

We used CellChat with default parameters

to explore ligand-receptor interactions (11).
The average gene expression is zero if the
percentage of cells expressing the gene in one
group is less than 25%.

Transcription Factor Regulatory
Network Analysis

We performed transcription factor regulatory
network analysis using the SCENIC (12)
workflow with default parameters.

Gene Expression Regulation

Network Analysis

We used the R package bigSCale2 to
construct the gene regulatory networks
(GRNs) (13). Networks were constructed
under the default parameter with an edge
cutoff of 0.8 for the correlation coefficient.
Networks were visualized using Cystoscopes
software, Version 3.8.9 (19).
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Raw Peptide Data Acquisition and
Protein Quantification

Raw proteome data were processed using
Firmiana (20). Proteome qualification was
performed as previously reported with the
iBAQ algorithm, followed by normalization
to the fraction of total.

Bulk RNA-seq

The isolated RNA was then enriched for
poly(A) templates and submitted for whole
mRNA sequencing on the [llumina HiSeq
4000. Whole lung tissue bulk RNA next-
generation sequencing reads were aligned to
the mouse reference genome mm10 using
STAR (21).

Fluorescence Microscopy

and Analysis

For immunofluorescence, fixed lung tissues
were incubated on glass coverslips with the
primary antibodies overnight at 4°C in 3%
BSA-PBS with 0.1% Triton X-100 (Solarbio)
to permeabilize the cells, followed by
incubation with the secondary antibodies
(Affinity) for 1 hour at 37°C.

RNA Isolation and Quantitative PCR
RNA was isolated from samples using the
RNeasy kit (Qiagen) as instructed.
Furthermore, cDNA synthesis and
quantitative PCR reactions were performed.
Data were analyzed using R software to
determine statistical significance (P < 0.05)
by using Welch’s ¢ test.

Availability of Data and Material

The raw data have been deposited to the
Sequence Read Archive Consortium (https://
www.ncbinlm.nih.gov/sra) with the project
ID PRJNA849722. All processed data needed
to evaluate the conclusions in the paper are
present here and in the data supplement.

Results

T3 Supplementation Significantly
Altered Gene Expression in
Transcription and Translation in the
Lungs of Bleomycin-treated Mice

To comprehensively understand the
therapeutic role of T in treating PF, RNA-
seq, we performed mass spectrometry and
scRNA-seq on the lungs of mice treated with
a saline control (saline group), mice with BLM
(BLM group), and mice treated with bleomycin
plus T5 (BLM+T; group) (Figure 1A).
Micro-computed tomography imaging and
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Figure 1. Integrative analysis of 3,5,3 -triiodothyronine (T3) therapy for pulmonary fibrosis. (A) Information of bleomycin-induced pulmonary
fibrosis and treatment with T in mice. Schematic of the experimental process of the analysis of lung tissues from mice treated with saline
control (saline group), mice with bleomycin-induced fibrosis (BLM group), and mice treated with bleomycin plus Tz (BLM+T3 group) by bulk
RNA sequencing (RNA-seq), single-cell RNA-seq (scRNA-seq), and experimental verification (Mass spectrometry). (B) Left: representative
micro—computed tomography images of lung tissues. Right: collagen deposition was detected by Masson staining. More collagen
deposition/fibrosis in the pulmonary parenchyma was found in the BLM-treated mice. Compared with the BLM group, collagen deposition in the
BLM+T5 group was significantly reduced (shown at right). Scale bar, 100 pum. (C) Spearman’s correlation analysis of the expression level
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Masson staining revealed the positive
therapeutic effect of T; (Figure 1B). Analysis
of the RNA-seq datasets (see Table E1 in the
data supplement) revealed that the log, fold
change of all genes between the BLM group
and the saline group is negatively correlated
with that between the BLM+ T group and
BLM group (Figure 1C), indicating that
bleomycin-induced gene expression
alterations could be rescued by T;
administration, and the proteomic results
were consistent with the RNA-seq results
(Figure 1C; see Table E2). Furthermore, we
performed a two-dimensional annotation
enrichment analysis using differentially
expressed genes (DEGs; P < 0.05; Table E1)
and differentially expressed proteins

(P < 0.05; Table E2) between the BLM group
and the saline group to reveal common or
distinct regulation of gene annotation
categories in the transcriptome or proteome.
Most genes of the two-dimensional
annotation enrichment scores showed a
significant positive correlation between

the transcription and translation levels
(Spearman’s P < 2.2 X 107 1%); these

genes were involved in the disorder of
mitochondrial function, extracellular matrix
(ECM) deposition, platelet activation, and
myeloid leukocyte activation (Figure 1D).

It is interesting that, on BLM treatment, the
increased enrichment scores of hormone
transport were observed in both the
transcriptome and proteome datasets, but the
enrichment score of the hormone-mediated
signaling pathway only was increased at the
RNA level; conversely, those of the telomere
maintenance and metabolic processes were
increased at the RNA level but decreased

at the protein level (Figure 1D). After T
treatment, several hallmarks of regeneration
and immunity, including a decline in
immune function and upregulation of
prodevelopment pathways revealed a
significant positive correlation between the
transcription and translation levels (Figure 1E).

Single-Cell Atlas of Lungs from
Ts-treated Mice with BLM

We observed a good correlation between the
real and in silico bulk data, thus excluding

strong biases by the single-cell isolation
procedures (see Figure E1A). After quality
control and cluster annotation (Figures E1B
and E1C), uniform manifold approximation
and projection was used to visualize clusters
of 31,385 single cells (Figure 2A). We then
generated subsets of the whole lung datasets,
which were classified into four major cell
types: Epcam+ epithelial cells, Pecam1+
endothelial cells, ColIa2+ stromal cells, and
Ptprc+ immune cells (Figure E1D). From
these subsets, we derived cluster identities
that were manually annotated using
previously established single-cell signatures
of the mouse lung (22). The final annotation
identified 10 cell types, which were
characterized by unique marker gene
expression profiles (Figures 2B, 2C, and
E1E; see Table E3). We observed changes in
the cell proportions of different cell types.
Previous findings have shown that the
epithelial barrier in IPF is compromised (23)
and that monocytes and macrophages are
heavily infiltrated (24). The permutation-
based statistical test (differential proportion
analysis) (25) revealed that the epithelial
cells had already been significantly
contracted (P < 2.2 X 10~ 1%), and the
monocytes (P =0.004) and macrophages
(P<2.2X 10" '°) had been significantly
expanded (Figure 2D). In addition, a
significantly decreased proportion of

B cells (P < 2.2 X 10 '°), neutrophils

(P< 2.2 X 107 '), natural killer cells
(P<22X10" '), and T cells (P =0.043)
were observed in BLM-induced mice
(Figure 2D; see Table E4). Angiogenesis

and impairment of the epithelial barrier had
recently been implicated in lung fibrosis
homeostasis and pathogenesis for a long
time (26). Notably, after T; administration,
fibrotic mice exhibited dramatic changes in
the relative proportion of cell lineages, which
were characterized by significant reduction
of endothelial cells (P =0.005) and expansion
of epithelial cells (P =0.009) and neutrophils
(P=0.002) (Figure 2D; Table E4).
Furthermore, we characterized the changes
in molecular expression in response to

T; treatment. In bleomycin-induced fibrotic
mice, Cdkn2b exhibited high expression in

epithelial cells, Coll1a2 showed high
expression in fibroblasts, and Cd74 displayed
high expression in macrophages. However,
treatment with T significantly reduced the
expression of these genes, leading to a
tendency for them to return to the
expression levels observed in saline

group (Figure 2E).

Molecular Characterization of the
Effects of T3 Treatment on BLM in
Mouse Lungs
A total of 658 fibrosis-related DEGs across
10 cell types were observed between mice
with BLM and control mice, and most of
them were prevalent in fibroblasts, alveolar
epithelial cells, macrophages, and endothelial
cells; therefore, we further investigated the
effect of T treatment on the expression of
these fibrosis-related DEGs in three groups.
By means of modularized analysis of the
fibrosis-related DEGs, we deconvoluted
changes in gene expression to various cell
types and identified five efficient modules of
upregulated fibrosis-related DEGs in mice
with BLM (Figure 3A); these modules were
generally related to immune reactions and
ECM organization, including Module 1
(mainly attributed to macrophages) and
Module 5 (mainly attributed to fibroblasts;
Figures 3A and 3B). We also found that T
effectively inhibited the formation of the
ECM but did not inhibit the degradation of
the ECM by macrophages. Five modules of
downregulated fibrosis-related DEGs were
identified in mice with BLM, and these
modules were associated with cell adhesion
and epithelial cell function, including
Modules 7, 8, and 11 (mainly attributed to
immune cells) and Module 12 (mainly
attributed to epithelial cells). Because most
of the genes were hemoglobin, Modules 6
and 9 were excluded (Figures 3A and 3B).
T; therapy notably restored these bleomycin-
induced alterations in immune cells and
epithelial cells and resulted in the significant
recovery of parenchymal cells without
causing excessive damage to the immune
system.

To examine the transcriptional regulons
underlying the pathogenesis of lung fibrosis

Figure 1. (Continued). changes of proteins (left) or genes (right) that were differentially expressed between the diseased and Ts-treated mouse
lung. Linear fitting is indicated by a solid line. (D) The scatterplot shows the result of a two-dimensional annotation enrichment analysis based on
fold changes between the BLM group and the saline group in the transcriptome (x-axis) and proteome (y-axis), which resulted in a significant
positive correlation of both datasets. (£) The scatterplot shows the result of a two-dimensional annotation enrichment analysis based on fold
changes between the BLM+T3 group and the BLM group in the transcriptome (x-axis) and proteome (y-axis), which resulted in a significant

positive correlation of both datasets.
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canonical markers for each cell type. (C) Heatmap showing the gene expression signatures of the top three marker genes corresponding to
each cell type in mouse lungs. Each column represents a cell type, and each row indicates the expression of one gene. Representative marker
genes for each cell type are shown. (D) Bar plot displays the relative differential proportion of all cell types under treatment with saline, BLM, or
BLM+Ts. (E) Box plot displays representative genes Col1a1, Cdkn2b, and Cd74 in fibroblasts, epithelial cells, and macrophages, respectively,
differentially expressed in saline, BLM, and BLM+T3. NK = natural killer.

460 American Journal of Respiratory Cell and Molecular Biology Volume 69 Number 4 | October 2023



ORIGINAL RESEARCH

Saline BLM BLM+Ts Module1 (Macrophages) MDd_uIeT (BI?SIOPWIS) _— .
Celltype .Lysosome intracellular receptor signaling pathway
Module1 Complement activation Osteoclast differentiation
| |Degradation of ECM establishment of protein localization
Moduled  |Cell junction organization cytokine-mediated signaling pathway
Module5  Module2 (Multiplet) Module8 (Myeloid)
m = [ |Formation of 40S subunits leukocyte aggregation
—l Module | adipogenesis genes Neutrophil degranulation
| |Module2 | |Reactive oxygen metabolism regulation of cell adhesion
L | |Chromatin organization response to lipopolysaccharide
Module3 — )
Module3 (Multiplet) Module10 (Epithelial cells)
- [ |T cell mediated cytotoxicity NF-kB transcription factor activity
— :——:n:ﬂ::— — e Celltype |_|Adaptive Immune System DNA-binding TF activity
T — T — | :
T I Module Cell-matrix adhesion leukocyte cell-cell adhesion
Pdule10 I pihonuclestide catabolic reproductive structure development
Module?  Moduled (Neutrophils) Module11 (Lymphoid)
Modules [ |inflammatery response Cytoplasmic ribosomal proteins
. " |Neutrophil degranulation regulation of RNA splicing
Hll Module9 | |Protein to plasma membrane Lymphocyte activation
= - | |Immune effector process Lymphocyte proliferation
L Module5 (Fibroblasts) Module12 (Endothelial cells and Fibroblasts)
H . Module12 ECM organization response fo toxic substance
Celitype . Collagen metabolic process Metapathway biotransformation
Ti h i i
[f|Bcells [ Endothelial cells il Fibroblasts || Monocytes [l NK cells E‘éi:i;jﬂ;?:;‘::;on bl?:’: :EIE‘.SE:ImDTI?thgrEHESIS
[l Basophils | Epithelial cells  [Jll Macrophages [ Neutrophils [l T cells P SRInSTALCEll. profireration
. |
Scaled gene expression M o log10 pValue og10 pValue
10123 6 10 14 18 345678
p— [l Activated Inactivated
e al— —{ sale
‘ | o ‘||‘ ; K,,gt dandsd i v Cebpa (193g) Cebpb (642g)
| I b 08 1 2 :
lm ' 1K [ | J ‘ | | ‘ I ! éala?alhmdnﬂ (22‘9) c“':::u,. J it
| \ I || I B [
| I Sot7 on (a4g) saphils.
11l i I 7g) Endothell cell
| K'““““ﬂ 02 [ e pitnesiat cells
L u B (1757 | Forobesis
|| | m-mnuunosgj | Macrophages.
L& ! \ Enmai (w: osocytee Yhiz
| tondod {27g) Neutrophils ) ’
\ =
| i ‘ Pcuzan mmaad (139)
250)
‘ ﬁ l I M [ | || || r‘ a Il W'Ifmmmmmnnsg)
s u ™ I
Fosh extendad (74g)
|| Ii o 379
wl extended (59g)
| ‘ Dpe .ﬁfnn-u (3g)
‘ n o1 KI!E-enbemed(lE.g)
Tead1 [
| h‘| FUIR ! -y ‘
S acanid 301
C M L |l| I it tonded (10
i i oy
|\||’ (RN \‘I |II{ (B4g)
AT SE,
=1 g Maft extanded (919)
E Cebpa (193g) Cebpb (642g) Nr2f2 (379g) Teadl (45g)
Wik 0.25 T R oy
03 3
- 0.4 e
0.100
0.20 i — .
g H o ! ] o i : g :
S 0075 ! 1 1] S 0.2 ! 3 g 03 i
o o o 2 I 1
) | @ 0.15 I ) i :
Q 0.050 — 8] ‘ C [ Loz
> J—, _ o) —1 2 1 =1
< t ; < 0.10 E < 0.1 | < {
0.025 | I J i 0.1 |
i 0.05 )-i
0.000 : | 5 0.0 00 ; :
Saline BLM BLM+Ts Saline BLM BLM+Ts Saline BLM BLM+Ts Saline BLM BLM+Ts
Macrophages Monocytes And Macrophages Fibroblasts Epithelial cells
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and the mechanism underlying the
therapeutic effects of T, we performed
SCENIC analysis to identify candidate
transcription factors that regulate gene
expression across cell types (Figure 3C;

see Table E5). Four regulons (Cebpa, Cebpb,
N21f2, and Teadl) were significantly
activated in macrophages, fibroblasts, and
epithelial cells (Figure 3D). We further
quantified the area under the curve (AUC)
value of each regulon in the three groups. As
expected, the AUC values of the regulons in
specifically activated cells were significantly
altered in mice with BLM, and T;
administration reversed these changes and
restored the AUC values to their normal
ranges (Figure 3E). Subsequently, we
generated global, large-scale regulatory
networks for all the cell types to assess the
biological relevance of the differences
between these networks using PageRank
centralities and dynamical properties (see
Table E6). Surprisingly, we found that Tead]
and Nr2f2 no longer had high PageRank in
the regulatory networks from mice with
BLM, whereas these factors consistently had
the highest PageRank in the GRNss of fibrotic
mice treated with T3 and healthy control
mice (see Figure E2A); these results indicate
that TeadI- and Nr2f2-mediated regulation
networks were disrupted in the lungs of
bleomycin-treated mice, and T therapy
restored Teadl and Nr2f2 to their crucial
positions in the network, similar to
observations in the control group. Together,
these findings emphasize the contributions
of T to key processes related to molecular
hemostasis in IPF.

T; Triggers the Inmune System to
Orchestrate the Microenvironment

in PF

To elucidate the regulatory mechanisms

by which immune cells are activated or
recruited after injury, we extensively
compared the changes in immune cells in
the lungs of bleomycin- and T;-treated mice
(Figures 1D, 1E, 2D, and 3A-3D). On the
basis of known markers and the InmGen
dataset (22), the myeloid cells were subclustered
into 11 distinct cell subpopulations (Figures 4A;

see Figures E3A and E3B). We reclustered
segregated nucleus—containing atypical
monocytes, which were characterized as
Ceacam1+Msrl+Ly6C—F4/80—Macl+
(Figure 4B), as identified in our data
(Figure 4C) (27). It was consistent with the
change of overall monocyte proportion that
segregated nucleus—containing atypical
monocytes were markedly increased in the
fibrotic phase, but T did not necessarily
decrease its frequency (Figure 4D).
Upregulated DEGs (|log fold change| > 0.25;
P < 0.05) between the BLM+ T group and
the BLM group were mostly enriched in cell
death and protection, immune response,
development, and transport, whereas
downregulated DEGs were mainly enriched
in mitochondrial translation, Rap1 signaling,
and Rho GTPase-related pathway (Figure
E3C). These data suggest that profibrotic
immune cells, especially monocytes and
macrophages, are rapidly recruited into

the lung after lung injury. Subsequent T
treatment did not affect the proportion of
these immune cells, but it did alter gene
expression pattern.

To further determine macrophage
activation response to T3 therapy,
macrophages, including interstitial
macrophages (IMs) and alveolar
macrophages (AMs), as shown in Figure 4E,
were divided into four clusters (Clusters 1-4)
by unsupervised hierarchical clustering on
the basis of lung-specific datasets (28, 29)
(Figure 4E). Cluster 1 was identified as AMs,
Cluster 2 was identified as monocyte-derived
AMs, Cluster 3 contained cells with an
intermediate phenotype between AMs
and IMs, and Cluster 4 was defined as IMs.
Clusters 2 and 3 were mainly present in
the BLM and BLM + T} groups (Figure 4F),
which suggests that they were activated and
recruited to the microenvironment after
bleomycin-induced lung injury. The M1
and M2 cell population of macrophages were
evaluated and showed that there were many
more M2 cells than M1 cells in Clusters 2
and 3 (Figure 4G) in bleomycin-treated
lungs. The immunofluorescence staining for
M1 and M2 cells in lung tissue sections from
BLM + T;-treated mice exhibited that M1
macrophages increased slightly, whereas

M2 macrophages were significantly reduced
(Figures 4H and 41).

T3 Suppresses Fibroblast Activation
by Regulation of Nr2f2 Activity
Fibroblasts are considered the central
mediators of ECM production in PF (30, 31);
therefore, we investigated the therapeutic
effect of T in fibroblasts. First, we attempted
to score all fibrosis-related cells using a
previously defined “fibroblast-activating
gene set” (including 49 genes) to evaluate
the potential profibrotic effect (32). The
bleomycin-treated mice had a much higher
fibrosis score than that of the healthy mice,
and T treatment significantly decreased

the fibrosis score, indicating that T3 could
suppress the activation of fibroblasts

(Figure 5A). To characterize fibroblasts, we
first removed cells characterized as smooth
muscle cells (Des, Actg2, and Acta2;

see Figure E4A) or pericytes (Pecam1, Cspg4,
Nes, and Cox4i2; Figure E4B). We further
clustered fibroblasts into six subgroups on
the basis of the expression pattern of highly
variable features (Figures 5B and 5C); this
strategy allowed us to identify myofibroblasts
that consistently express type I and type IV
collagen (Figures E4C and E4D). Four
distinct fibroblast populations—including
mitigatory myofibroblasts, oxidatively
stressed fibroblasts, synthetically active
fibroblasts, and inflammatory fibroblasts—
were identified (Figures 5B and E4D).
Synthetically active fibroblasts were mainly
distributed in healthy lung, more oxidatively
stressed fibroblasts were clustered into
fibrotic lung tissues, and lesser inflammatory
fibroblasts were found in fibrotic lung tissues
(Figures 5C and 5D). Administration of

T} significantly reduces the ratio of
myofibroblasts and enhances the number

of inflammatory fibroblasts (Figure 5D). In
saline-treated mouse lung, fibroblasts often
exist in a quiescent state; myofibroblasts
were activated and present in higher levels

in the fibrotic lung tissues, and they were
significantly decreased in the lungs of
T;-treated mice (31, 33). Only 3% of
fibroblasts from saline-treated lungs were
assigned to the myofibroblast-like subcluster,
compared with 61% of fibroblasts from

Figure 3. (Continued). red and blue, respectively. (C) Heatmap of cells and regulon binary scores with hierarchical clustering in 10 cell types
under treatment with saline, BLM, or BLM+Tj3. Black indicates active, and white indicates inactive, as inferred by SCENIC. (D) UMAP plot of
major activated regions of transcription factors Cebpa, Cebpb, Nr2f2, and Tead1. (E) Box plot displays the changes of area under the curve
(AUC) scores for Cebpa, Cebpb, Nr2f2, and Tead1 regulons under saline, BLM, and BLM+Tj5 treatment for mouse lungs. ECM = extracellular

matrix; TF = transcription factor.
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counterstaining was conducted with DAPI (blue). Scale bar, 50 um. (/) Representative immunofluorescence staining of fibrosis tissues from BLM-
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Figure 5. T3 moderated the activation in fibroblasts. (A) Box plot shows the fibroblast alteration by fibrosis-activated scores under the treatment
of saline, BLM, and BLM+Tj. (B) UMAP plot of the eight subgroups after clustering. (C) UMAP plot of fibroblasts with saline, BLM, and BLM+T3
treatment. (D) The relative proportion of cells with saline, BLM, and BLM+Tj5 treatment in eight subgroups. (E) Box plot shows quantitative PCR
result of COL71AT and FN1. (F) Network plot shows that the downstream genes were regulated by Nr2f2. (G) Lollipop plot displays Gene
Ontology term-enrichment analysis of Nr2f2 regulon (genes targeted by Nr2f2). (H) Scatterplot shows Spearman’s correlation analysis of the
Nr2f2 regulon score and gene set variation analysis (GSVA) score in ECM organization. Linear fitting is indicated by a solid line. (/) Box plot
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bleomycin-treated lungs and 36% of
fibroblasts from lungs treated with
bleomycin and Tj; (Figure 5D). T was
validated to inhibit the expression of FN1
and COLIA1 level of TGF-B-induced
transformation of MRC5 lung fibroblasts to
myofibroblasts (Figure 5E).

In fibroblasts, the significantly activated
regulons of Nr2f2 regulated ECM production,
lung development, and collagen biosynthesis
(Figures 5F and 5Q); the Nr2f2 regulon was
also positively associated with epithelial-
mesenchymal transition and ECM
organization, as demonstrated by gene set
variation analysis (GSVA) (Figures 5H and
EA4E). We reasonably inferred that N72f2 plays
an important role in fibroblast activation
and T function. Although NR2F2 expression
decreased because of sShRNA-mediated
NR2F2 silencing, T3 administration still
showed an effect of increasing NR2F2 to
some extent (Figure 5I). NR2F2 silencing
leads to increased COLIAI and FN1
expression and significantly attenuates the
effect of T treatment (Figures 5] and 5K).

T3 Promotes the Differentiation of
Alveolar Type Il Epithelial Cells (AT2)
into Alveolar Type | Epithelial

Cells (AT1)

Consistent with previous work,
supplementation with T; inhibited PF by
regulating mitochondrial homeostasis and
function in epithelial cells (14) (see Figure
E5A). To explore the effect of T treatment
on epithelial cells at a single-cell resolution,
epithelial cells were clustered into seven
distinct subtypes on the basis of known
markers (Figures 6A and 6B). The main
subgroups—including AT2, AT1, and Krt8+
transitional progenitor cells—were further
identified using specific gene sets (Figure
6C). We performed pseudotime analysis of
the progression of epithelial differentiation
and transformation by Monocle 2 (17); the
RNA velocity analysis also demonstrated that
Krt8+ cells were prone to differentiate into
AT1 in the saline group. This differentiation
was impeded by bleomycin, and T therapy
restored it close to the normal level (Figure 6D).
Immunostainings of Krt8 in lung sections

confirmed its continuous expression in
fibrotic lung parenchyma. In contrast, the
uninjured control lung and T;-treated
fibrotic lung showed Krt8 transient
expression de novo (Figure 6E).

The Tead1 regulon is specifically
activated in epithelial cells and regulated by
T; (Figure 3D). TeadI-regulated genes and
enriched signaling pathways were associated
with epithelial morphogenesis (Figures 6F
and 6G). We calculated the GSVA scores
of the TeadI regulon and related pathways.
A strong Pearson correlation coefficient
(R=0.79, P<2.2 X 10~ '6) between the
Tead]l regulon score and pseudotime
confirmed that Teadl was closely involved
in epithelial morphogenesis (Figure 6H).
As expected, T5 inhibited the downstream
pathway associated with PF regulated by
Tead1 (Figure E5B); however, we need more
experiment details to support these findings
in the future.

T3 Coordinated the Homeostatic
Crosstalk of Macrophages with

Other Cell Types

Intercellular communications often drive cell
heterogeneity and cell state transitions, and
scRNA-seq data that provide gene expression
information can be used to analyze and draw
conclusions about cell-cell communication
with CellChat (11). The cell communication
analysis for all the cell populations was based
on a ligand-receptor interaction database
(11), and the incoming and outgoing
signaling patterns (permutation test,

P < 0.05) for the whole cell population were
analyzed under disease and T} treatment
conditions (see Figure E6A and Table E7).
The results indicated that the total number
and strength of inferred interactions were
significantly increased in the BLM group,
suggesting enhanced or abnormal
intercellular communication under disease
conditions, and T; therapy moderately
decreased the number and strength of
communication interactions (Figure E6B).
Among the 10 cell types, the number and
strength of interactions for both outgoing
and incoming signals between macrophages
and other cell types decreased significantly

in the disease state, which indicates that
immune surveillance was disrupted and that
the immune response to lung injury was
abnormal (Figures 7A and E6C). The
number of interactions between epithelial
cells themselves and between epithelial cells
and endothelial cells or fibroblasts increased
significantly (Figures 7A and E6C), which
suggests that the epithelial barrier is actively
repaired and affects the surrounding
microenvironment; this may be the main
cause of fibrosis. After Tj therapy, the
number and strength of the interactions
between macrophages and other cell types
increased significantly, which suggests the
recovery of innate immunity and the
reestablishment of immune surveillance
(Figures 7A and E6C). We compared the
relative flow of information through each
signaling pathway to identify the active
molecules that respond to T; therapy.
The majority of signaling pathways involved
in information flow—including B-cell
activating factor (BAFF), macrophage
migration inhibitory factor (MIF), protein S
(PROS), growth arrest specific (GAS), colony
stimulating factor (CSF), granulin (GRN),
transforming growth factor beta (TGF-(3),
chemokine ligand (CCL), and angiopoietin-
related protein (ANGPTL)—exhibited
markedly increased levels under disease
conditions, and Tj therapy caused these
levels to decrease, However, some other
signaling pathways exhibited opposite
changes, such as IL-1, FASLG, and PDGF,
which were downregulated under disease
conditions and upregulated after T
administration (Figures 7B and E6D).
Furthermore, we focused on more
detailed cell-cell communication among
fibroblasts, epithelial cells, and macrophages
and performed subsequent ligand receptor
analysis. In total, 63 ligand-receptor pairs
(permutation test; P < 0.05)—including
pairs in the TGF-, PROS, SPP1 (secreted
phosphoprotein), CCL, and MIF
pathways,—were different among fibroblasts,
epithelial cells, and macrophages (see Figure
E7). Vascular endothelial growth factor
signaling was observed exclusively in the
epithelial cells of the lungs of saline-treated

Figure 5. (Continued). shows gPCR results of NR2F2 in TGF-B-treated MRCS5 fibroblasts injected with sh-NC, sh-NR2F2 treated with DMSO,
sh-NC treated with Tz, and sh-NR2F2 treated with Ts. (J) Box plot shows gPCR result of COL1A7 in TGF-B-treated MRCS5 fibroblasts injected
with sh-NC, sh-NR2F2 treated with DMSO and T3. (K) Box plot shows gPCR result of FN1 in TGF-B—-treated MRC5 fibroblasts injected with
sh-NC, sh-NR2F2 treated with DMSO, sh-NC treated with T3, and sh-NR2F2 treated with Ts. *P<<0.05, **P=0.05-0.01, ***P=0.01-0.001, and
****P<0.001. Fib =fibroblasts; Inf-Fib = inflammatory fibroblasts; Mit-Myo = mitigatory myofibroblasts; Myo = myofibroblasts; NC = Negative
Control; OS-Fib = oxidatively stressed fibroblasts; SA-Fib = synthetically active fibroblasts; sh = short hairpin RNA; SMC = smooth muscle cells.

Wang, Li, Wan, et al.: The Role of T3 in Bleomycin-induced PF

465



ORIGINAL RESEARCH

A B C

Cydmg AT2
Undefinable Average Expression

AR . 20 @
ol b 2 i &
“; @.\ Ciliated L l 1.5 -

.
&, 1.0
f Ciliated ciub ®
Lo+ 0.5 -
q;‘ .y AT1 & 0.0 P
S 1
- Krig+ * Percent Expressed %
*

« 40

N & . AT2H

o A2l @ ® 60 ~

< ® 80 o

§ Cycling AT2 B @ 10 % s
UMAP_1 Sftpal Krt8 Ager ScgblafTppp3 UMAP 1

Saline

BLM

100pm

Component 2

celltype

[ Ar2 L,
] AT e
[ ] Krtg+

-6 .

-10 0 10
Component 1

BLM+Ts

Y

P <2.2e-16 Cor: -0.84

Semade
Limeh1 %Eo" Zip579 Protein kinase activity ®

Giie2 _ vy, i
Fam?,ﬁ,?a?_Gﬁm a \ |

Hippo signaling pathway- ®

0.5

Regulation of growth [ ]
Neuron apoptotic process [ ]
ECM-receptor interaction ®

Heart development [ ]
Signaling by Receptor Tyrosine Kinases: ®

Actin cytoskeleton organization ]

Tead1 Regulon GSVA Score
00

Phosphorus metabolic process ®
lon channel transport:

]
Negative regulation of locomotion IS}
2

AT1 Krig+ AT2
Pseudotime

4
-Log10Pvalue

Figure 6. T3 supplementation promotes epithelial cell differentiation and repair. (A) UMAP plot of the epithelial cells from the lungs of the saline,
BLM, and BLM+T5 groups by cell type, including AT2, AT1, club, Krt8" cells, cycling AT2, ciliated cells, and undefinable cells. (B) Bubble plot
of the classical marker gene expression in the subsets of epithelial cells. (C) UMAP plots show the gene-set scores of alveolar type Il epithelial
cell (AT2)-related genes and alveolar type | epithelial cell (AT1)-related genes. (D) Velocity plot displays the DDR embedding colored by
Louvain clusters with velocity information overlaid (arrows). (E) Immunofluorescence of Krt8 on epithelial cells flushed from the lungs of the
saline (top), BLM (middle), and BLM+T5 (bottom) groups. Scale bar, 100 wm. (F) Network plot of Tead? regulon (genes targeted by Tead7).
(G) Lollipop plot displays Gene Ontology term-enrichment analysis of Tead? regulon (genes targeted by Tead?). (H) Spearman’s correlation
analysis of the Tead? regulon score and pseudotime. Linear fitting is indicated by a solid line.

mice, and semaphorin signaling was We further studied the effect of interacted in the BLM group. In particular,
observed exclusively between epithelial cells macrophages on other cells and found that Igfl and Igfir interacted only with the

and macrophages under disease conditions more specific pairs of ligands and receptors BLM group, and Tj; therapy completely
(Figure E7). between macrophages and epithelial cells eliminated this interaction. Between
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Figure 7. Cell-chat analysis of the communication between cells under saline, BLM, and BLM+Tj5 treatment. (A) Heatmap of the differential
interaction number in cells between the BLM and saline groups (left) and between the BLM+T3 and BLM groups (right). (B) Bar plot shows the
changes of ligand-receptor pair information flow among all cells under saline, BLM, and BLM+Tj treatment. (C) Bubble plot shows the specific
pair of ligands and receptors between macrophages and epithelial cells (Macro-Epi) and between macrophages and fibroblasts (Macro-Fib)
under saline, BLM, and BLM+T3 treatment. (D) Immunohistochemistry staining of Axl and pAxl in the lung tissue under saline, BLM, and
BLM+Tj5 treatment. Scale bar, 20 um. Commun. Prob = Communication probability.

macrophages and fibroblasts, the Elevated expression of Axl and pAxl in lungs  in the lungs of bleomycin-treated mice was
communication of ProsI-Axl and Grn-Sortl ~ with BLM was confirmed (Figure 7D); this significantly inhibited by T; treatment

was mainly activated under the disease upregulation of AxI was reversed by T; (Figure 7D). These findings suggested that
state, and T therapy abolished this treatment. Immunohistochemistry analysis the elevation of Axl abundance in fibroblasts
communication (Figures 7C and E7). demonstrated that Axl and pAx] abundance ~ may be one potential target of T5.
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Discussion

scRNA-seq approaches make it possible to
explore cell diversity at the single-cell level
under healthy and disease conditions and
provide insights into pathogenesis,
mechanisms, and treatment (10). The
emerging integration of multi-omics
technologies provides opportunities to
elucidate the cellular and molecular
mechanisms underlying lung alveolar
regeneration and fibrosis at cutting-edge
resolution, which, in turn, allows the use
of precision medicine in the treatment of
fibrotic disease (34). To date, there are
~40 known cell types in the lung (10), but
how to identify cell-specific and disease-
specific changes in gene expression and how
multicellular interactions respond to drug
treatment in lung fibrosis remain unclear.
Currently, some findings are available in
the IPF Cell Atlas (35), including data about
epithelial cell heterogeneity, profibrotic
macrophages, and the subtypes of fibroblasts
and myofibroblasts in fibrotic lungs;
however, there is still a lack of detailed
information about the cell-specific molecular
changes that occur after treatment in patients
with IPF or fibrotic animal models (30). In
the present study, we built a single-cell atlas
of lungs with BLM and BLM+Tj; to explore
the mechanism by Tj therapy in mice; we
studied distinct cell types, cell-to-cell
crosstalk, intercellular communication, and
signaling networks, and we hoped to reveal
novel potential targets for the cure of this
disease.

Mesenchymal cells are the key source
of pathological ECM deposition (33).
Fibroblasts are recognized as the central
mediator of ECM production in PF, which

ultimately leads to architectural disruption
and diminishes lung function (31, 36). We
observed a significant change in the size of
the fibroblast population in the lungs of
bleomycin-treated mice, and the differentiation
of fibroblasts to myofibroblasts was
significantly altered after T'; administration.
Consequently, T therapy markedly
decreases fibrosis mainly by inhibiting
fibroblast activation and reducing ECM
deposition.

One primary feature of PF is alveolar
epithelial cell injury and abnormal repair
(37). Our previous study suggested that
repeated injuries to epithelial cells drove
lung fibrosis and that administration of
T; enhanced the resolution of fibrosis and
restored mitochondrial bioenergetics in
murine lung epithelial cells (14). Evidence
from the omics data analysis revealed that
epithelial cell injury was repaired and
integrity was restored after T treatment.

In PF, there is an ineffective transition from
AT?2 to AT1, which is characterized by the
persistence of a transitional state marked by
high expression of Krt8 (23, 38). T
administration effectively promoted
epithelial transformation by regulating the
differentiation of Krt8+ cells; this discovery
offers potential inspiration for therapeutic
interventions that aim to modulate the
plasticity of AT2 cells in PF. Further detailed
mechanisms need to be studied in the future.

The promotion of fibroblast activation
by prolonged or recurrent epithelial injury is
regulated by macrophages in PF (39), and
under pathological conditions, bleomycin
treatment recruits monocytes and promotes
their differentiation into more macrophages
during inflammation resolution (40),
subsequently activating more macrophages to

regulate the fibrotic microenvironment (28,
41). T; treatment enhanced the intercellular
interactions between macrophages and
fibroblasts. ProsI-Axl ligand-receptor pairs
exhibited different responses to T; in
macrophages and fibroblasts. The activation
of Axl could promote fibrotic phenotypes in
fibroblasts (42, 43) and repair epithelial cell
damage (44, 45), and T therapy inhibited
Axl expression in fibroblasts and activated
Axl signaling in epithelial cells. These
findings suggested that T; played different
roles in different cell types and signaling
networks.

Although this study resulted in
prominent findings, there are some
limitations that should be mentioned. First,
ligand-receptor pair analysis is an excellent
tool for the prediction of biological processes,
but verification of ligand-receptor pair
functions and transcription factor target
genes is a challenging task in vitro and
in vivo. Second, examining the differences
in biological processes, mechanisms, and
inherent limitations of lineage-tracing studies
between human patients with IPF and the
bleomycin-induced mouse model may still
be a great challenge (10).

The high-resolution overview of the
antifibrotic effect of T3 on cell types, cell
states, and gene expression reprogramming
and communication highlights different
mechanisms and provides new insights on
the pathogenesis and treatment of lung
injury and fibrosis. This study indicates
that the use of thyroid hormones may be
a potential therapeutic strategy for treating
acute lung injury and PF. l

Author disclosures are available with the
text of this article at www.atsjournals.org.
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