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Abstract

Background Glycolysis plays a major role in progression of idiopathic pulmonary fibrosis (IPF). Here, we aim
to explore the predictive signature based on glycolysis-related genes for predicting the prognosis and identified
a potential therapeutic target for IPF.

Methods Gene expression data of bronchoalveolar lavage (BAL) cells and clinical information were downloaded
from the Gene Expression Omnibus database. Bioinformatic analysis was then performed to identify differentially
expressed genes (DEGs). Lasso multivariate cox analysis and multivariate Cox regression were used to establish a gene
signature. The prediction model was evaluated using the time-dependent receiver operating characteristic (ROC)
curve and validated using an external independent dataset. The expression of these key genes in cellular level ana-
lyzed from Single Cell Expression Atlas. Cell Counting Kit-8 assay, immunofluorescence, wound healing and plasmid
transfection were performed.

Results A total of 4 gene (ANGPTL4, ME2, TPBG and IER3), which were associated with the prognosis of IPF

patients, were selected to establish our signature. The prediction model was an independent prognostic indicator
for IPF patients. ANGPTL4 was significantly upregulated in pleural mesothelial cells (PMCs). In vitro assay showed
that ANGPTL4 promoted PMCs proliferation and migration. Knockdown of ANGPTL4 can inhibit mesothelial-mesen-
chymal transition by suppressed glycolysis-associated gene, such as PGM1, GPI, PGK1, LDHA, ALDOA, ENO1 and TPI1.

Conclusions Our research established a glycolysis-associated gene signature that holds potential to assist clinicians
in the personalized management of IPF. Furthermore, we identified that ANGPTL4 mediates mesothelial-mesenchy-
mal transition, suggesting its viability as a therapeutic target for IPF treatment.
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Background

Idiopathic pulmonary fibrosis (IPF) is a chronic inter-
stitial lung disease with a progressive course and char-
acterized by the thickening and scarring of lung tissue
[1]. This condition ultimately leads to impaired lung
function and a significant decrease in quality of life [1,
2]. Clinically, the median survival time after diagno-
sis of IPF is 2 to 3 years [1, 3, 4]. Despite the consid-
erable progress in research and treatment of IPF over
recent decades, the improvement in the prognosis of
IPF patients has been modest at best [5, 6]. Histologi-
cally, early stages of IPF are typically characterized by
the presence of fibroblastic foci and damage to the lung
parenchyma, primarily observed in sub-pleural regions;
however, the precise underlying mechanisms remain
not fully understood [7, 8].

Pleural mesothelial cells (PMCs) are highly metaboli-
cally active cells present as a single-layered epithelium
that covers the pleural cavity walls and the visceral layer
of the lungs. When exposed to stress or injury, such as
inhaled asbestos, PMCs exhibit remarkable plasticity
and undergo phenotypic changes, losing their polarity
and mesothelial markers. This cellular transformation,
known as mesothelial-mesenchymal transition (MMT).
Notably, previous studies have provided evidence for
the migration of PMCs into the lung parenchyma in
pulmonary fibrosis, particularly in sub-pleural areas
[9]. Targeting PMCs has demonstrated potential in mit-
igating the progression of fibrosis, thereby underscor-
ing the critical need to elucidate the role of these cells
in the pathogenesis of pulmonary fibrosis [7, 10].
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Angiopoietin-like protein 4 (ANGPTL4) is a mul-
tifunctional protein consisting of a helical domain at
the N-terminus and a fibrinogen-like domain at the
C-terminus. It is expressed in various organs and tis-
sues, including adipose tissue, liver, intestines, and
blood [11]. ANGPTL4 plays crucial roles in regulating
lipid and glucose metabolism, as well as participating
in the transition of macrophage activity and modulat-
ing inflammatory responses in different tissues, such
as acute pancreatitis and cardiac injury repair [12, 13].
In this study, we conducted a comprehensive analy-
sis of bulk RNA-seq datasets and single-cell sequenc-
ing data from IPF patients, revealing the upregulation
of ANGPTL4 in IPF. Besides, the role of ANGPTL4 in
PMCs was finally verified by cytological experiments.
The detailed flowchart was shown in Fig. 1A. These
findings indicate that targeting ANGPTL4 could be a
new therapeutic approach for treating IPF.

Methods

Publical data acquisition and processing

The gene expression matrix file and associated clini-
cal data for dataset GSE70866 were procured from the
Gene Expression Omnibus (GEO) database (https://
www.ncbi.nlm.nih.gov/geo/). Samples lacking complete
clinical data were excluded from the analysis, yielding
a final dataset comprising 20 healthy donors and 62
patients with idiopathic pulmonary fibrosis (IPF) from
Freiburg, 50 patients from Siena, and 64 patients from
Leuven [14]. Quantile normalization was performed on
the dataset utilizing the limma package (version 3.58.1)
in R. Furthermore, batch effects were mitigated through
the application of the SVA package in R (version 3.50.0)
[15]. Platform annotation files were employed to anno-
tate the probes, and for genes represented by multiple
probes, the mean gene expression level was computed
for subsequent analysis. Differentially expressed genes
(DEGSs) between IPF patients and healthy donors were
identified using the limma package, with a significance
threshold set at p <0.05.

The scRNA-seq data from GSE136831 were obtained
from the GEO database [16]. Following quality con-
trol procedures, a total of 34,464 cells were retained for
downstream analyses. The R package “Seurat” (v4.1.1)
was utilized for the subsequent data analysis steps [17].
To normalize the scRNA-seq data, we employed the
Seurat “NormalizedData” function with default param-
eters. Highly variable genes were using the Seurat “Find-
VariableFeatures” function, specifying the parameters
“selection.method =vst” and “nfeatures =2000". The data
were then scaled using the Seurat “ScaleData” function.
For dimension reduction analysis, the Seurat “RunPCA”
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function was applied. To correct for batch effects among
all samples, the R package “harmony” (v0.1.1) was uti-
lized by running the “RunHarmony” function. Non-linear
dimensional reduction was performed using the Seurat
“RunUMAP” function. The expression of classical marker
genes for major cell types was assessed.

Gene set enrichment analysis

The complete set of dysregulated genes between idi-
opathic pulmonary fibrosis (IPF) patients and healthy
donors was utilized for gene set enrichment analy-
sis (GSEA). Hallmark gene sets were sourced from the
Molecular Signatures Database (MSigDB, www.gsea-
msigdb.org/gsea/msigdb), and the Z-scores of these hall-
marks were quantified based on transcriptome profiling
data.

Construction of risk model and validation
Firstly, Univariate Cox analysis was performed to evalu-
ate the relationship between gene set of glycolysis and
the survival time of IPF patients using the survival pack-
age (v3.5-8). Genes with p<0.001 were selected for fur-
ther study. The least absolute shrinkage and selection
operator (LASSO) Cox regression was employed using
five-fold cross-validation to obtain the most strongly
survival-associated genes in the training dataset via glm-
net package (v4.1-8). Based on the prognostic model,
the risk score of each patient was calculated according to
the following formula: risk score=p1* 1+p2*2+...4+pn
* Xn (B, regression coefficient; X, expression of X gene).
According to the median of risk scores in the train-
ing dataset, Patients in both the training and validation
cohorts were divided into high-risk or low-risk groups.
Time-dependent receiver operating characteristic
(ROC) curve analysis was used to assess the prognostic
performance of the model using the survivalROC pack-
age (v1.0.3.1). Additionally, an external validation cohort
was used to confirm the predictive value of the prognos-
tic model. To assess the independent predictive value of
risk model, univariate and multivariate Cox regression
analyses were performed with adjustment for confound-
ing factors, including age, and gender at baseline. Finally,
we constructed the nomogram to predict the survival
probability of IPF patients. The calibration curves were
used to assess the accuracy of this nomogram.

PMCs culture and transfection

The human pleural mesothelial cell line, Met-5A (Cas9x,
Suzhou, China), was cultured in a Met-5A cell-specific
medium (Cas9x, Suzhou, China). The cells were main-
tained in a CO2 incubator at 37 °C. Human recombi-
nant TGF-B1 (Peprotech, USA) was dissolved in water to
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prepare a working solution, and the stock solution was
subsequently diluted to a concentration of 10 pg/ml in
the culture medium.

When cells were 60-70% confluence, we used Lipo-
fectamine 3000 (Invitrogen, USA) to transfect negative
control plasmids (sh-NC) and ANGPTL4-targeted plas-
mids (sh-ANGPTL4) (GenePharma, China) into cells.
24 h after transfection, the cells were exposed to TGF-$1
24 h. Expression levels of ANGPTL4 were determined by
immunoblotting and RT-qPCR.

Animal model and ethics statement

Animal experiments were conducted in strict compliance
with the guidelines established by the Ethics Committee
of Animal Experiments at The First Affiliated Hospital
of Xinxiang Medical University. Twenty male C57BL/6
mice, aged twelve weeks, were randomly divided into
two groups. The experimental group (n=10) received an
orotracheal instillation of bleomycin (BLM, Selleck) at a
dosage of 5 mg/kg, dissolved in saline, while under anes-
thesia [18-20]. The control group (n=10), referred to as
the sham group, was administered an equivalent volume
of saline only. Twenty-one days after BLM administra-
tion, the mice were euthanized for subsequent analysis.

Pathological staining

Pulmonary tissues were fixed in 4% paraformaldehyde
and embedded in paraffin. The paraffin blocks were then
sectioned at a thickness of 5 pm using a microtome. Sec-
tions were stained with Masson’s Trichrome and Hema-
toxylin and Eosin (H&E) [21].

Immunofluorescence and colocalization analysis

Double immunofluorescence co-localization studies
were conducted on formalin-fixed, paraffin-embedded
(FFPE) mouse lung sections to identify the expression of
ANGPTL4 in PMCs. Following deparaffinization, rehy-
dration, and antigen retrieval, non-specific binding was
blocked for 1 h at room temperature. The slides were then
sequentially incubated with primary antibodies, followed
by incubation with horseradish peroxidase (HRP)-con-
jugated secondary antibodies and subsequent tyramide
signal amplification. Nuclei were counterstained with a
DAPI-containing anti-fading agent. Images were cap-
tured using an SP5 Leica confocal microscope.

Western blot analysis

Protein levels in cells were measured by Western blot
analysis. After PMCs were harvested, medium-strength
RIPA lysis buffer (Beyotime, Shanghai) was used to fully
lyse cells and the protein concentration was determined
using the BCA protein assay kit (Beyotime, Shanghai).
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Cell lysates were denatured and electrophoresed on SDS-
PAGE gel. Separated proteins were electro-transferred to
nitrocellulose membranes. The membrane was blocked
with 5% milk for 1 h in TBST and incubated with primary
antibody against ANGPTL4 (Proteintech, dilution 1:500),
CDH1 (Proteintech, dilution 1:2000), FN1 (Abcam, dilu-
tion 1:1000) and ACTB (Proteintech, dilution 1:1000) at
4 °C overnight. Secondary antibodies were incubated at
room temperature for 1 h. The chemiluminescent images
were obtained using the ECL Chemiluminescence Sub-
strate Kit (Servicebio. China).

Cell migration assay

Seed the cells in the 6-well plates and allow them to
grow and then were transfected with shRNA 24 h. When
cells form a confluent monolayer, we gently scratch the
cell layer using a 200ul micropipette tip and remove any
detached cells with PBS. The Areas between each edge of
the scratch at 0 and 24 h after exposing to TGF-B1 were
measured using microscope (Olympus, Japan).

Cell proliferation assay

Following transfection, cells were seeded into 96-well
plates at a density of 5000 cells per well. Cell viability was
evaluated using the Cell Counting Kit-8 assay (APExBIO,
USA), with absorbance readings taken at 450 nm using a
microplate reader at 24, 48, and 72 h post-seeding.

RNA extraction and RT-qPCR

Total RNA was isolated from the cells utilizing the
GeneJET RNA Extraction Kit (Thermo Fisher Scientific,
Waltham, USA) and subsequently reverse transcribed
into complementary DNA (cDNA) using the Prime
Script RT Reagent Kit (Servicebio, China). Quantitative
PCR (qPCR) was performed with the SYBR Green Mas-
ter Mix Kit (Servicebio, China) on an Applied Biosystems
7500 Real-Time PCR System. The primer sequences are
detailed in Additional file 1: Table.S1. The relative mRNA
expression levels were quantified employing the 2724¢t
method.

Lactate assay

Lactate levels were quantified using a lactic acid assay kit
(Nanjing Jiancheng Bioengineering Institute, Nanjing) in
accordance with the manufacturer’s instructions. Culture

(See figure on next page.)
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medium (100 pL) was collected 24 h post-exposure to
TGF-B1 and transferred to a 5 mL centrifuge tube. Fol-
lowing a 10-min incubation with the working solution
and chromogenic agent at 37 °C, 1 mL of stop solution
was added to each tube. Absorbance was measured at a
wavelength of 530 nm using a microplate reader. The lac-
tate concentration was subsequently normalized to the
protein concentration.

Statistical analysis

In this study, statistical analyses were conducted using
R software (v4.0.5) and GraphPad Prism (v8.0). Results
are expressed as the mean +standard error of the mean
(SEM). Normality and homogeneity of variance tests
were performed on the measurement data for each
group. One-way ANOVA was applied to data that met
the assumptions of normal distribution and homogene-
ity of variance. If the variable did not follow a normal
distribution, the Wilcoxon or the Kruskal-Wallis test
was performed. Survival times were estimated using the
Kaplan-Meier (KM) method, and comparisons were
conducted with the log-rank test. To control for poten-
tial confounders, multivariate Cox regression models
were utilized. A p-value of less than 0.05 was considered
statistically significant (*p<0.05, **p<0.01, ***p<0.001,
*¥p < 0.0001).

Results

The glycolytic pathway is activated in IPF

After processing the datasets, “limma” package was used
to find different expression genes (DEG) between IPF
and health controls (Fig. 2A). Then all genes were used
to conduct to GSEA. We found that many pathways were
activated in IPF, such as ANGIOGENESIS, EPITHELIAL
MESENCHYMAL TRANSITION, MTORC1_SIGNAL-
ING and GLYCOLYSIS (Fig. 2B).

Construction of prognostic risk model

As the bioinformatic analysis above. We used the gene
set of glycolysis to construct a prognostic risk model.
The individuals from Freiburg and Siena were selected as
the training set (n=112) and the patients from Leuven
(n=64) were as the external testing set. First, a univariate
Cox regression analysis was performed to consider the
association between glycolysis-related gene expression

Fig. 2 Construction of the glycolysis-associated-gene risk score model. Volcano diagram of the differential expression RNAs between IPF

and healthy donor (A). GSEA enrichment analyses between IPF and healthy donor (B). LASSO regression coefficients under diverse log A values (C).
Partial likelihood deviance under diverse log A values for LASSO (D). Forest plot showing the association between the expression level of 4 selected
genes and the survival times of patients (E). The expression level of 4 selected genes between IPF and healthy donor (F). *P <0.05; **P <0.01;

***P <0.001
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level and IPF survival. Genes with p-value<0.1 in uni-
variate Cox analysis (Additional file 1: Table.S2) were
inputted into LASSO Cox regression (Fig. 2C). Then, 14
genes (Additional file 1: Table.S3) were selected to con-
struct a prognostic model using multivariate Cox regres-
sion (Fig. 2D). TPBG, IER3, ME2 and ANGPTL4 were
associated with prognosis in multivariate Cox regres-
sion and were finally used to construct risk score model
(Fig. 2E). Notice that genes ANGPTL4, IER3 and ME2
were highly expressed in patients with IPF, while the
TPBG was lowly expressed in IPF (Fig. 2F). The risk score
of each patient was calculated using the formula: risk
score=(1.921 * expression of ME2)+(0.521 * expres-
sion of IER3)+(— 1.057* expression of TPBG)+ (0.584 *
expression of ANGPTL4).

Four glycolysis-associated gene signature serves as a risk
factor for patients with IPF

In the training set, the cohort of 112 patients was strati-
fied into high-risk and low-risk groups according to the
median risk scores (Fig. 3A, B). Kaplan—Meier (K-M)
analysis demonstrated that the high-risk group exhib-
ited significantly poorer clinical outcomes compared
to the low-risk group (P<0.001, Fig. 3C). Addition-
ally, both univariate and multivariate Cox proportional
hazards analyses identified the five-gene signature as
an independent prognostic factor (Fig. 3D, E). The area
under the receiver operating characteristic curve (AUC)
analysis further confirmed the model’s robust predic-
tive capability for overall survival in idiopathic pulmo-
nary fibrosis (IPF), with AUC values of 0.803, 0.77, and
0.716 for 1-year, 2-year, and 3-year survival, respectively
(Fig. 3F). Finally, we developed a nomogram for clinical
application based on the four-gene signature (Fig. 4A).
Subsequently, a calibration curve was generated to assess
the predictive accuracy of the nomogram (Fig. 4B). The
calibration chart demonstrated that the predicted 1-, 3-,
and 5-year survival probabilities were in close concord-
ance with the observed outcomes.

In the external test set, the 64 patients were stratified
into high and low-risk groups based on the median scores
derived from the training data (Fig. 5A, B). Kaplan—Meier
(K-M) analysis demonstrated that the high-risk group
exhibited significantly poorer clinical outcomes com-
pared to the low-risk group (P=0.03, Fig. 5C). Addition-
ally, both univariate and multivariate Cox proportional
hazards analyses identified the five-gene signature as an
independent risk factor (Fig. 5D, E). The AUC analysis
confirmed the robust predictive capability of the model
for overall survival in idiopathic pulmonary fibrosis (IPF),
with AUC values of 0.696, 0.705, and 0.688 for 1-, 2-, and
3-year survival, respectively (Fig. 5F).
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ANGPTL4 is highly expressed in mesothelial cells

Next, the single cell sequence dataset of GSE136831 was
used to explored the expression of four genes at sin-
gle cell level. According to the classical gene markers of
lung cells, three major cell types were identified in lung
tissue, such as epithelial cell, immune cells and stromal
cells (Additional file 1: Fig. S1). We then performed sub-
cluster analysis to illustrate the gene expression of each
cell type. First, Epithelial cells were re-clustered into four
clusters and the major lung epithelial cell types were
readily identified with classical cell markers (Fig. 6A, B).
Immune cells were re-clustered into ten clusters and the
major lung immune cell types were readily identified with
classical cell markers (Fig. 6C, D). Stromal cells were re-
clustered into seven clusters and the major lung stromal
cell types were readily identified with classical cell mark-
ers (Fig. 6E, F). The dot plot showed ANGPTL4, IER3
and TPBG were mainly expressed in epithelial and stro-
mal cells. ME2 were mainly expressed in immune cell
(Fig. 6G-I). We mainly focused on stromal cells for fur-
ther analysis because of its key roles in IPF. We revealed
that ANGPTLA4 is significantly higher expressed in meso-
thelial cells of IPF when compared with healthy control
and COPD (Fig. 6]). MMT is activated in PMCs of IPF
when compared with healthy control (Fig. 6K).

ANGPTL4 is upregulated in MMT

Previous studies had reported that mesothelial cell traffic
to parenchymal region of lung by MMT [7]. The presence
of PMCs in vivo was further substantiated by multiplex
immunofluorescence staining. The lung tissue in the
BLM group displayed structural disorganization and sig-
nificant collagen deposition, as evidenced by H&E and
Masson staining, confirming the success of the modeling
(Additional file 1: Fig. S2). The results of colocalization
analysis showed that PMCs traffic to parenchymal region
when mouse exposing to BLM. ANGPTL4 and Calretinin
can colocalized in some cells, which demonstrated that
PMC:s highly expressed ANGPTL4 in MMT (Fig. 7A).

In vitro, when Met-5A exposed to 10 ng/ml TGF-f1
for 24 h, FN was upregulated and CDH1 was downregu-
lated in RNA and protein levels (Fig. 7B—D). The results
indicate that TGF-B1 can induce MMT in Met-5A. We
next evaluated the expression of ANGPTL4 in MMT. The
results showed that ANGPTL4 was upregulated in MMT
(Fig. 7E, F).

Knockdown of ANGPTL4 suppress MMT in PMCs

We transfected sh-ANGPTL4 in MET-5A to determine
whether knockdown of ANGPTL4 can inhibit MMT.
First, 24 h post-transfection with sh-ANGPTL4 plas-
mid, the cells were exposed to TGF-B1 for 24 h. The
transfection efficiency was assessed with RT-qPCR
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and Western blot (Fig. 8A—C). The results showed that
ANGPTL4 was suppressed more efficient when cells
were transfected with sh-ANGPTL4 #2. Second, we
evaluated the expression of FN and E-cadherin when
knockdown ANGPTL4. The results showed that knock-
down of ANGPTL4 inhibited MMT (Fig. 8D-F).

ANGPTL4 promote proliferation and migration of PMCs

Wound healing and CCK8 assays were performed to
explore the role of ANGPTL4 in migration and prolif-
eration of PMCs. Knockdown of ANGPTL4 by shRNA
in MET-5A reduced wound healing after 24 h, indicat-
ing ANGPTL4 suppressed the migration of MET-5A
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Fig. 6 The mRNA expression of 4 selected genes in IPF at single cell level. UMAP plots showing the distribution of classical subpopulations

of epithelial cells (A), immune cell (C) and stromal cells (E). Dot plots showing the expression of marker genes corresponding to epithelial cell
subpopulations (B), immune cell subpopulations (D) and stromal cell subpopulations (E). The mRNA expression of 4 selected genes in epithelial cell
subpopulations (G), immune cell subpopulations (H) and stromal cell subpopulations (I). The expression of ANGPTL4 in PMCs (J). MMT is activated
in PMCs of IPF when compared with healthy control (K)
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(Fig. 8G, H). Moreover, ANGPTL4 knockdown signifi-
cantly inhibited proliferation of MET-5A (Fig. 8I). These
observations, taken together, suggested that ANGPTL4

is crucial in modulating proliferation and migration of
PMCs.

ANGPTL4 promote MMT by activating glycolysis

Previous study has revealed ANGPTL4 inhibited glycoly-
sis in endothelial cells [11]. Figure 9A illustrates the sig-
nificant rate-limiting genes (depicted in green) involved
in glycolysis. RT-qPCR was performed to validated the
expression of those glycolysis-associated genes in PMCs
with ANGPTL4 knockdown. The results showed that
knockdown of ANGPTL4 suppressed those glycolysis-
associated genes such as PGM1, GPI, PGK1, LDHA,
ALDOA, ENO1 and TPI1 (Fig. 9B). Lactate assay showed
that knockdown of ANGPTL4 can reduce the lactate lev-
els in media from cultured cells (Fig. 9C). 2-DG is a gly-
colysis inhibiter and is used as a positive control. 2-DG
inhibited the MMT in TGF-p1-induced cells, which indi-
cated glycolysis is a driver of MMT (Additional file 1: Fig.

S3). Collectively, these data indicated that ANGPTL4
promote MMT by activating glycolysis and promote
fibrosis in subpleural (Fig. 9D).

Discussion
In this study, combined with follow-up data, a
four-gene signature predictive model was con-

structed based on BALF transcriptomic data from IPF.
We revealed that the expression of ANGPTL4 was asso-
ciated with prognostic of IPF patients. The expression of
ANGPTL4 was mainly in PMC and significantly upregu-
lated in IPF patients. Some wet experiments were carried
out to validated the above results and the mechanism
of ANGPTL4 in MMT. The results showed targeting
ANGPTL4 inhibited MMT by downregulated glycolysis
process.

Although two antifibrotics have been approved in the
past decade, there are no curative therapies except lung
transplant. Clear criteria for determining the timing of
antifibrotic treatments are not currently available [22].
Clinically, delays are not uncommon [22]. IPF is an invari-
ably progressive disease and it is of significant implication
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to predict prognosis of IPF patients in management. In  signature can identify patients at risk of severe disease
our study, we constructed a glycolysis-associated gene and remind clinicians to initiate treatment earlier.
signature, which showed a moderate performance for Our study revealed that MMT was significantly acti-
predicting one-year, two-year, and three-year survival vated in IPF in PMCs. IPF predominantly occur in sub-
rates in the training and testing datasets. Our gene pleural and the mechanism is still poorly understood.
Fibroblasts are generally considered to be the key effector
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cells in pulmonary fibrosis [23]. Fibroblasts can turn
into myofibroblasts when exposed to cytokines, such as
TGF-B1, and get stronger extracellular matrix secretion
ability, anti-apoptosis, active proliferation, enhanced
invasion [23]. Many cell types can turn into myofibro-
blasts exclude fibroblast, such as alveolar epithelial cells,
vascular endothelial cells, macrophages [24, 25]. Previ-
ous studies has reported that PMCs exposed to TGF-
B1 lead to pleural fibrosis, which indicated the PMCs
have full potential in organ fibrosis [26]. Interestingly,
when mouse exposed to inhaled TGF-f1, PMCs could
traffic into lung parenchyma and subpleural fibrosis is
occurred [9]. PMCs were found in BLAF of pulmonary
fibrosis mouse model. The numbers of PMCs in paren-
chyma were positive correlation with Ashcroft score in
IPF patients [9]. A study found that epithelial cells along
the honeycombing and fibroblastic foci highly expressed
LRRN4, which is considered a marker of PMCs [27].
Overall, PMCs in parenchyma might be a predictive fac-
tor for the severity of fibrosis and preventing PMCs to
traffic into parenchyma maybe a novel therapeutic strate-
gies for the treatment of pulmonary fibrosis.

Excessive accumulation and deposition of extracel-
lular matrix components is the most important features
of IPF. More and more studies have shown that meta-
bolic reprogramming plays a key role in the occurrence
and development of pulmonary fibrosis, and targeting
pulmonary myoblast metabolism can alleviate pulmo-
nary fibrosis in experimental mice [28-31]. In this study,
when exposing to 2-DG, MMT was significantly inhib-
ited. The results indicated that glycolysis plays key roles
in MMT. These findings suggest that rapidly proliferat-
ing and metabolically active myofibroblasts in pulmonary
fibrotic tissues may undergo aerobic glycolysis (Warburg
phenomenon) like tumor cells [30]. Previous studies have
shown that lactate levels in TGF-B1-induced differenti-
ated fibroblasts are significantly higher than in untreated
controls, and lactate levels are also significantly higher in
IPF lung tissue or mouse pulmonary fibrosis models [28].
Lactic acid level significantly increased during MMT.
Knockdown of ANGPTL4 decreased lactic acid level by
suppressing glycolysis. Lactic acid is not only the end
products of glycolysis, it also can mediate epigenetic
modification by protein lactylation. Previous studies have
revealed that lactate promote macrophage profibrotic
activity through lactate-induced histone lactylation
[32]. The lactate from PMCs may mediate the interac-
tion between PMCs and macrophage. Knockdown of
ANGPTL4 in PMCs may suppressed macrophage profi-
brotic activity, which needed further validation.

In this study, ANGPTL4 was selected as a target gene
that has a gradual increase according to the survival anal-
ysis and scRNA analysis. Its expression was significantly
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elevated in PMCs and negatively associated with survival
time of IPF patients. ANGPTL4 has multifaceted func-
tions and its physiological roles may be largely dependent
on the pathological conditions. One study revealed that
ANGPTL4 as a downstream of mTOR pathway and pro-
mote epithelial-mesenchymal transition in A549 (lung
epithelial cells) [33]. Another study demonstrated that
ANGPTL4 was predominantly expressed in the activated
fibroblasts and myofibroblasts, knockdown of ANGPTL4
suppressed the gene expression of fibrosis-related mark-
ers [34]. Those studies demonstrate that ANGPTL4 is
critical for the progression of IPF, however, the underly-
ing mechanism of ANGPTL4 was not illustrated clearly.
In this study, we demonstrated that ANGPTL4 promote
MMT by upregulating expression of the glycolysis-asso-
ciated genes.

Previous studies have shown that ANGPTL4 is upregu-
lated in influenza pneumonia and increases pulmonary
tissue leakiness. The ANGPTL4 monoclonal antibody
can reduce lung damage and help patients recover faster,
suggesting it may be a future therapeutic strategy for
treating influenza pneumonia [35]. In our study, we found
that ANGPTL4 mediates MMT, and knocking down
ANGPTL4 can suppress this process. The ANGPTL4
monoclonal antibody may also be a potential treatment
for pulmonary fibrosis. However, as a biologic agent, it
may induce B cell activation, leading to the generation
of anti-drug antibodies (ADAs) due to immunogenic-
ity, which can result in resistance to these therapeutics
[36]. To reduce the immunogenicity of biologics and pre-
vent resistance, strategies could include altering chemi-
cal modifications, improving purification methods, or
changing the route and dosage of administration [36, 37].

There are some deficiencies in our study. Firstly, we
could not validate the co-localization of ANGPTL4
with calretinin in IPF lung tissues due to challenges in
obtaining these samples. Furthermore, researchers have
reported that tail vein injection of BLM creates a pulmo-
nary fibrosis model that more accurately represents IPF
compared to intratracheal or intraperitoneal administra-
tion [20]. However, we did not investigate the expression
of ANGPTL4 in the mouse model induced by tail vein
injection of BLM. Thirdly, we did not carry out studies to
demonstrate whether genetic knockdown of ANGPTL4
can ameliorate subpleural fibrosis in mouse exposing to
BLM. Fourthly, ANGPTL4 as a secretory protein, we did
not demonstrate whether it can act on neighboring cells,
especially interaction with macrophages. Those questions
are of great interest for our future studies.
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Conclusion

A gene signature associated with glycolysis, compris-
ing ANGPTL4, IER3, ME2, and TPBG, was developed.
This signature demonstrated independent prognostic
predictive capability and exhibited superior predic-
tive performance. It may be helpful to assist clinicians
in making treatment decisions in the individualized
management of IPF. Furthermore, ANGPTL4 is mark-
edly upregulated in PMCs and facilitates mesothelial-
mesenchymal transition in the context of pulmonary
fibrosis. Consequently, ANGPTL4 may represent a
promising therapeutic target for IPF.
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