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airspace filling, sarcoidosis and orphan diseases [1]. Epi-
demiological studies have found major differences in the 
incidence of ILDs according to age, sex, ethnic origin 
and geographical region, which are caused by disparities 
in environmental exposure and inequalities in healthcare 
resources. A study published in 2022 estimated that the 
overall incidence (mean for six European countries) of 
ILDs ranged from 20.0 to 42.5 cases per 100,000 person-
years, whereas the prevalence ranged from 33.6 to 247.4 per 
100,000 person-years [2].

In the early stages of some ILDs, the accumulation of 
immune cells in the interstitium triggers inflammation. 
When this inflammation persists, aberrant scarring of the 
lesions can progressively replace the lung parenchyma, 
leading to pulmonary fibrosis (PF) and irreversible loss of 
lung function. Importantly, the inflammatory component of 
ILDs is reversible, whereas the fibrotic one is irreversible 
and can progress with rapid deterioration of the lung, as in 
the case of idiopathic pulmonary fibrosis (IPF) [3]. Fibros-
ing ILDs characterized by progressive and irreversible PF 
are defined as progressive PF (PPF) [4]. When known, the 
etiological agent that is responsible for the development of 
PF may be environmental, inflammatory or genetic. Some 
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The interstitial lung disease (ILD) family encompasses dis-
orders that affect the interalveolar interstitium. ILDs are 
generally classified into idiopathic, autoimmune-related, 
exposure-related, interstitial lung diseases with cysts or 
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Abstract
Some interstitial lung diseases involve pulmonary fibrosis, which is a process that is characterized by the excessive and 
abnormal accumulation of extracellular matrix in the pulmonary interalveolar space. Although the current anti-fibrotic 
therapy aims at slowing down the progression of pulmonary fibrosis, it does not reverse it, and many of the drugs that 
were identified in basic-research studies failed in clinical phases, mainly because of the lack of a model that can reca-
pitulate the pathophysiological mechanisms of human pulmonary fibrosis. We developed a novel experimental model of 
pulmonary fibrosis induced by a cocktail of molecules on an air/liquid interface culture of mouse embryonic lung explants. 
Histological analyses revealed a pattern of usual interstitial pneumonia, the worst-prognosis form of pulmonary fibrosis. 
We performed a transcriptomics analysis at the single-cell level after the induction of fibrosis and before any histological 
signs of fibrosis could be observed. The results revealed increased expression of several gene families that are involved 
in early inflammation, fibrosis and iron homeostasis, as well as potential new genetic targets.
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environmental factors, such as tobacco smoke, occupa-
tional exposures, air pollution and viral infections, have 
been implicated in repeated damage to alveolar epithelial 
cells and stimulate the early processes of PF [5, 6]. Some 
patients with ILD associated with fibrosing autoimmune 
diseases, including rheumatoid arthritis or systemic sclero-
sis, develop a PPF phenotype [7]. Genetic variants are also 
associated with the risk of developing fibrotic ILDs [8, 9].

PF can be classified into distinct patterns according to 
morphological aspects. In particular, the usual intersti-
tial pneumonia (UIP) pattern is associated with a poorer 
prognosis. UIP is preferably identified by high-resolution 
thoracic computed tomography. When possible, histologi-
cal analyses of lung biopsies should be performed. In this 
case, fibrosis is subpleural and localized in the pulmonary 
periphery. Moreover, PF is temporally and spatially hetero-
geneous. Fibroblastic foci, which are characterized by the 
accumulation of fibroblasts/myofibroblasts and extensive 
fibrosis forming a honeycomb structure that is responsible 
for severe destruction of the lung architecture, are also 
observed [10, 11].

The mesenchymal component that produces connective 
tissue is critical for the repair of injured lung tissue. Fibro-
blasts have been identified as the major mesenchymal cell 
type in the connective tissue response, especially its activated 
form and its differentiated form as a myofibroblast, which is 
an important producer of extracellular matrix (ECM) and 
inflammatory and fibrogenic cytokines. The transformation 
of fibroblasts into myofibroblasts can be monitored based 
on the expression of mesenchymal cell markers, such as 
α-smooth muscle actin (α-SMA) [12]. Myofibroblast per-
sistence at sites of injury leads to the formation of active 
zones of fibrosis, and lung epithelial damage and/or repair 
abnormalities trigger the recruitment of inflammatory cells 
into the lungs [13]. The combination of epithelial damage, 
abnormal wound healing and recruitment of inflammatory 
cells stimulates the synthesis of pro-fibrosing mediators, 
such as the transforming growth factor (TGF)-β1, inter-
leukin (IL)-13 or the connective tissue growth factor thus 
promoting the differentiation of fibroblasts into myofibro-
blasts, which then actively proliferate and secrete excessive 
amounts of ECM, growth factors and metalloproteinases 
[14]. The accumulation of ECM degrades the epithelium, 
stimulates the recruitment of inflammatory cells and acti-
vates myofibroblasts, leading to a vicious cycle that magni-
fies fibrosis.

Currently, there is lack of satisfactory treatments for 
improving fibrotic ILDs. This is largely attributable to the 
lack of experimental models that can mimic the pathophysi-
ological mechanisms of PF with progressive fibrosis. In 
this context, we report here a novel model of experimen-
tally induced PF mimicking UIP features using mouse 

embryonic lung explants (MELEs) in an air/liquid interface 
(ALI) culture. Fibrosis was induced by a fibrosis cocktail 
consisting of a mixture of cytokines, a growth factor and an 
irritant, all of which have been described in the literature to 
be involved in the development of PF. This induced fibrosis 
was characterized, followed by the identification of genes 
that were upregulated and downregulated at the early stages 
of fibrosis.

Materials and methods

Organotypic culture of mouse embryonic lung 
explants

Reporter Acta2-Rfp (B6.FVB-Tg(Acta2-DsRed)1Rkl, 
RRID: IMSR_JAX:031159) transgenic mice that were 
bred hemizygously in-house at our institute and express 
DsRed RFP under the αSMA gene promoter (Acta2) and 
wild-type (WT) mice in the C57BL/6 genetic background 
aged between 2 and 6 months and between 2 and 8 months 
for females and males, respectively, were maintained and 
housed in an accredited specific pathogen-free animal facil-
ity. The mice were fed with a chow diet ad libitum. MELEs 
were harvested under a stereomicroscope (as described 
by Del Moral and Warburton [15] from 12.5-day-old 
embryos (E12.5) and placed on a porous polycarbonate fil-
ter (1000M25/511M801, it4ip, Belgium) that was floated 
in 4-well plates containing 500µL of serum-free DMEM/
F12 with antibiotics (penicillin and streptomycin). The 
MELEs were then cultured in ALI at 37 °C with 5% CO2. 
MELE growth and Rfp fluorescence were monitored daily 
under a Leica M205 FA LasX epifluorescence stereomicro-
scope equipped with a 16-bit Hamamatsu camera (sCMOS 
ORCA-Flash4.0) at 30 magnification. Images of MELEs 
were captured every day from day 0 (day of dissection) to 
the last day of culture. Images were acquired at an exposure 
of 100ms for bright field and 1s for Acta2-Rfp fluorescence. 
The fluorescence intensity was quantified using FIJI free-
ware (RRID: SCR_002285) and was normalized to the sur-
face area of the MELE.

Induction of fibrosis by fibrotic cocktail

The design of the fibrotic cocktail (FC) used here was 
adapted from the literature [16–18] and comprised cytokines 
(Merck, Darmstadt, Germany) TGF-β1, platelet-derived 
growth factor (PDGF)-AB, IL-1β, IL-13 and tumour necro-
sis factor (TNF)-α as well as lysophosphatidic acid (LPA, 
Cayman Chemical) and cadmium chloride (CdCl2, Merck, 
Darmstadt, Germany), an irritant factor. Final concentra-
tions were 10ng/mL TGF-β1, 10µM PDGF-AB, 20ng/mL 
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TNF-α, 10µM LPA, 20ng/mL IL-1β, 20ng/mL IL-13 and 
4µM CdCl2. FC or phosphate-buffered saline (PBS; as a 
control) was administered daily from day 2 of MELE cul-
ture to a maximum of 4 days of culture in 300µL of serum-
free DMEM/F12 with antibiotics. Once the MELE culture 
was stopped, the MELEs were fixed with 4% paraformal-
dehyde for 18 h, then embedded in paraffin for histologi-
cal and immunohistochemistry studies. Tissues that were 
collected for RT-qPCR were placed directly in RNAlater 
(Sigma-Aldrich) for 24 h at 4 °C, then stored at −80 °C until 
use.

Quantification of RFP

The Acta2-Rfp-positive areas were quantified and normal-
ized with respect to the whole tissue area for each sample. 
For each day of MELE culture, the change in Acta2-Rfp 
production is given as a percentage change compared to day 
0.

Histology and immunofluorescence

Haematoxylin/eosin (HE), Sirius Red (SR) and Masson 
Trichrome (MT) histological staining of MELE sections, 
as well as immunohistochemical assays were performed as 
described previously [19, 20] using dual labelling for anti-α-
Sma (Abcam ab7817, RRID: AB_262054) and anti-vimen-
tin (Abcam ab137321, RRID: AB_2921312) antibodies. 
Subsequently, staining with secondary antibodies (Jackson 
ImmunoResearch labs; rhodamine-conjugated anti-mouse 
315-026-00, RRID: AB_23400583 and fluorescein-conju-
gated anti-rabbit 111-095-047, RRID: AB_2337977 anti-
bodies) was carried out. The sections were observed under a 
Leica DM5500B epifluorescence microscope and analysed 
using the FIJI freeware.

Histopathological evaluation of lung fibrosis

Fibrosis on HE and SR histological sections was scored 
blindly by two team members. The obtained score was the 
sum of the Ashcroft score [21], which ranges from 0 to 8, 
and a peripheral PF score ranging from 0 (no fibrosis) to 3, 
as follows: 0, no area of fibrosis; 1, area of fibrosis account-
ing for 0–20%; 2, area of fibrosis accounting for 20–40%; 
3, area of fibrosis accounting for > 40% of the area that was 
assessed. The severity of the fibrotic changes in each section 
was assessed as the mean score of the severity on sections 
from 10 MELEs treated with PBS and 12 MELEs treated 
with FC after 3 days of culture; 11 MELEs treated with PBS 
and 14 MELEs treated with FC after 4 days of culture; and 
12 MELEs treated with PBS and 15 MELEs treated with FC 
after 5 days of culture. The pattern of PF was determined 

by an expert pathologist in human ILDs from the Lille 
University Hospital Reference Centre for Rare Pulmonary 
Diseases (SH). Macros for ImageJ/FIJI were used to quan-
tify fibrosis and airspace in whole slices stained with SR as 
described by others [22].

Quantitative real-time RT-PCR

Total RNA extraction was performed on MELEs using an 
innuPREP RNA Mini Kit 2.0 (Innuscreen GmbH, Germany), 
and reverse transcription was carried out as described pre-
viously [23]. Duplex PCR amplifications using 18S rRNA 
as an internal control (TaqMan Ribosomal RNA Control 
Reagents, Applied Biosystems) were performed as described 
previously [24]. Semi-quantitative PCR for the detection of 
specific genes was performed using the following primer 
set and probe (5’→3’) designed using Primer3 (RRID: 
SCR_003139): mouse Tgf-β1 (ENSMUSG00000002603), ​
A​G​G​A​G​A​C​G​G​A​A​T​A​C​A​G​G​G​C​T (Fwd), ​T​C​A​T​G​T​C​A​T​G​
G​A​T​G​G​T​G​C​C​C (Rev) and ​G​C​G​C​T​C​A​C​T​G​C​T​C​T​T​G​T​G​
A​C​A​G​C​A (probe); Col1a1 (ENSMUSG00000001506), ​C​T​
G​C​T​G​G​C​T​C​T​C​C​T​G​G​T​A​C (Fwd), ​G​A​A​G​A​C​C​A​G​G​G​A​A​
G​C​C​T​C​T​T (Rev) and ​A​C​G​T​G​G​T​G​T​G​G​T​C​G​G​T​C​T​T​C​C​C 
(probe); Acta2 (ENSMUSG00000035783), ​T​C​C​C​T​G​G​A​G​
A​A​G​A​G​C​T​A​C​G​A (Fwd), ​C​C​G​C​T​G​A​C​T​C​C​A​T​C​C​C​A​A​T​
G (Rev) and ​A​C​G​A​A​C​G​C​T​T​C​C​G​C​T​G​C​C​C​A (probe). To 
avoid the amplification of contaminating genomic DNA, the 
primers and/or the probes were designed on different exons 
or overlapping exon − exon junctions. Amplifications were 
performed in triplicate on a 7500 Applied System (Applied 
Biosystems). For each sample, the ratio of amplification 
was calculated as 2−(Ctmean target gene − Ctmean 18S).

Single-cell RNA-sequencing 3′ (10× genomics)

WT MELEs were treated at day 3 of culture for 18 h with 
either PBS (n = 6) or FC (n = 6). The trachea was then 
removed under a stereomicroscope using microdissection 
forceps. Six MELEs per group were then pooled. Cell dis-
sociation was performed in DMEM/F12 containing 5% 
liberase (05989132001, Roche, Germany), 1% DNase I 
(09852093103, Roche, Germany) and 5% foetal bovine 
serum (FBS, 10270106, Thermo Fisher Scientific) for 2 h at 
37 °C. During this step, mechanical dissociation of MELEs 
was performed every 15 min using a large orifice tip. Ten 
minutes before the end of the reaction, 0.05% trypsin EDTA 
was added to each pool. Dissociation was stopped by add-
ing 2 volumes of 10% FBS. A final mechanical dissocia-
tion using large-orifice tips was performed. To remove cell 
aggregates, the cells were filtered through a 70 μm filter and 
then centrifuged for 15 min at 1400 rpm. Dead cells were 
removed using a Dead Cell Removal kit according to the 
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test were used for analysis as appropriate for all experi-
ments, with the exception of the analysis presented in Fig. 
5C, in which a two-sided two-proportion Z-test was per-
formed. The volcano plot was established with a P-value 
limit adjusted to 0.05% and a log2-fold change cut-off of 
− 2.0/2.0. Significance was set at P < 0.05.

Results

Set up of the optimal parameters for the induced 
fibrosis model

Pilot studies were first carried out to determine the best FC 
for the induction of fibrosis in our MELE model in an ALI 
culture. The selected compounds and their concentrations 
were as described in the literature. These studies enabled us 
to select the FC that induced the greatest PF according to the 
results obtained after the histological and immunofluores-
cence analyses (not shown).

Next, we measured its pro-fibrotic effect on the devel-
opment of fibrosis in embryonic lungs using the Acta2-Rfp 
reporter transgene driven by the α-SMA promoter, according 
to the experimental scheme displayed in Fig. 1a. Explant 
areas increased daily with no significant difference for 
each day between the two conditions tested, i.e. PBS vs. 
FC (Suppl. Figure 1). The myofibroblast reporter allowed 
the daily semi-quantification of each MELE using stereo-
microscopy. Repeated administration of the FC altered the 
apparent structure of the MELEs, which became increas-
ingly dense in white light, with thickening of the lung 
parenchyma (Fig. 1b). These morphological changes were 
associated with a significant overall increase in the expres-
sion of the Acta2-Rfp reporter gene in FC-treated MELEs 
(Fig. 1c).

Characterization of the induced fibrosis

We then examined the induction of fibrosis. All the follow-
ing results were obtained using the experimental scheme 
mentioned as above (Fig. 1a), with the exception of the used 
of WT mice exclusively for mating, to avoid the introduction 
of any possible bias by the Acta2-Rfp transgene. Histologi-
cal analysis via HE and SR staining revealed the progres-
sive appearance of structural changes, signs of fibrosis and 
fibroblastic foci, which were visible at day 4 after 2 days 
of treatment. Numerous collapsed alveoli were observed in 
FC-treated MELEs, accompanied by the thickening of the 
alveolar septa. An accumulation of ECM, as reflected by 
SR staining, in bundle form, and the presence of interstitial 
fusiform cells in the basal and subpleural regions were also 
detected, as illustrated in Fig. 2a, and were and confirmed 

manufacturer’s instructions (Miltenyi Biotech, Germany). 
Cells were then pelleted by centrifugation for 10  min at 
1400 rpm and the pellets were resuspended in 100µL of PBS 
containing 0.04% bovine serum albumin (BSA). Cells were 
counted on a Malassez counting chamber and diluted to 800 
cells/µL in PBS containing 0.04% BSA. A single-cell RNA-
sequencing 3′ (scRNAseq3′) analysis was performed using 
the Chromium Next GEM Single Cell 3′ Kit (10x genomics, 
v3.1) technology at our genomics core facility. Sequencing 
was calibrated on the Mus musculus organism using an Illu-
mina NovaSeq 6000 sequencer. The primary analysis after 
sequencing was performed using the Cell Ranger tool (ver-
sion 5.0, RRID: SCR_017344). For quality control, we used 
the scDblFinder tool (RRID: SCR_022700) [25] exclude 
cells expressing more than 7716 or less than 200 genes, cells 
potentially undergoing apoptosis with > 10% mitochondria 
and cell doublets. Bioinformatics data were then analysed 
using the R freeware environment (RRID: SCR_001905) 
and the Seurat package (RRID: SCR_007322). Sequenc-
ing data from cells treated with PBS or FC were merged to 
retain only the genes in common. The measured genes were 
normalized using NormalizeData (LogNormalize method) 
and a scale factor of 10,000. Data were transformed using 
the Seurat scale.data tool. A principal component analy-
sis was then performed. The ElbowPlot method identified 
30 principal components. A resolution of 0.8 was applied 
via the shared nearest-neighbour function from the first 30 
principal components to design uniform manifold approxi-
mation and projection (UMAP) maps of cell clusters. Cell 
types were assigned to clusters using the source file ​h​t​t​p​​s​
:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​I​​a​n​e​​v​s​k​​i​A​l​e​k​s​a​n​d​r​/​s​c​-​t​y​p​e [26]. The ggplot2 
function of R (RRID: SCR_014601) was used to design 
the figures, and the plotly tool (RRID: SCR_013991) was 
employed to generate the interactive links. The ToppFun 
tool from the Toppgene website (RRID: SCR_005726) 
was used to identify the various biological processes that 
were associated with under- or overexpressed genes. The 
STRING website (RRID: SCR_005223) was used to model 
the interactions between the proteins expressed from genes 
that were overexpressed in the FC condition. The GOrilla 
(RRID: SCR_006848) website was used for gene ontology 
analysis. The original datasets of scRNAseq3′, analysis R 
scripts and code for the interactive 3D representations of 
the UMAP superposition have been deposited in a free and 
open digital archive, Zenodo (RRID: SCR_004129), which 
is available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​5​​2​8​1​​/​z​e​​n​o​d​o​.​1​3​2​8​5​8​4​0.

Statistical analysis

Nonparametric tests were performed for all statistical analy-
ses using the R software environment, version 3.6.3. Wil-
coxon-Mann-Whitney two-sided test and Kruskal-Wallis 
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The expression of genes associated with inflamma-
tion (Tgf-β1, Fig. 3a) and fibrosis (Col1a1 and Acta2, Fig. 
3b,c) was assessed by RT-qPCR. No difference between the 
two treatments was observed at days 3 and 4 for Tgf-β1, 
whereas its expression level was higher at day 5 in FC-
treated MELEs. The expression levels of Col1a1 and Acta2 
showed a trend toward upregulation at day 3 in FC-treated 
MELEs, and significant upregulation at day 4 and at days 
4 and 5, respectively. We then used immunofluorescence 
staining to examine the production and localization of α-
Sma and vimentin (the latter being a component of the inter-
mediate filaments of cells of mesenchymal origin, including 
fibroblasts and myofibroblasts) (Fig. 4, Suppl. Figure  3c, 
d). We observed a progressive accumulation of the two 

using MT staining (Suppl. Figure  2). These more-marked 
abnormalities in FC-treated MELEs are characteristic of 
fibrosis, which was found to be heterogeneous. All of these 
histological features are present in the UIP pattern. Next, 
we assessed the fibrosis using our fibrosis scale, to quantify 
the severity of fibrosis considering the extent of fibrosis in 
the lung periphery from day 3 to day 5 of treatment. Our 
results revealed that the fibrosis scores were significantly 
higher for FC-treated MELEs, with an increase in fibrosis 
observed daily (Fig. 2b). This was further supported by the 
quantification of the induced-fibrosis using SR staining sec-
tions after removing the trachea for the analysis showing a 
significant increase in fibrosis over time, and this only in 
CF-treated MELEs (Fig. 2c,d).

Fig. 1  The fibrotic cocktail enhanced the expression of the Acta2 
reporter transgene. (a) Schematic representation of the protocol used 
here for obtaining and culturing mouse embryonic lung explants 
(MELEs). After 2 days (D) of culture, PBS or the fibrotic cocktail (FC) 
was added to the culture medium. MELEs were observed daily under 
white light and epifluorescence for the Rfp transgene reporter tag. (b) 

Images at 5 days of culture of representative MELEs treated with PBS 
or FC, showing an increase in their density (bright light) and a thicken-
ing of the lung parenchyma. Scale bar: 500 μm. (c) Quantification of 
the variation in the fluorescence intensity emitted by Acta2-Rfp from 
the total surface of MELEs (n = 8/group), from day 1 to day 5
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Fig. 2  Histological analysis revealing induced fibrosis in the lung 
periphery, similar to a UIP pattern. (a) Illustrative images of haema-
toxylin/eosin (HE)- and Sirius Red (SR)-stained sections at days 3–5 
from mouse embryonic lung explants (MELEs) treated with PBS or 
the fibrotic cocktail (FC), indicating a reduction in the alveolar bud 
lumen and a progressive and peripheral accumulation of spindle cells 
associated with collagen densification. The yellow arrowheads indi-
cate spindle cells. The yellow arrows denote collagen fibre deposits. 
The area surrounded by black dotted lines indicates fibroblastic foci 
with dense regions of collagen. The images are representative of 10–15 
MELEs/day/group. Scale bar: 100 μm. (b) Severity of fibrosis after 

FC administration, as evaluated using a modified Ashcroft scale. Data 
were obtained from n = 10–15 MELEs/group. (c) Illustrative pictures of 
the follow-up of collagen accumulation on MELE sections in SR stain-
ing at day 4 of culture. A plug-in for ImageJ/FIJI software automati-
cally identified lung parenchyma (yellow), fibrosis (red) and alveolar 
buds (blue). Bronchi (cyan) were traced by the user. Scale: 100 μm. 
(d) Graph showing the fibrosis area (%) for each MELE depending of 
the type of treatment and the day on which culture was stopped. N = 5/
treatment/day. P-value from the Kruskal-Wallis test was P = 0.002 for 
FC in (d) and not significant for the PBS group
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Early modifications of gene expression

Next, we used our new PF model to determine the pattern 
of the early changes in gene expression via scRNAseq3′, 
to identify target candidate genes in lung fibrosis. For this 
purpose, cells were isolated after a mere 18 h of treatment 
with either PBS or our FC. Analyses were performed by 
comparing two pools corresponding to the two treatments, 
each comprising six treated MELEs (Fig. 5a). All data were 
analysed using 12,893 and 8,471 curated cells for the PBS 

biomarkers of fibrosis in the lung periphery in FC-treated 
MELEs, reflecting the increased proliferation and activity of 
peripheral myofibroblasts. Taken together, these data dem-
onstrated that the repeated administration of FC stimulated 
the proliferation and activity of myofibroblasts in the pul-
monary periphery, leading to the overexpression of markers 
of inflammation and fibrosis.

Fig. 3  Tgf-β1 (a), Col1a1 (b) and Acta2 (c) 
mRNA quantification in mouse embryonic lung 
explants treated with PBS or the fibrotic cocktail 
(FC) was performed using RT-qPCR in triplicate 
(n = 7–8 explants/group)
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but also enriched cell clusters (Fig. 5b, Suppl. Figure 4a). 
Interactive 3D representations of the UMAP superposition 
for the two conditions, without or with cell clustering, are 
available at the following URLs: ​h​t​t​p​​s​:​/​​/​c​b​e​​d​a​​r​t​.​​g​i​t​h​​u​b​.​​i​o​/​​s​
c​R​​N​A​s​​e​q​/​H​​e​n​​n​i​o​​n​2​0​2​​4​/​U​​M​A​P​​_​C​o​n​d​i​t​i​o​n​s​/ and ​h​t​t​p​​s​:​/​​/​c​b​
e​​d​a​​r​t​.​​g​i​t​h​​u​b​.​​i​o​/​​s​c​R​​N​A​s​​e​q​/​H​​e​n​​n​i​o​​n​2​0​2​​4​/​U​​M​A​P​​_​C​e​l​l​t​y​p​e​s​
/, respectively. A 3D UMAP representation grouping both 
conditions and cell types is available at the following URL: ​
h​t​t​p​​s​:​/​​/​c​b​e​​d​a​​r​t​.​​g​i​t​h​​u​b​.​​i​o​/​​s​c​R​​N​A​s​​e​q​/​H​​e​n​​n​i​o​​n​2​0​2​​4​/​U​​M​A​P​​_​
C​e​l​l​t​y​p​e​s​_​C​o​n​d​i​t​i​o​n​s​/. Comparison of the two conditions 
revealed a very high number of myofibroblasts in the FC 

and FC-treated MELEs, respectively. The assignment of 
cell types to clusters was based on a source file of assigned 
human data. Therefore, we decided to carry out a prelimi-
nary compatibility check between human and mouse embry-
onic lung genes, to limit any interpretation biases, using 
the reference atlas of mouse embryonic lung development 
published in 2021 [27]. Using cell-type gene signatures, we 
identified 12 major cell types. UMAPs from the differen-
tially expressed gene analysis between clusters to outline 
cell subsets with unique molecular signatures, revealed 
the presence of not only overlaps between the two groups, 

Fig. 4  Immunofluorescence analysis 
of parenchyma from PBS (control)- 
and fibrotic cocktail (FC)-treated 
lung explants at days 3–5. Immuno-
fluorescence staining for vimentin 
(green) and α-Sma (red) showing 
the progressive accumulation of 
mesenchymal cells and fibrosis 
labelled by α-Sma in the lung 
periphery of the mouse embryonic 
lung explants. Nuclei are counter-
stained with the Hoechst 33,258 dye 
(blue). Scale bar: 100 μm
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and of proliferating fibroblasts (22.5% and 12.3% for PBS 
and FC, respectively) (Fig. 5c, Suppl. Figure 4b).

The scRNAseq3′ analysis allowed the comparison of 
gene expression profiles in an unbiased manner between 
PBS-treated control MELEs and the FC-treated MELEs. 

condition (26.8%) compared with the PBS control (0.7%) 
and a 2-fold higher relative proportion of smooth muscle 
cells (12% for FC vs. 6.2% for PBS). This was accompanied 
by a 2-fold higher proportion of fibroblasts in the PBS con-
dition (46.4%) compared with the FC condition (29.1%), 

Fig. 5   Single-cell RNA-sequencing 3′ analysis of early fibrosis. (a) 
Schematic representation of the protocol used here for the scRNAseq3′ 
analysis of mouse embryonic lung explants (MELEs). MELEs were 
treated with PBS or the fibrotic cocktail (FC) from day 3 of culture, 
then analysed the following day. WT = wild type. (b) Dimensional 
reduction of data generated from control (PBS)- and fibrotic cocktail 

(FC)-treated mouse embryonic lung explants (MELEs), as visualized 
by uniform manifold approximation and projection (UMAP), with 
each distinct cell type defined by a specific colour (as indicated in the 
key). (c) Bar charts of the relative abundance (%) of each cell type 
in the control (PBS)- and FC-treated MELEs. Significant P-values 
(Z-test) are indicated
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accurately recapitulate the pathophysiological mechanisms 
of human PF [28]. Therefore, we developed a novel model 
based on the experimental induction of PF in MELEs. This 
mammalian model can be considered as being “integrated”, 
albeit incomplete, as it is embryonic; nevertheless, it has the 
advantage of being able to allow transcriptomics analyses 
without a priori studies by scRNAseq3′ of the whole lung, 
as illustrated by the present study. This approach avoids the 
majority of the immune component and the host response to 
microbial colonization of the lung tissue, which pollute the 
transcriptome. This is crucial for gaining a more compre-
hensive understanding of gene expression within lung cells. 
Another advantage of this model is the relative ease with 
which the development of fibrosis can be monitored daily 
using microscopy of the whole organ, with detection of 
morphological and expression changes in fibrosis biomark-
ers being performed using genetically modified reporter 
mice for these markers. Finally, the use of a whole organ 
in culture should guarantee reproducible and heterogeneous 
fibrosis between explants compared with fibrosis induced 
on whole animals.

A plethora of experimental protocols for inducing PF 
have been published to date. Among them, intratracheal 
instillation of bleomycin into mice remains the most widely 
used approach, albeit with limitations, as it induces histo-
pathological patterns that are not sufficiently consistent 
with those identified in patients with PF [29, 30]. There-
fore, we relied on the use of a cocktail to induce fibrosis 
in our explant model. Its composition was adapted from 
literature data [16–18]. Our preliminary studies suggested, 
according to the Acta2-RFP reporter, that the cytokine con-
centrations often used by others (10ng/mL) on primary 
cell cultures, higher than the physiological concentrations 
found in patients with pulmonary fibrosis [31], did not 
seem satisfactory in contrast to our results by doubling the 
concentrations. Because cadmium is a recognized cause of 
lung fibrosis in humans, we also added this heavy metal at 
4µM, i.e. at twice the concentration found in smokers [17]. 
The agents used here were all known to be upregulated 
and involved in the pathophysiology of PF by promoting, 
among other events, the proliferation and differentiation 
of fibroblasts into myofibroblasts, the overexpression of 
α-SMA and the overproduction of ECM [32–34]. In our 
model, induced fibrosis progressed well and was charac-
terized by the presence of spindle cells and dense collagen 
fibres in basal and subpleural regions. These features were 
very similar to those of subpleural interstitial fibrosis, which 
is characterized by the accumulation of fibroblasts/myofi-
broblasts forming fibroblastic foci that is typically observed 
in histopathological analyses of patients with the UIP pat-
tern [35]. The expression of fibrosis biomarker genes, such 
as Acta2 and Col1a1, was clearly upregulated, accompanied 

This analysis revealed that 25 genes were downregulated 
and 112 genes were upregulated in cells from FC-treated 
MELEs (Fig. 6a, Suppl. Tables 1 and 2). The correspond-
ing interactive volcano plot can be accessed via URL: ​h​t​t​p​​s​
:​/​​/​c​b​e​​d​a​​r​t​.​​g​i​t​h​​u​b​.​​i​o​/​​s​c​R​​N​A​s​​e​q​/​H​​e​n​​n​i​o​n​2​0​2​4​/​V​o​l​c​a​n​o​P​l​o​t​/. 
Most of the overexpressed genes detected here were known 
to be involved in the inflammatory response. Genes linked 
to the acute inflammatory response, such as Saa1, Hp or 
Cp, or to chronic inflammation, such as Cxcl13, Cxcl1 and 
Ccl11, were overexpressed in the fibrosis-induced condition. 
In a concomitant response to inflammation, genes encod-
ing ECM proteins, such as Col18a1, Col22a1 and Postn, 
were overexpressed (suggesting early activation of genes 
involved in fibrosis), as were wound-healing genes, such as 
Ccl2 and Mmp9 (Fig. 6b). A broader analysis of gene expres-
sion illustrated by the Heatmap using the 50 most differen-
tially expressed genes, based on adjusted P-values and Log2 
fold changes, highlighted many genes that are involved in 
inflammation and fibrosis. In addition, although these genes 
were overexpressed in all cell types, they were over-repre-
sented in the myofibroblasts of FC-treated MELEs (Fig. 6c). 
The Ccl2, Cxcl1, Ccl7 and Cxcl5 inflammatory genes were 
overexpressed in mesothelial and mesenchymal cells, with 
myofibroblasts predominating in the FC condition (Fig. 7a). 
The identification of interactions of the proteins encoded 
by the genes that were overexpressed after FC treatment 
revealed numerous inflammatory mediators that interacted 
with each other. Most of these inflammatory proteins were 
part of the acute phase of inflammation, including Saa- and 
Serpina-family proteins. Moreover, numerous cytokines and 
mediators of the complement system linked to inflammation 
interacted with each other (Fig. 7b). In addition to inflam-
mation-associated genes, genes related to fibrosis were also 
upregulated in MELEs with induced fibrosis (Fig. 8a). The 
Postn, Col18a1 and Ccn1 fibrosis genes were upregulated in 
myofibroblasts, with Ccn1 also being upregulated in type II 
pneumocytes and endothelial cells. To gain further insights 
into the set of genes that were upregulated in the induced 
vs. not-induced fibrosis conditions, we performed a GOrilla 
gene ontology analysis (Fig. 8b). This revealed a pathway 
associated with metal and ion homeostasis, as indicated by 
the upregulation of genes encoding Mt2, Steap4, Cp, Lcn2 
and Sod2 (Fig. 8c).

Discussion

PF affects a considerable number of individuals worldwide. 
To identify therapeutic solutions for this condition, a wide 
variety of pre-clinical models have been developed. How-
ever, the current treatment strategies remain unsatisfactory 
in many cases, likely because no experimental model can 
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Fig. 6  The fibrotic cocktail upregulated genes involved in inflamma-
tion. (a) Volcano plot showing adjusted P-values and log2 fold change 
of expression in all cell clusters. The blue dots (n = 25) correspond to 
downregulated genes, the red dots (n = 112) correspond to upregulated 
genes and the grey dots (n = 11,766) indicate an absence of significant 
differences compared with the control condition. The adjusted P-value 
cut-off was set at 0.05, and the log2-fold change mean cut-offs were 

set at − 2 and 2. (b) Biological processes identified for the genes that 
were overexpressed after treatment with the fibrotic cocktail (FC), as 
assessed based on the ToppFun tool from the ToppGene Suite. The red 
bars indicate biological processes involved in inflammation. (c) Heat 
map visualizing the expression of the 50 most differentially expressed 
genes according to cell type after treatment with FC compared with 
the PBS control
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empirical, and other compounds and experimental condi-
tions warrant tested in the future.

As described above, FC administration to the MELE 
model induced a heterogeneous PF that was marked by sub-
pleural invasion of fibroblasts and myofibroblasts, forming 
fibroblastic foci that triggered ECM production and accu-
mulation. This is a typical feature of the UIP pattern, and 

by significant accumulation of fibrosis markers (α-Sma) 
and mesenchymal cell markers (vimentin). Remarkably, 
these same markers have been found to be upregulated in 
patients with IPF and in some experimental models of PF 
[36, 37]. Obviously, the nature, frequency, kinetics and con-
centrations of the molecules included in our cocktail remain 

Fig. 7  Upregulation of genes associated with inflammation. (a) Violin 
plots showing the overexpression of genes associated with inflamma-
tion in mouse embryonic lung explants treated with the fibrotic cock-
tail (red) compared with the PBS-treated controls (blue). Cell types are 
indicated by specific colours, as shown in the key. (b) Protein interac-

tion network based on the genes that were overexpressed in lungs with 
induced fibrosis. The three families of proteins associated with inflam-
mation are circled in red, green or blue for mediators of the acute phase 
of inflammation, complement system proteins and cytokines, respec-
tively. The results were obtained using the STRING application
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This can be explained by the fact that our model mimics an 
early stage of PF, before the potential formation of the hon-
eycomb structure. More specifically, our model is similar to 
a probable UIP [38].

few experimental models are capable of reproducing it. 
However, the UIP pattern is characterized by the formation 
of a honeycomb structure, which is a sign of advanced-stage 
PF; we did not observe this type of structure in our model. 

Fig. 8  Genes associated with fibrosis and metal ion homeostasis after 
treatment with the fibrotic cocktail. (a) Violin plots revealing the over-
expression of genes associated with fibrosis in mouse embryonic lung 
explants (MELEs) treated with the fibrotic cocktail (red) compared 
with control MELEs treated with PBS (blue). (b) Graph of the biologi-

cal process by the GOrilla analysis outlining metal ion homeostasis 
in the process of induced pulmonary fibrosis. (c) Violin plots reveal 
overexpression of genes linked to metal ion homeostasis for MELEs 
with induced fibrosis (red) compared to PBS-treated controls (blue)
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demonstrated that our model of induced fibrosis recapitu-
lates many of the characteristic pathways of PF.

Interestingly, the transcriptomics analysis revealed that, 
among the 112 genes that were most upregulated in the 
pro-fibrosis condition, five are associated with metal ion 
homeostasis. These genes were Mt2, Lcn2, Steap4, Cp and 
Sod2, all of which are involved in iron metabolism. Studies 
highlighting the link between ferroptosis, which defines a 
dysfunction of iron metabolism, and PF are abundant in the 
scientific literature. This deregulation of iron metabolism 
induces an increase in the level of reactive oxygen deriva-
tives, which promotes the development of PF [51].

In conclusion, we presented here a novel and origi-
nal experimental model of PF. The administration of a 
pro-fibrotic cocktail triggered fibrosis, as manifested by 
the histological evidence of fibrosis at several days after 
treatment. This model should offer an easy way of testing 
fibrosis inhibitors with inhibitors of gene overexpression, 
using anti-sense oligonucleotides or anti-sense RNA, for 
example, or with antibodies or drugs (Fig. 9). An early tran-
scriptomics analysis revealed the overexpression of genes 
and gene families associated with inflammation, fibrosis 
and ferroptosis. Several of the genes identified here have 
not previously been linked to the development of PF. These 
genes could emerge as potential new therapeutic targets, by 
decreasing their expression levels. These targets could be 
validated upstream on a model of induced fibrosis, using 
thick sections from cultured adult mouse, pig or human 
lungs.
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As our model developed a fibrotic profile of interest after 
several days of induction, we conducted a transcriptomics 
study using single-cell RNA-sequencing after a mere 18 h 
of induction, i.e., before histological signs were visible, to 
identify a very early signature of induced fibrosis. This tran-
scriptomics study highlighted the quantitative differences 
in the nature of cell types between lungs without induced 
fibrosis and lungs with induced fibrosis, with a significant 
increase in the number of myofibroblasts, which are key 
cells in the development of fibrosis, smooth muscle cells 
and type II pneumocytes, as well as a relative decrease in 
the number of endothelial cells. These results are perfectly 
in agreement with the observations reported for several 
models of experimental PF [39–41].

The early genetic signature of our model remained 
closely linked to inflammation and fibrosis, whereas the 
phenotypic manifestations of fibrosis were not yet visible. 
The expression levels of the genes identified here were simi-
lar to those found in other atlases derived from lung tissue 
from mouse models with induced PF or from patients with 
ILD. In fact, the upregulation of the Lcn2, Serpina3g and Cp 
observed here was also present in the Curras-Alonso atlas, 
which is based on a mouse model of PF induced by radiation 
[42]. Regarding the expression of Ccl2, Postn and Col18a1 
in our analysis, they are overexpressed in the ILD atlas [43]. 
These data support the interest and relevance of our induced 
fibrosis model.

Several gene families that were upregulated in the pro-
fibrotic condition have been well documented as being 
involved in the pathophysiology of PF. Among the gene 
families identified in our model, we found inflammation-
related genes encoding proteins that are involved in the acute 
phase of inflammation, such as the serum amyloid A (SAA) 
family. In fact, the serum SAA levels are higher in patients 
with IPF, with an inverse relationship existing between SAA 
concentrations and lung capacity [44]. We also highlighted 
the Serpina3 family, ceruloplasmin (Cp) and haptoglobin 
(Hp), which are all involved in the acute phase of inflamma-
tion and are upregulated in PF [45–47]. Similar results were 
obtained for cytokines, such as the chemoattractant Ccl2, 
which promotes the differentiation of fibrocytes into fibro-
blasts, thus inducing excessive collagen production [48]. 
Other chemo-attractants, such as Cxcl1 and Cxcl13, stimu-
late the recruitment of immune cells to the lung parenchyma 
[49]. Lastly, several genes encoding complement proteins 
were also upregulated in our condition with induced fibro-
sis. The complement system is an integral part of the innate 
immune system and plays an important role in inflammation 
and tissue regeneration; moreover, it has been reported that 
the depletion of serum complement in a bleomycin-induced 
PF mouse model was highly effective in inhibiting lung col-
lagen deposition [50]. Therefore, our transcriptomics data 

Fig. 9  Schematic overview of the study. Mouse embryonic lung explant 
culture can be used to mimic fibrosis and identify target genes for new 
therapeutic approaches among all of the early upregulated genes
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available at ​h​t​t​p​​s​:​/​​/​c​b​e​​d​a​​r​t​.​​g​i​t​h​​u​b​.​​i​o​/​​s​c​R​​N​A​s​​e​q​/​H​​e​n​​n​i​o​​n​2​0​2​​4​/​U​​M​A​P​​
_​C​e​l​l​t​y​p​e​s​_​C​o​n​d​i​t​i​o​n​s​/. The interactive volcano plot can be accessed 
via the URL: ​h​t​t​p​​s​:​/​​/​c​b​e​​d​a​​r​t​.​​g​i​t​h​​u​b​.​​i​o​/​​s​c​R​​N​A​s​​e​q​/​H​​e​n​​n​i​o​n​2​0​2​4​/​V​o​l​c​a​
n​o​P​l​o​t​/. Other data are available within the article or are available from 
the corresponding author on reasonable request.
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