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Abstract

Background Monocyte-derived alveolar macrophages (Mo_AMs) are increasingly recognised as potential
pathogenic factors for idiopathic pulmonary fibrosis (IPF). While scRNAseq analysis has proven valuable in the
transcriptome profiling of Mo_AMs, the integration analysis of multi-omics may provide additional dimensions of
understanding of these cellular populations.

Methods We performed multi-omics analysis on 116 scRNAseq, 119 bulkseq and five scATACseq lung tissue
samples from IPF. We built a large-scale IPF scRNAseq atlas and conducted the Monocle 2/3 as well as the Cellchat
to explore the developmental path and intercellular communication on Mo_AMs. We also reported the difference
in metabolisms, tissue repair and phagocytosis between Mo_AMs and tissue-resident alveolar macrophages (TRMs).
To determine whether Mo_AMs affected pulmonary function, we projected clinical phenotypes (FVC%pred) from
the bulkseq dataset onto the scRNAseq atlas. Finally, we used scATATCseq to uncover the upstream regulatory
mechanisms and determine key drivers in Mo_AM:s.

Results We identified three Mo_AMs clusters and the trajectory analysis further validated the origin of these
clusters. Moreover, via the Cellchat analysis, the CXCL12/CXCR4 axis was found to be involved in the molecular basis
of reciprocal interactions between Mo_AMs and fibroblasts through the activation of the ERK pathway in Mo_AM:s.
SPP1_RecMacs (RecMacs, recruited macrophages) were higher in the low-FVC group than in the high-FVC group.
Specifically, compared with TRMs, the functions of lipid and energetic metabolism as well as tissue repair were
higher in Mo_AMs than TRMs. But, TRMs may have higher level of phagocytosis than TRMs. SPIB (PU.1), JUNB, JUND,
BACH?2, FOSL2, and SMARCC1 showed stronger association with open chromatin of Mo_AMs than TRMs. Significant
upregulated expression and deep chromatin accessibility of APOE were observed in both SPP1_RecMacs and TRM:s.

Conclusion Through trajectory analysis, it was confirmed that SPP1_RecMacs derived from Monocytes. Besides,
Mo_AMs may influence FVC% pred and aggravate pulmonary fibrosis through the communication with fibroblasts.
Furthermore, distinctive transcriptional regulators between Mo_AMs and TRMs implied that they may depend on
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different upstream regulatory mechanisms. Overall, this work provides a global overview of how Mo_AMs govern IPF
and also helps determine better approaches and intervention therapies.

Keywords Idiopathic pulmonary fibrosis, Multiomic, Monocyte-derived alveolar macrophages, Transcription factors

As the most common interstitial lung disease, idiopathic
pulmonary fibrosis (IPF) is a rapidly progressive and
lethal respiratory disease without a precise aetiology. It
affects 3-9 out of every 100,000 people worldwide, and
the prevalence is rising globally [1, 2]. The few pharma-
cotherapies available have shown limited efficacy, and
the overall 5-year survival rate of IPF remains low [3, 4,
65]. Lung transplantation is currently the only short-term
therapy. Typical IPF characteristics include the formation
of fibrosis niches, deposition of collagen, and expansion
of the extracellular matrix, leading to restrictive ventila-
tion impairment [5]. Thus, researchers have placed more
emphasis on taking advantage of state-of-the-art tech-
nologies that could help uncover the central molecular
mechanism of IPF.

As the most numerous immune cells in the lung, mac-
rophages are divided into two types based on their loca-
tion: alveolar macrophages (AMs), which act as the
first-line defenders; and interstitial macrophages, which
reside near the vasculature and interstitium. AMs are
further divided by origin into monocyte-derived alveo-
lar macrophages (Mo_AMs) and tissue-resident alveo-
lar macrophages (TRMs). Recently, awareness has been
mounting that Mo_AMs are the main factors in fibrotic
development [6, 7]. Here, we ask why Mo_AMs, not
TRMs are the main risk factors for fibrosis. What is the
difference of upstream regulatory mechanisms between
Mo_AMs and TRMs? scATACseq is a developing
advanced technique to study epigenetic regulation and
chromatin accessibility. Additionally, scATACseq has
enabled a more thorough understanding of gene regula-
tory mechanisms that scRNAseq fails to capture. Thus,
this technology could help us seek the answers of the
above questions.

Previous studies have also demonstrated a positive
feedback loop between Mo_AMs and fibroblasts. Mo_
AMs have been found to promote the conversion from
fibroblasts to myofibroblasts by secreting TGF{3 and
PDGEF, while fibroblasts promote the maturation of Mo_
AMs through secreting MCSF [8, 9]. In contrast, while
pirfenidone and nintedanib act by suppressing TGFf3 and
PDGF secretion in fibroblasts, these treatments cannot
reverse or even stop fibrosis and FVC%pred (forced vital
capacity) [2, 10]. FVC, which measures the total amount
of gas exhaled from the point of maximal inspiration dur-
ing the pulmonary ventilation tests, has long been used
as a standard and established measurement for evaluat-
ing levels of lung fibrosis in interstitial lung disease. The

questions arise, therefore, of whether other intercellular
communication is involved in the fibrosis process.

Using mult-iomics analysis, we aimed to delineate the
effects of Mo_AMs on the development of IPF. Our study
revealed the cellular communications between Mo_AMs
and fibroblasts and also probes the related mechanisms
in vitro. We further identified open chromatin regions
and their binding transcription factors (TFs) in Mo_AMs.

Methods

Dataset availability

Five single-cell RNA sequencing (scRNAseq) datasets of
lung tissue from patients with IPF and control cohorts
were obtained from the Gene Expression Omnibus
database: GSE 136831, GSE 122960, GSE 135893, GSE
128033, and GSE 132771 [11-15]. Additionally, one
scATATCseq dataset was directly extracted from GSE
214085 [16]. Furthermore, we also downloaded the bulk
RNA-sequencing dataset GSE 32537, which is the public
largest IPF lung tissue bulkseq dataset with the data of
lung function test [17]. All patients enrolled in this study
were being diagnosed as IPF. Patients with diagnosis of
lung cancer, COPD, asthma and other interstitial lung
disease were be excluded in this study.

Data preprocessing and cell doublets removal

Each sample underwent processing using the Seurat
package (version 4.11) in RStudio (version 4.12) [18]. The
same quality control and normalization were performed
on all five datasets. To ensure data quality, cells that
expressed less than 300 genes and with over 20% mito-
chondrial genes were excluded from the analysis. For
normalization purposes, gene expressions were scaled by
multiplying by a scale factor of 10,000 and subsequently
log-transformed. A subset of 3,000 highly variable genes
were then selected. Principal component analysis (PCA)
and uniform manifold approximation and projection
(UMAP) dimensional reduction were applied prior to
the removal of doublets. The Doubletfinder package
(V3 version) was employed to predict doublets in every
sample [19]. To determine an optimal pK value, BCmvn
was used, with a PN value set to 0.25 and nExp to 0.08 x
nCells*/10,000.

Batch effect correction, unsupervised clustering analysis,
dimensional reduction, and cell type annotation

All cohorts were integrated using an orthogonal
approach in Seurat, applying the FindIntegrationAnchors
and IntergrateData functions. Following the established
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workflow of the Anchors integration approach, the inte-
grated data were scaled and PCA analysis was performed.
The optimal number of principal components was deter-
mined via the ElbowPlot function. Clustering was carried
out by applying the FindNeighbors function with dimen-
sions 1-25 and the FindClusters function with resolution
0.1-2. The resulting clusters were then visualized using
2D UMAP. A similar pipeline was applied for the sub-
sequent subclustering analysis. To annotate cell types,
differentially expressed genes (DEGs) among different
groups were identified using the FindAllmarkers func-
tion with the Wilcox test approach. The parameters used
for this analysis were as follows: only.pos=TRUE, min.
pct=0.2, logfc.threshold=0.25.

Trajectory inference and pseudotime analysis

Three methods were employed together to assess the
pseudotemporal ordering of Mo_AMs, including the
Slingshot package (version 2.40), Monocle 2 and Mon-
ocle 3 (version 1.2.9) [20-22]. The top 20 genes that
exhibited significant changes during the trajectory were
identified with the graph_test function and Moran I test
in Monocle 3. To calculate the velocity from fibroblasts
to myofibroblast, the scVelo package (version 0.2.5) was
applied in Python with the dynamic model by importing
loom files [23].

Intercellular communication evaluated with CellChat
package

To elucidate the cellular interaction and potential mecha-
nisms between Mo_AMs, epithelial cells, and fibroblasts,
we employed the CellChat package (version 1.5.0) [24].
Briefly, the createCellchat function was first used to gen-
erate a CellChat object. Subsequently, the CellchatDB
database, which includes not only ligand-receptor inter-
action data but also pathway information, was imported
for the next analysis. Finally, the functions computeCom-
munProbPathway and aggregateNet were used to infer
the potential pathways and cellular communication
across distinct clusters.

Score of metabolism, transcription factor activity, tissue
repair and phagocytosis

The activity of PPARy and PU.1 (SPI1) TFs was investi-
gated using the DorothEA database (version 1.8.0), which
includes 1,541 human TF-target interactions and uses
collated chipseq data to improve accuracy [25]. To com-
pare the metabolic levels among Mo_AMs and TRMs,
the scMetablism package was applied (version 0.2.1),
which integrates metabolic-related gene sets from both
the KEGG and the REACTOME databases [26]. The sc.
metabolism.Seurat function was used to quantify the
metabolism in scMetabolism package. We applied the
REACTOME database and selected representative lipid
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and energetic metabolic pathways which were most asso-
ciated with the biological function of macrophages. The
tissue repair score and phagocytosis score were inferred
by AddModuleScore function. And the gene sets were
listed in Table_S2.

Integration of bulkseq and scRNAseq

To determine the clinical subtype of Mo_AMs associ-
ated with fibrosis level, the R package Scissor was used
[27]. Based on the official tutorial for the Scissor func-
tion, which involves the Gaussian distribution and Lasso
regression for continuous variables, we computed the
proportion of Scissor+cells that exhibited a positive cor-
relation with FVC%pred, while Scissor—cells displayed
a negative correlation with FVC%pred. The function
reliability.test was employed to assess the significant
differences.

Cell culture and flow cytometry

In present study, THP1, the human monocytic leukaemia
cell line was used to generate macrophages. HELF, the
human embryonic lung fibroblast was applied to build
the fibrosis model. Besides, HELF (#CL0676, Fenghui)
cells were cultured in DMEM (#12491-015, Gibco) in the
presence of 10%FBS (# 10099-141, Gibco). THP1 cells
(#CL-0233, Pricella) were grown in RPMI 1640 medium
(#PM150110, procell) containing 10% FBS (# 10099-
141, Gibco). Passages ranging from 2 to 6 were used for
all experimental procedures. To investigate the effect of
TGER on fibroblasts and establish a fibrosis cell model,
as previously described, HELF cells were treated with 5
ng/ml TGE1 (HZ-1011, Proteintech) for a duration of
24 h. To generate anti-inflammatory and profibrotic M2
macrophages, THP1 cells were differentiated into mac-
rophages via priming with 150 nM PMA for 24 h. M2
macrophages were obtained by incubating with IL4 (20
ng/ml) and IL13 (20 ng/ml) for an additional 72 h. To
assess the M2 phenotype, the expression of the classic
M2 marker CD206 was examined. Briefly, the cells were
suspended in the mouse antihuman CD206 antibody for
cell labelling (BD Pharmingen, #555,954) and incubated
in the dark for 30 min. The conjugated fluorescence was
detected using FACScalibur, and the data were analysed
using flowJo 10 (version 8.1). For transwell coculture of
active fibroblasts and M2 (Fig. 6E), Corning transwell
inserts with 0.4 um pores were used (polycarbonate
transwell inserts). M2 (1x10°) cells were plated in the
inner insert, while fibroblasts (1x10°) were plated in the
well bottom. The coculture system was treated with the
presence or absence of AMD1300 (#HY-10,046, MCE),
pirfenidone (#HY-B0673, MCE), U0126 (#HY-12,031,
MCE), PD98059 (#HY-12,028, MCE) and NUCC-390
(#HY-111,793,MCE) for 24 h (See Fig. 1).
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Fig. 1 Schematic diagram of the overall study concept

Western blot (WB), quantitative polymerase chain reaction
(gPCR), immunofluorescence staining and ELISA

WB experiments were conducted following the previ-
ously described procedure. Briefly, for protein extrac-
tion, cells were lysed in ice-cold RIPA buffer. The protein
concentration was determined using the BCA assay.
Protein samples were resolved and separated using
10% SDS-PAGE and subsequently transferred into a
PVDF membrane. After blocking with 5% BSA for 1 h,
the membranes were subjected to overnight incuba-
tion at 4°C with primary antibodies targeting CXCL12
(Rabbit, #17042-1-AP, 1:3000, proteintech), CXCR4
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(Mouse, #60042-1-1g,1:2000, proteintech), p-MEK
(Rabbit,#28930-1-AP,1:2000, proteintech), MEK (Rab-
bit, #11049-1-AP, 1:10000, proteintech), p-ERK (Rab-
bit, #28733-1-AP, 1:5000, proteintech), ERK (Rabbit,
#51068-1-AP1:10000, proteintech), a-SMA  (Rab-
bit, #67735-1-Ig, proteintech), and collagen type la
(Mouse,1:10000,#67288-1-Ig,  proteintech), followed
by a 1 h incubation with secondary antibodies (Rabbit,
#SA00001-2, proteintech; Mouse,# SA00001-2, protein-
tech). Additionally, to investigate the impact of CXCL12
on the MEK/ERK pathway of M2 macrophages, M2 mac-
rophages were stimulated with the different time points
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(0 h, 4 h, 8 h) and different concentrations (10 ng/ml and
50 ng/ml) of CXCL12. To further explore the potential
role of the CXCX12/CXCR4 axis on the fibrosis model,
we cocultured the activated HELF cells with M2 mac-
rophages and M2 macrophages were stimulated with
agonist (NUCC-390) and inhibitors of the ERK pathway
(U0126 and PD98059). All proteins in the immunoblots
were visualized and quantified using ECL. Densitometry
analysis was performed in the Image] software.

For qPCR, total RNA extraction was carried out using
an RNA extraction kit (# G3640-50T, Servicebio). The
concentration and purity of the RNA were assessed spec-
trophotometrically at 260 nm and 280 nm. The cDNA
was synthesized using a cDNA synthesis kit (#G3333-50,
Servicebio), followed by PCR amplification using SYBR
Green PCR master mix (#G3326-01, Servicebio) on the
Bio-Rad Real-time PCR instrument. The relative expres-
sion was then calculated using the comparative AACT
method. GAPDH or B-actin was utilized a reference gene
to normalize relative gene expression levels. The primer
sequences were designed using Primer-5 software and
synthesized by Invitrogen. The primer pairs can be found
in Table S3.

For immunofluorescence staining, cells (1x10°) were
seeded onto glass coverslips. The cells were then fixed
with 4% PFA at room temperature for 2 h and gently
washed three times with PBS. Cells were incubated with
a-SMA (Mouse, #14395-1-AP, 1:500, proteintech) and
Collagen type I (Rabbit, 1:400, #67288-1-Ig, protein-
tech) at room temperature for 1 h. Following multiple
washing steps, the cells were labelled with the antirab-
bit antibody for 30 min at room temperature (Mouse,
1:100,#SA00009-1, proteintech; Rabbit, 1:100,#SA00009-
2, proteintech). The fluorescence images were acquired
using an epifluorescence microscope (Olympus, BX60).

For ELISA experiments, the supernatants of THP1, MO
macrophages and M2 macrophages were harvested for
the measurements of IL10, CCL18 and CCL22 by human
ELISA kits (Human IL-10 Elisa Kit, #EH10245S, biotech,
shanghai; Human CCL18/PARC Elisa Kit, #EH10070M,
biotech, shanghai; Human MCP-1/CCL2 Elisa Kit,
#EH10335S, biotech, shanghai) according to the manu-
facturers’ instructions.

Interference transfection and transwell migration assays
CXCR4 knockdown was conducted followed by M2 mac-
rophages seeded into 6-well plates at cell densities of
60-70%. M2 macrophages were transfected with siRNA
via applying Lipofectamine 3000 (#L3000015, Thermos).
The CXCR4 siRNA sequence (GGCAAUGGAUUGGUC
AUCCUGGUCA) and the control sequence (GGCGGU
UUAUGGUACUCCGGAAUCA). WB analysis was per-
formed to validate the siRNA knockdown.
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Transwell migration assays were conducted in 24-well
transwell inserts with 8 um pore size (Corning) (Fig. 6B).
To obtain the media from the fibrosis model, HELF cells
of logarithmic growth phase cells were seeded into 10 cm
dishes and the media were collected until the density
was 70-80% confluence. M2 macrophages (5x10°) were
introduced into the upper chamber, while the conditional
media from the fibrosis model with or without AMD3100
and CXCR4 siRNA were seeded into the lower chambers.
Following incubation of the transwell plates at 37 °C with
5% CO, for 24 h, the migrated cells using crystal violet
solution (1%) and visualized through immunofluores-
cence. Image-Pro Plus software (Media Cybernetics Cor-
poration, USA) was used for counting cell numbers.

scATATCseq processing and integration with scRNAseq

The scATATCseq analysis was conducted using ArchrR
(version 1.02), with five fragments used as input for sub-
sequent processing [28]. Fragments exhibiting transcrip-
tion start site enrichment below 4 and number of unique
fragments (log10) below 3 were excluded. After excluding
doublets using the filterDoublts function, we employed
iterative LSI reduction (addlterativeLSI function) to
eliminate batch effects. We then aligned the scATATC-
seq with our scRNAseq, which had been annotated using
the addGenelntegrationMatrix function derived from
the CCA method in Seurat. Subsequently, we generated
pseudobulk replicates to calculate motif enrichment
analysis and used MACS to call peaks. Following this, we
compared comparisons of peaks and TFs between Mo_
AMs and TRMs. The AddPeak2GeneLinks function was
invoked to determine the regulatory association between
peak accessibility and gene expression. For the Mo_AMs
analysis, we constructed a differentiation trajectory simi-
lar to the scRNA analysis using the addtrajectory func-
tion. Lastly, to identify TF drivers along the trajectory, we
employed the correlateTrajectories function to integrate
gene expression and motif accessibility. These regulatory
drivers were visualized through heatmaps.

Statistical analyses

Statistical analysis was conducted by Graphad
Prism 9 and R (version 4.2.0) via t test or one-way
ANOVA. P<0.05 was considered significant (*p<0.05;
**0.05<p<0.01; **p<0.001).

Results

Mapping scRNAseq atlas of multiple lung cell types in
idiopathic pulmonary fibrosis

The demographic and clinical characteristics of the
scRNAseq and scATATCseq samples are listed in Table
S1. To mitigate batch effects, an anchor-based strat-
egy was employed and no significant batch effects were
observed (Fig. S1A-D). After rigorous filtering and
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quality control, our scRNAseq atlas contained 409,303
cells, including 58,470 epithelial cells, 14,105 stromal
cells, and 305,950 immune cells (Fig. 2A). The expres-
sion levels of marker genes, which were used for cell type

A

Epithelial cells 58470 cells
@ MUCS5B+SCGB1AT+ 4 main cell types 409303 cells
Ciliated cells ©  Immune cells
@ Epithelial cells
AT2

@ Endothelial cells

© Basal cells Stromal cells

) Transitional_AT2
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annotation and identification of cell clusters, are depicted
in the feature plots and dotplots, aligning with existing
knowledge (Fig. S2A, C-E). In accordance with the pre-
vailing understanding of the aetiology of IPF, our findings
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Fig.2 Overview of the Idiopathic Pulmonary Fibrosis (IPF) Atlas. The UMAP plots of epithelial cells, stromal cells, and immune cells (A). Trajectory of fibro-
blasts and myofibroblasts using scVelo (B). Proportion of epithelial clusters in IPF group and control group (C)
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demonstrated fewer alveolar epithelial cells in the IPF
group compared to the control group (Fig. 2C). Con-
versely, the IPF patients exhibit an increase in epithelial
secretory cells and ciliated cells, which may contribute to
enhanced elimination of environmental risk factors and
the promotion of fibrosis development. Additionally, the
IPF group displayed a higher abundance of stromal cells
than the control group (Fig. S2B). Furthermore, a phe-
notypic transition from fibroblasts to myofibroblasts was
also evident in the IPF patients (Fig. 2B).

SPP1_RecMacs originate from CD14+_Monocytes rather
than tissue-resident alveolar macrophages
Fifteen distinct immune cell types were identified, as
shown in Fig. 2A. Among these, we identified eight
monocyte and macrophage clusters, including CD14+_
Monocytes (CDI14, FCNI, S100A8, S100A12, VCAN,
ILIR2), CD16+_Monocytes (FCGR3A, LILRA5, APO-
BEC3A, MTSS1), Mon_macs (CLECI0OAI, GPRIS83,
FCGR2B, CD93, SDS), CCL2_RecMacs (RecMacs,
recruited macrophages;CCL2, EMP1, RNASE1, MARCO,
MRCI1, MSRI), interstitial macrophages (LGMN,
FOLR2, PLTB CCL13), SPP1_RecMacs (SPP1, TREM?2,
CHI3L1, MMP9, PLA2G7, CHITI), proliferating Macs
(MKI67, TOP2A, UBE2C, CDK1, BIRCS), and TRMs
(FABP4, INHBA, SERPING1, MME, RBP4). Interest-
ingly, a decreased proportion of CD14+_Monocytes was
observed, while a trend was noted towards an increase
in Mon-macs, CCL2_RecMacs, and SPP1_RecMacs
(Fig. 3F). Compared to Mon-macs and CCL2_RecMacs,
SPP1_RecMacs exhibited a higher level of CHITI, SPPI,
SDC2, and CHI3L1 (Fig. 3A, Fig. S2E). CHIT1, a well-
known chitinase, was implicated in various inflamma-
tory lung and fibrotic diseases [29-31]. CHI3L1 was also
found to contribute to the development of lung fibrosis
[33]. Notably, SDC2, encoding a glycosylated integral
membrane protein, was discovered to alleviate fibrosis by
decreasing TGFf31 receptors in epithelial cells [32].
Considering the crucial role of Mo_AMs in the devel-
opment of IPF and the unclear origin of SPP1_Rec-
Macs, we conducted Slingshot and Monocle 2/3
analysis to capture a linear pseudotime process starting
from CD14+_Monocytes and progressing towards Mon-
macs, CCL2_RecMacs, and SPP1_RecMacs as the trajec-
tory endpoint (Fig. 3B—C, E). Among the top 20 variable
genes associated with this trajectory, APOE exhibited an
increase, which was in line with previous research find-
ings [33] (Fig. 3D). Furthermore, our analysis revealed
that the upregulated genes within the trajectory exhibited
enrichment in the “cholesterol metabolism” KEGG term
(Fig. 3D). The TF analysis revealed that both PU.1 and
PPARy tend to be expressed higher in SPP1_RecMacs
than in TRMs (Fig. S3A, B). Moreover, SPP1_RecMacs
also displayed a significantly lower phagocytosis score
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and higher tissue repair score than TRMs (Fig. S3C-D,
Table S2). Lastly, SPP1_RecMacs exhibited greater meta-
bolic activities than TRMs in IPF patients, including lipid
and phospholipid metabolism, glucose metabolism, and
energy metabolism (Fig. S3E).

Identify the Mo_AMs subtype associated with FVC%pred

In this study, we analysed 119 IPF bulk samples with
FVC%pred information and used the Scissor package to
identify fibrosis-related Mo_AMs among a total of 57,005
cells. Of these cells, 5,227 Scissor—cells were negative
for FVC%pred, and 4,664 Scissor+cells were positive
for FVC%pred (Fig. 4A). As previously indicated, Scis-
sor—cells predominantly occupy the latter portion of the
trajectory, specifically CCL2_RecMacs and SPP1_Rec-
Macs, suggesting the crucial role of Mo_AMs in pro-
moting fibrosis (Fig. 4B). This result is further enhanced
by the statistically significant p-value of the reliability
significance test (p<0 0.001). To shed light on the tran-
scriptional differences of Scissor+and Scissor—cells, we
compared their DEGs. Our analysis revealed an upregu-
lation of macrophage markers (MARCO, FNI, EMPI,
and CHITI) in Scissor—cells, while macrophage mark-
ers (AREG, CD163, FABP4, and LYZ) were found to be
greater in Scissor+cells (Fig. 4C-F). Among them, FN1
could promote fibrosis via encoding fibronectin [56].
CHIT1, as classic maker for activating macrophages,
was found to be highly expressed in IPF patients and
can be used as therapeutic targets [57, 58]. AGER can
foster inflammation by secreting cytokines such as IL-6,
IL-8 and GM-CSF [59]. FABP4 could also regulate lipid
metabolism by PPARy and facilitate inflammation [60].

Fibroblasts induce chemotaxis of Mo_AMs by CXCL12/
CXCR4 axis in idiopathic pulmonary fibrosis

Intercellular communication among epithelial cells,
myofibroblasts, fibroblasts, and alveolar macrophages
was observed in patients with IPF. The use of Cell-
Chat revealed the CXCL12/CXCR4 signalling pathway
between Mo_AMs and fibroblasts as well as myofibro-
blasts (Fig. 4G, I). The reliability of the communication
was confirmed by the expression of CXCL12 and CXCR4
(Fig. 4H). To further validate these findings, coculture
experiments of the fibrosis models and Mo_AMs were
performed. To establish the fibrosis model, the HELF cell
line was selected and was induced with TGFp1, followed
by assessment of the expression of a-SMA and collagen
type I as the markers of fibrosis. The mRNA expression
of a-SMA and collagen type I was found to be upregu-
lated in the model (Fig. 5A). The results were also further
confirmed by immunofluorescence analysis (Fig. 5B, D).
We followed established protocols to induce polariza-
tion THP1 cells into M2 macrophages and found that the
cell surface marker CD206 was significantly upregulated
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in M2 macrophages compared to MO macrophages
(Fig. 5C, E) [34]. ELISA results showed that the protein
levels of IL10, CCL2 and CCL18 were highly expressed
in M2 macrophages (Fig. 5F). Additionally, CXCL12 was
observed to increase in HELF cells upon TGFf1 induc-
tion, whereas CXCR4 was found to be increased during
M2 polarization (Fig. 5G, H).

To further determine the direct involvement of CXCR4
in M2 macrophages, M2 macrophages were then cul-
tured in media from TGFp1-treated HELF cells, either
with or without CXCR4 antagonist (AMD3100) or
CXCR4 small interfering (siRNA). siRNA knockdown
decreased the expression level of CXCR4 in M2 m
macrophages (Fig. 6B). The results demonstrated that
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inhibition of CXCR4 led to a significant reduction in M2
polarization (Fig. 6A). To investigate the necessity of the
CXCL12/CXCR4 axis for M2 chemotaxis to fibroblasts,
we collected the supernatant of TGF1-treated HELF and
used it as chemoattractant for M2 in vitro. The outcomes
from the transwell assays revealed that the presence of

chemokines in the media derived from the fibrosis model
can enhance the chemotactic capacity of M2 macro-
phages, and this migratory response can be suppressed
when AMD3100 and CXCR4 siRNA are used (Fig. 6C).
To further explore the underlying mechanisms respon-
sible for chemotactic effects, M2 macrophages were
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introduced at different time points and concentrations of
CXCL12, and the involvement of the ERK pathway was
evaluated by WB analysis. We found the expression level
of pERK and pMEK increased in a time- and dose-depen-
dent manner (Fig. 6D). To further elucidate the potential
role of the CXCX12/CXCR4 axis in M2 macrophages,
fibroblasts were then cocultured with M2 macrophages
using transwell plates in vitro. The expression of a-SMA
and collagen type I was significantly downregulated upon
treatment with the ERK pathway inhibitors (PD98059
and U0126). This trend, as anticipated, could be reversed
by the CXCR4 agonists (NUCC-390) (Fig. 6E, F).

Importance of APOE for the differentiation of SPP1_
RecMacs

Next, to trace the regulatory mechanisms associated with
transcriptional processing for Mo_AMs, we projected the
scATATCseq data (GSE214085) with our scRNAseq atlas.
Following stringent quality filtering and exclusion of dou-
blets in the scATACseq dataset, 13,345 cell profiles, spe-
cifically 6,054 immune cell profiles, were obtained using
ArchR (Fig. 7C, S4). Moreover, no discernible batch
effects were observed upon LSI integration (Fig. 7A,
B,D, E). Through the CCA integration method, the clus-
ter annotation of scATACseq can be accurately labelled
consistently with our scRNAseq cell types. Within the
samples, SC308, SC318, and SC326 belong to the IPF
group. SC316 and SC324 belong to the control group.
The total cell numbers of each sample are listed as fol-
lows: 2988 (SC308), 1941 (SC316), 2736 (SC318), 2623
(SC324) and 3057 (SC326). Besides, the cell numbers of
SPP1_RecMacs are: 268(SC308), 23(SC316), 186 (SC318),
29(SC324) and 178(SC326). Thus, despite the presence
of potential heterogeneity among the samples, the IPF
group tended to exhibit a higher proportion of SPP1_
RecMacs compared to the control group (Fig. 7C, F).
The foot printing analysis, which mirrored and assessed
the genome binding sites of TFs, revealed that JUNB,
BACH2, FOSL2, JUND, SPIB (PU.1), and SMARCCI in
Mo_AMs exhibited stronger binding to the wide genome
than TRMs (Fig. 7F-L). Notably, APOE is a risk biologi-
cal factor of lipid metabolisms that affect various fibrosis
diseases [33, 47, 48]. Also, APOE was found to be upreg-
ulated in alveolar macrophages in patients with IPF and
played an important role in Collagen I phagocytosis [33,
55]. In this study, we have noticed deep chromatin acces-
sibility and high expression of APOE in SPP1_RecMacs
as well as TRMs (Fig. 8A, C). Through the imputed pseu-
dotime analysis of the scATACseq data, we also success-
fully illustrated the upregulation of APOE expression in
both the GeneScoreMatrix and the GenelntegrationMa-
trix during the differential process of Mo_AMs (Fig. 8B—
E), which was consistent with trajectory heatmaps in our
scRNAseq data and scATATCseq data (Figs. 3D and 8I).
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Here, it is essential to underscore the differences among
the three commonly used matrices (GeneScoreMatrix,
GenelntergrationMatrix and MotifMatrix) in the ArchR
framework. The GeneScoreMatrix means the gene activ-
ity score inferred by chromatin accessibility data. The
GenelntergrationMatrix integrates the information
of scRNAseq and scATACseq, thereby capturing the
relationship between chromatin accessibility and gene
expression patterns. The MotifMatrix serves as a reposi-
tory for transcription factor binding site information.
Thus, in contrast to conventional scRNAseq trajectory
analysis, scATAC-seq pseudotime analysis prioritizes
the examination of gene regulation and chromatin state
dynamics throughout the process of cell development
and differentiation, thereby facilitating the identifica-
tion of crucial regulatory elements and TFs. Additionally,
the motif heatmap also showed a change in chromatin
accessibility of JUNB, JUND, FOSL2, SPIB (PU.1), and
SMARCCI during the trajectory, in line with our results
from the analysis of the foot printing and TF activities of
our scRNAseq atlas (Fig. 7H and L, S3A). Using a com-
bination of motif matrix and GenelntegrationMatrix, we
ultimately identified that SMAD2 and PPARy could be
the potential drivers during the Mo_AMs differentiation
(Fig. 8]-K).

Discussion

In this study, we provided a multiomics framework anal-
ysis of lung tissue from patients with IPF to enable the
generation of a large-scale dataset. Although scRNAseq
can effectively identify comprehensive gene expression
profiles in various cell types, it falls short in providing
informative descriptions of clinically relevant data and
thus fails to establish associations between these cell
types and clinical phenotypes. Moreover, the absence
of available epigenetics data hinders our understanding
of the upstream mechanisms governing transcriptional
regulation in the cell types of interest. To address these
limitations, we drew a comprehensive map by integrat-
ing scRNAseq with bulkseq and chromatin accessibility
data. Mo_AMs played a deteriorative role in the pro-
motion of IPF through various mechanisms, involving
intercellular communication between fibroblasts and epi-
thelial cells, metabolic reprogramming, and alteration of
phagocytic function [35—37]. This work comprehensively
investigated the evidence of the communication between
Mo_AMs and fibroblasts, determined the TFs involved in
this process, highlighted the significant changes in tran-
scriptional regulation between Mo_AMs and TRMs, and
identified clinical-associated Mo_AMs.

Osteopontin (SPP1), a multifunctional glycoprotein, is
implicated in various cell types and supports the recruit-
ment and proliferation of monocytes [12]. The current
consensus suggests that SPP1_RecMacs are a subset of
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macrophages in IPF and even in the fibroproliferative
phase of severe COVID-19 [38]. Moreover, the knock-
down of sppl in bleomycin-induced mice was found to
attenuate lung fibrosis [39]. Moreover, in this study, we
also found that SPP1_RecMacs have distinct roles in the
functions of phagocytosis, tissue repair, and metabolism.
We also provided evidence that SPP1_RecMacs arise
from monocytes rather than TRMs. Thus, it is reason-
able to surmise that the enrolment of monocytes to the

lung tissue could be attributed to the reason that the
higher levels of repair mechanisms were required for IPF
patients. In light of all our observations, we are tempted
to further ask whether SPP1_RecMacs could impair lung
function. For the first time, our study revealed a higher
proportion of SPP1_RecMacs in the low-FVC subgroup
compared to the high-FVC subgroup, which further con-
firmed that SPP1_RecMacs contribute to the promotion
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of lung fibrosis. Overall, SPP1_RecMacs could serve as a
valuable tool for clinicians in assessing the ratings of IPFE.

The CXCL12/CXCR4 axis was considered a key con-
tributor to multiple organ fibrosis such as lung, liver, and
heart [40-43]. Additionally, it has been reported that
the increased expression of CXCR4 is related to higher

mortality in patients with IPE. CXCR4, a prototypi-
cal G-protein coupled receptor consisting of 352 amino
acids, has been found abundantly expressed in monocytes
and serves as a crucial chemokine receptor in fibroblasts
[44]. Although recent studies on IPF have confirmed that
the high expression of cxcl12 in fibroblastic foci and high
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expression of cxcr4 in myeloid cells [45, 46], the poten-
tial downstream mechanism of CXCR4 in Mo_AMs is
still unclear. Herein, we aimed to validate the intercellu-
lar communication of CXCR4/CXCL12 pathway between
Mo_AMs and fibroblasts. Moreover, we further demon-
strated that the binding fibroblasts through cxcr4 leads
to the activation of the MEK/ERK pathway in Mo_AMs.
Consistent with our hypothesis, blocking of the MEK/
ERK pathway in Mo_AMs resulted in the elimination of
collagen and a-SMA in the vitro fibrosis model. Previ-
ous studies found that MEK1/2 played essential roles in
macrophages reparative properties [63]. Additionally, the
MEK/ERK pathway could enhance the phagocytosis of
macrophages [64]. Clinical trials have also confirmed that
the inhibitors of the ERK signaling pathways (hydroxy-
chloroquine) could alleviate pulmonary fibrosis [61, 62].
Taking our findings together, we speculate that the inhib-
iting of the MEK/ERK pathway in Mo_AMs could be
effective and promising treatment regimens for patients
with IPF.

Next, we aimed to elucidate the regulatory mecha-
nisms governing the differentiation of Mo_AMs and
determine the major drivers in the differentiation of
Mo_AMs. Our results indicated that the expression of
APOE upregulated during the differentiation, which
was previously demonstrated by the bleomycin-induced
mice [33]. Moreover, the deletion of APOE in Mo_AMs
in mice led to the attenuation of atherosclerosis, liver
fibrosis, and lung fibrosis [33, 47, 48]. Previous inves-
tigations also found that APOE was highly expressed in
Mo_AMs [47, 49]. Our study, however, provided evi-
dence supporting the increased expression and chro-
matin accessibility of APOE not only in SPP1_RecMacs,
but also in TRMs. APOE is an apolipoprotein that plays
a leading role in lipid metabolism [50]. Thus, this raises
the question of why the antifibrotic gene APOE is highly
expressed in Mo_AMs. Two potential explanations may
be considered: Firstly, Mo_AMs may contribute to lung
fibrosis more significantly than any anti-fibrotic ben-
efits provided by APOE. Secondly, the involvement of
APOE in collagen engulfment is dependent on the LRP1
receptor, which may not be optimally functioning during
early stages of fibrosis [33]. Similarly, although the anti-
fibrotic gene SDC2 is also found to be overexpressed in
Mo_AMs, it is suggested that Mo_AMs may also pro-
mote lung fibrosis more effectively than the anti-fibrotic
effects associated with SDC2. Our metabolitic analy-
sis also revealed that TRMs have a relatively high level
of lipid metabolism. Furthermore, we determined that
SMAD?2 and PPARY are the potential drivers in the differ-
entiation of Mo_AMs. Firstly, compared with other TFs
in Fig. 8], PPARy and SMAD?2 are the most studied TFs
in macrophages. Besides, PPARy, an important nuclear
hormone receptor, modulates lipid metabolism, relates

Page 15 of 17

to surfactant turnover and influences AM functional-
ity [51, 52]. Unlike Mo_AMs in a healthy state, we found
that SMAD2 could also be key Mo_AMs transcription
factors in IPF patients. SMAD2, a member downstream
molecule of the TGFp pathway, is involved in promot-
ing the expression of MHC molecules and regulating
phagocytosis in macrophages and thus could be recog-
nized as a major mediator of fibrosis [53, 54]. Thus, the
extent to which SMAD2 of Mo_AMs is involved in IPF
remains largely unknown and calls for further experi-
mental exploration. However, it is essential to recognize
the importance of other TFs identified in Fig. 8J-K, which
could also be the focus of research in the future.

We are aware, however, that multiomics analysis may
not fully elucidate potential mechanisms, and there are
still some shortcomings in this study. Thus, it would be
interesting to additionally study the neighbourhood of
fibroblasts and macrophages via spatial transcriptomics
involved in the cxcl12/cxcr4 pathway. Moreover, we have
to acknowledge that there were high variations among
individuals. The large-scale IPF atlas would be performed
to favour our view. Further investigation is warranted to
expand the sample size of the multi-omics analysis in IPF
studies, particularly for the scATATCseq analysis.

Conclusion

Using multiomics analysis, we demonstrated that Mo_
AMs are a key factor in promoting the progression of
IPF via interacting with fibroblasts. We also identified
important TFs which affected Mo_AM:s differentiation in
patients with IPF.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-024-05398-y.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
We thank Eleanor Valenzi for providing the scATATCseq data.

Author contributions

BQ.S conceived the study. MM.Z and Y.Z performed most of the experiments
and data analysis. MM.Z wrote the first version of the paper. JH.Z, HS.H, and
ZW.L reviewed the draft of the paper. BQSS revised the manuscript. All authors
approved the final version.

Funding
This work is funded by Guangdong Zhong Nanshan Medical Foundation,
ZNSXS-20220015.

Data availability

Datasets used in this study are available at the Gene Expression Omnibus: GSE
136831, GSE 122960, GSE 135893, GSE 128033, GSE 132771, GSE 214085, and
GSE 32537.


https://doi.org/10.1186/s12967-024-05398-y
https://doi.org/10.1186/s12967-024-05398-y

Zhang et al. Journal of Translational Medicine (2024) 22:598

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Clinical Laboratory, National Center for Respiratory
Medicine, National Clinical Research Center for Respiratory Disease, State
Key Laboratory of Respiratory Disease, Guangzhou Institute of Respiratory
Health, The First Affiliated Hospital of Guangzhou Medical University,
Guangzhou, China

’Department of Internal Medicine Il, University Hospital Bonn, Section of
Pneumology, Bonn, Germany

3Department of Respiratory and Critical Care Medicine, Xuzhou Central
Hospital, Xuzhou, China

“Department of Medicine II, Heart Center Bonn, University Hospital Bonn,
Bonn, Germany

°Guangzhou Laboratory, Guangzhou 510005, China

Received: 20 January 2024 / Accepted: 13 June 2024
Published online: 27 June 2024

References
1. Hutchinson J, Fogarty A, Hubbard R, McKeever T. Global incidence and

mortality of idiopathic pulmonary fibrosis: a systematic review. Eur Respir J.

2015;46:795-806.
2. Raghu G, Remy-Jardin M, Richeldi L, Thomson CC, Inoue Y, Johkoh T, et al.

Idiopathic pulmonary fibrosis (an update) and progressive pulmonary fibrosis
in adults: an Official ATS/ERS/JRS/ALAT Clinical Practice Guideline. Am J Respir

Crit Care Med. 2022;205:¢18-47.

3. Hoyer N, Prior TS, Bendstrup E, Wilcke T, Shaker SB. Risk factors for diagnostic

delay in idiopathic pulmonary fibrosis. Respir Res. 2019;20:103.
4. Ley B, Collard HR, King TE Jr. Clinical course and prediction of survival in
idiopathic pulmonary fibrosis. Am J Respir Crit Care Med. 2011;183:431-40.
5. Lederer DJ, Martinez FJ. Idiopathic pulmonary fibrosis. N Engl J Med.
2018,378:1811-23.

6. Cox N, Pokrovskii M, Vicario R, Geissmann F. Origins, Biology, and diseases of

tissue macrophages. Annu Rev Immunol. 2021;39:313-44.
7. Aegerter H, Lambrecht BN, Jakubzick CV. Biology of Lung macrophages in
health and disease. Immunity. 2022;55:1564-80.

8. Minutti CM, Modak RV, Macdonald F, Li F, Smyth DJ, Dorward DA et al. A mac-

rophage-pericyte Axis directs tissue restoration via Amphiregulin-Induced

transforming growth factor Beta activation. Immunity. 2019; 50: 645 - 54.e6.

9. JoshiN, Watanabe S, Verma R, Jablonski RP, Chen Cl, Cheresh P et al. A spa-

tially restricted fibrotic niche in pulmonary fibrosis is sustained by M-CSF/M-

CSFR signalling in monocyte-derived alveolar macrophages. Eur Respir J.
2020; 55.

10.  Podolanczuk AJ, Richeldi L, Martinez FJ. The future of clinical trials in idio-
pathic pulmonary fibrosis. JAMA. 2023;329:1554-5.

11, AdamsTS, Schupp JC, Poli S, Ayaub EA, Neumark N, Ahangari F, Chu SG, Raby
BA, Deluliis G, Januszyk M, et al. Single-cell RNA-seq reveals ectopic and aber-
rant lung-resident cell populations in idiopathic pulmonary fibrosis. Sci Adv.

2020;6(28):eaba1983.

12. Reyfman PA, Walter JM, Joshi N, Anekalla KR, McQuattie-Pimentel AC, Chiu
S, et al. Single-cell transcriptomic analysis of human lung provides insights
into the Pathobiology of Pulmonary Fibrosis. Am J Respir Crit Care Med.
2019;199:1517-36.

13.  Habermann AC, Gutierrez AJ, Bui LT, Yahn SL, Winters NI, Calvi CL, Peter L,
Chung MI, Taylor CJ, Jetter C, et al. Single-cell RNA sequencing reveals pro-

fibrotic roles of distinct epithelial and mesenchymal lineages in pulmonary

fibrosis. Sci Adv. 2020;6(28):eaba1972.

14. Morse C, Tabib T, Sembrat J, Buschur KL, Bittar HT, Valenzi E et al. Proliferating
SPP1/MERTK-expressing macrophages in idiopathic pulmonary fibrosis. Eur

Respir J. 2019; 54.

20.

21.

22.

23.

24.

25.

28.

29.

30.

31.

33.

34.

37.

38.

39.

Page 16 of 17

Tsukui T, Sun KH, Wetter JB, Wilson-Kanamori JR, Hazelwood LA, Henderson
NG, et al. Collagen-producing lung cell atlas identifies multiple subsets with
distinct localization and relevance to fibrosis. Nat Commun. 2020;11:1920.
Valenzi E, Bahudhanapati H, Tan J, Tabib T, Sullivan DI, Nouraie M et al.
Single-nucleus chromatin accessibility identifies a critical role for TWISTT in
idiopathic pulmonary fibrosis myofibroblast activity. Eur Respir J. 2023; 62.
Yang IV, Coldren CD, Leach SM, Seibold MA, Murphy E, Lin J, et al. Expression
of cilium-associated genes defines novel molecular subtypes of idiopathic
pulmonary fibrosis. Thorax. 2013,68:1114-21.

HaoY, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, et al.
Integrated analysis of multimodal single-cell data. Cell. 2021;184:3573-e8729.
McGinnis CS, Murrow LM, Gartner ZJ. DoubletFinder: Doublet Detection in
single-cell RNA sequencing data using Artificial Nearest neighbors. Cell Syst.
2019;8:329-e374.

Street K, Risso D, Fletcher RB, Das D, Ngai J, Yosef N, et al. Slingshot: cell
lineage and pseudotime inference for single-cell transcriptomics. BMC
Genomics. 2018;19:477.

Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA, et al. Reversed graph
embedding resolves complex single-cell trajectories. Nat Methods.
2017;14.979-82.

Cao J, Spielmann M, Qiu X, Huang X, Ibrahim DM, Hill AJ, et al. The single-
cell transcriptional landscape of mammalian organogenesis. Nature.
2019;566:496-502.

BergenV, Lange M, Peidli S, Wolf FA, Theis FJ. Generalizing RNA veloc-

ity to transient cell states through dynamical modeling. Nat Biotechnol.
2020;38:1408-14.

Jin'S, Guerrero-Juarez CF, Zhang L, Chang I, Ramos R, Kuan CH, et al. Infer-
ence and analysis of cell-cell communication using CellChat. Nat Commun.
2021;12:1088.

Garcia-Alonso L, Holland CH, Ibrahim MM, Turei D, Saez-Rodriguez J. Bench-
mark and integration of resources for the estimation of human transcription
factor activities. Genome Res. 2019;29:1363-75.

WuY,Yang S, Ma J, Chen Z, Song G, Rao D, et al. Spatiotemporal Immune
Landscape of Colorectal Cancer Liver Metastasis at single-cell level. Cancer
Discov. 2022;12:134-53.

Sun D, Guan X, Moran AE, Wu LY, Qian DZ, Schedin P, et al. Identifying
phenotype-associated subpopulations by integrating bulk and single-cell
sequencing data. Nat Biotechnol. 2022,40:527-38.

Granja JM, Corces MR, Pierce SE, Bagdatli ST, Choudhry H, Chang HY, et al.
ArchR is a scalable software package for integrative single-cell chromatin
accessibility analysis. Nat Genet. 2021;53:403-11.

Chang D, Sharma L, Dela Cruz CS. Chitotriosidase: a marker and modulator of
lung disease. Eur Respir Rev. 2020; 29.

James AJ, Reinius LE, Verhoek M, Gomes A, Kupczyk M, Hammar U, et al.
Increased YKL-40 and chitotriosidase in Asthma and Chronic Obstructive
Pulmonary Disease. Am J Respir Crit Care Med. 2016;193:131-42.
Sklepkiewicz P, Dymek BA, Mlacki M, Koralewski R, Mazur M, Nejman-Gryz

P et al. Inhibition of CHIT1 as a novel therapeutic approach in idiopathic
pulmonary fibrosis. Eur J Pharmacol. 2022,919:174792.

ZhouY, Peng H, Sun H, Peng X, Tang C, Gan Y, et al. Chitinase 3-like 1 sup-
presses injury and promotes fibroproliferative responses in mammalian lung
fibrosis. Sci Trans| Med. 2014;6:240ra76.

CuiH, Jiang D, Banerjee S, Xie N, Kulkarni T, Liu RM et al. Monocyte-derived
alveolar macrophage apolipoprotein E participates in pulmonary fibrosis
resolution. JCl Insight. 2020; 5.

Genin M, Clement F, Fattaccioli A, Raes M, Michiels C. M1 and M2 macro-
phages derived from THP-1 cells differentially modulate the response of
cancer cells to etoposide. BMC Cancer. 2015;15:577.

Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and
fibrosis. Immunity. 2016;44:450-62.

Zhang L, Wang Y, Wu G, Xiong W, Gu W, Wang CY. Macrophages: friend or foe
in idiopathic pulmonary fibrosis? Respir Res. 2018;19:170.

Ogawa T, Shichino S, Ueha S, Matsushima K. Macrophages in lung fibrosis. Int
Immunol. 2021;33:665-71.

Wendisch D, Dietrich O, Mari T, von Stillfried S, Ibarra IL, Mittermaier M, et al.
SARS-CoV-2 infection triggers profibrotic macrophage responses and lung
fibrosis. Cell. 2021;184:6243-e6127.

Hatipoglu OF, Uctepe E, Opoku G, Wake H, lkemura K, OhtsukiT, et al. Osteo-
pontin silencing attenuates bleomycin-induced murine pulmonary fibrosis
by regulating epithelial-mesenchymal transition. Biomed Pharmacother.
2021;139:111633.



Zhang et al. Journal of Translational Medicine

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

(2024) 22:598

Park S, Nguyen NB, Pezhouman A, Ardehali R. Cardiac fibrosis: potential
therapeutic targets. Transl Res. 2019;,209:121-37.

Kong P, Christia P, Frangogiannis NG. The pathogenesis of cardiac fibrosis. Cell
Mol Life Sci. 2014;71:549-74.

ChenY,Huang Y, Reiberger T, Duyverman AM, Huang P, Samuel R, et al.
Differential effects of sorafenib on liver versus tumor fibrosis mediated

by stromal-derived factor 1 alpha/C-X-C receptor type 4 axis and myeloid
differentiation antigen-positive myeloid cell infiltration in mice. Hepatology.
2014;59:1435-47.

Mathai SK, Schwartz DA. Translational research in pulmonary fibrosis. Transl
Res. 2019,209:1-13.

Yang R, Yao Y, Wang P. Hypoxia-induced the upregulation of stromal cell-
derived factor 1 in fibroblast-like synoviocytes contributes to migration of

monocytes into synovium tissue in rheumatoid arthritis. Cell Biosci. 2018;8:11.

Jaffar J, Griffiths K, Oveissi S, Duan M, Foley M, Glaspole |, et al. CXCR4(+) cells
are increased in lung tissue of patients with idiopathic pulmonary fibrosis.
Respir Res. 2020,21:221.

Eyres M, Bell JA, Davies ER, Fabre A, Alzetani A, Jogai S, et al. Spatially resolved
deconvolution of the fibrotic niche in lung fibrosis. Cell Rep. 2022;40:111230.
Schierwagen R, Maybuichen L, Zimmer S, Hittatiya K, Back C, Klein S, et al.
Seven weeks of Western diet in apolipoprotein-E-deficient mice induce
metabolic syndrome and non-alcoholic steatohepatitis with liver fibrosis. Sci
Rep. 2015;5:12931.

Vasquez EC, Peotta VA, Gava AL, Pereira TM, Meyrelles SS. Cardiac and
vascular phenotypes in the apolipoprotein E-deficient mouse. J Biomed Sci.
2012;19:22.

Tsoyi K, Chu SG, Patino-Jaramillo NG, Wilder J, Villalba J, Doyle-Eisele M, et al.
Syndecan-2 attenuates Radiation-induced pulmonary fibrosis and inhibits
fibroblast activation by regulating PI3K/Akt/ROCK pathway via CD148. Am J
Respir Cell Mol Biol. 2018;58:208-15.

Mahley RW, Apolipoprotein E. From cardiovascular disease to neurodegen-
erative disorders. J Mol Med (Berl). 2016;94:739-46.

Smith MR, Standiford TJ, Reddy RC. PPARs in alveolar macrophage biology.
PPAR Res. 2007; 2007: 23812.

Schneider C, Nobs SP, Kurrer M, Rehrauer H, Thiele C, Kopf M. Induction

of the nuclear receptor PPAR-y by the cytokine GM-CSF is critical for the
differentiation of fetal monocytes into alveolar macrophages. Nat Immunol.
2014;15:1026-37.

Chen H, Moreno-Moral A, Pesce F, Devapragash N, Mancini M, Heng EL, et al.
WWP2 regulates pathological cardiac fibrosis by modulating SMAD2 signal-
ing. Nat Commun. 2019;10:3616.

Khalil H, Kanisicak O, Prasad V, Correll RN, Fu X, Schips T, et al. Fibroblast-
specific TGF-B-Smad2/3 signaling underlies cardiac fibrosis. J Clin Invest.
2017;127:3770-83.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 17 of 17

Misharin AV, Morales-Nebreda L, Reyfman PA, et al. Monocyte-derived alveo-
lar macrophages drive lung fibrosis and persist in the lung over the life span.
J Exp Med. 2017,214(8):2387-404.

Hoeft K, Schaefer GJL, Kim H, et al. Platelet-instructed SPP1+macrophages
drive myofibroblast activation in fibrosis in a CXCL4-dependent manner. Cell
Rep. 2023;42(2):112131.

Sklepkiewicz P, Dymek BA, Mlacki M, et al. Inhibition of CHIT1 as a novel
therapeutic approach in idiopathic pulmonary fibrosis. Eur J Pharmacol.
2022;919:174792.

Dymek B, Sklepkiewicz P, Mlacki M, et al. Pharmacological inhibition of chito-
triosidase (CHIT1) as a Novel Therapeutic Approach for Sarcoidosis. J Inflamm
Res. 2022;15:5621-34.

Meng C, Liu G, Mu H, Zhou M, Zhang S, Xu Y. Amphiregulin may be a new
biomarker of classically activated macrophages. Biochem Biophys Res Com-
mun. 2015;466(3):393-9.

Boss M, Kemmerer M, Briine B, Namgaladze D. FABP4 inhibition suppresses
PPARy activity and VLDL-induced foam cell formation in IL-4-polarized human
macrophages. Atherosclerosis. 2015;240(2):424-30.

Manning EP, Losier A, Emeagwali N, Ryu C, Honiden S. New applications of
old drugs as Novel therapies in Idiopathic Pulmonary Fibrosis. Metformin,
Hydroxychloroquine, and thyroid hormone. Am J Respir Crit Care Med.
2019;199(12):1561-3.

Rangarajan S, Bone NB, Zmijewska AA, Jiang S, Park DW, Bernard K, Locy ML,
Ravi S, Deshane J, Mannon RB, Abraham E, Darley-Usmar V, Thannickal VJ,
Zmijewski JW. Metformin reverses established lung fibrosis in a bleomycin
model. Nat Med. 2018;24(8):1121-7.

Long ME, Eddy WE, Gong KQ, et al. MEK1/2 inhibition promotes macrophage
reparative properties. J Immunol. 2017;198(2):862-72.

Través PG, de Atauri P, Marin S, et al. Relevance of the MEK/ERK signaling
pathway in the metabolism of activated macrophages: a metabolomic
approach. J Immunol. 2012;188(3):1402-10.

Khor YH, Faroogi M, Hambly N, Kolb M, Ryerson CJ, Austin ILD. Registry and
CARE-PF investigators. Patient characteristics and survival for Progressive
Pulmonary Fibrosis using different definitions. Am J Respir Crit Care Med.
2023;207(1):102-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Multiomic analysis of monocyte-derived alveolar macrophages in idiopathic pulmonary fibrosis
	﻿Abstract
	﻿Methods
	﻿Dataset availability
	﻿Data preprocessing and cell doublets removal
	﻿Batch effect correction, unsupervised clustering analysis, dimensional reduction, and cell type annotation
	﻿Trajectory inference and pseudotime analysis
	﻿Intercellular communication evaluated with CellChat package
	﻿Score of metabolism, transcription factor activity, tissue repair and phagocytosis
	﻿Integration of bulkseq and scRNAseq
	﻿Cell culture and flow cytometry
	﻿Western blot (WB), quantitative polymerase chain reaction (qPCR), immunofluorescence staining and ELISA
	﻿Interference transfection and transwell migration assays
	﻿scATATCseq processing and integration with scRNAseq
	﻿Statistical analyses

	﻿Results
	﻿Mapping scRNAseq atlas of multiple lung cell types in idiopathic pulmonary fibrosis
	﻿SPP1_RecMacs originate from CD14+_Monocytes rather than tissue-resident alveolar macrophages
	﻿Identify the Mo_AMs subtype associated with FVC%pred
	﻿Fibroblasts induce chemotaxis of Mo_AMs by CXCL12/CXCR4 axis in idiopathic pulmonary fibrosis
	﻿Importance of APOE for the differentiation of SPP1_RecMacs

	﻿Discussion
	﻿Conclusion
	﻿References


