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Preface

This Special Issue of the International Journal of Molecular Sciences, entitled “Molecular Mechanism

in Epithelial–Mesenchymal Transition (EMT) and Fibrosis”, collected 15 original research papers (5

reviews and 10 articles) written by a panel of experts from different countries who highlight recent

advances in the EMT process.

Navigating the complex field of EMT, this Special Issue introduces the current understanding of

the underlying mechanisms of EMT in the evolution and progression of fibrogenesis and discusses

potential strategies for attenuating EMT to prevent and/or inhibit fibrosis.

Overall, the 15 scientific articles in this Special Issue of the International Journal of Molecular

Sciences provide valuable insights into the complex mechanisms governing the EMT process linked

to fibrosis and have highlighted the potential of novel therapeutic strategies. In the last few years,

the field of EMT has shown considerable promise, and there is still much to be learned. As our

understanding continues to grow, we hope that this Special Issue serves as a catalyst for further

research and innovation in this developing field.

In addition, we would like to thank the authors who have contributed their innovative research

and valuable insights to this Special Issue. Their intellectual contributions and dedication to

advancing multidisciplinary knowledge have been vital in the success of this Special Issue. We would

like to express our appreciation to Mr Jerry Wang for his helpful support with this Special Issue.

Sabrina Lisi and Margherita Sisto

Editors
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Abstract: Fibrosis represents a process characterized by excessive deposition of extracellular matrix
(ECM) proteins. It often represents the evolution of pathological conditions, causes organ failure, and
can, in extreme cases, compromise the functionality of organs to the point of causing death. In recent
years, considerable efforts have been made to understand the molecular mechanisms underlying
fibrotic evolution and to identify possible therapeutic strategies. Great interest has been aroused
by the discovery of a molecular association between epithelial to mesenchymal plasticity (EMP),
in particular epithelial to mesenchymal transition (EMT), and fibrogenesis, which has led to the
identification of complex molecular mechanisms closely interconnected with each other, which could
explain EMT-dependent fibrosis. However, the result remains unsatisfactory from a therapeutic point
of view. In recent years, advances in epigenetics, based on chromatin remodeling through various
histone modifications or through the intervention of non-coding RNAs (ncRNAs), have provided
more information on the fibrotic process, and this could represent a promising path forward for the
identification of innovative therapeutic strategies for organ fibrosis. In this review, we summarize
current research on epigenetic mechanisms involved in organ fibrosis, with a focus on epigenetic
regulation of EMP/EMT-dependent fibrosis.

Keywords: epigenetic; inflammation; fibrosis; DNA methylation; histone modification; ncRNA

1. Introduction

Fibrosis, characterized by the deposition of connective tissue in a tissue or organ,
represents a reaction to an injury and has reparative or pathological significance. The
fibrotic evolution of a tissue or organ can have very negative consequences, leading to
the inability to perform normal physiological functions and resulting in a pathological
condition with high mortality [1–4]. Fibrosis is often associated with pathologies char-
acterized by a chronic inflammatory state, such as autoimmune diseases or tumors. In
these circumstances, the prolonged release of growth factors and/or pro-inflammatory
factors such as transforming growth factor-β (TGF-β) or various cytokines mediate the
activation of a cellular transformation process called epithelial–mesenchymal plasticity
(EMP) [5]. When EMP is activated, the epithelial cells, which have a phenotype of adherent
cells closely connected to each other and are not invasive, become transformed, assuming
a hybrid epithelial/mesenchymal phenotype and/or a completely mesenchymal pheno-
type. In this case, the process is defined as epithelial-to-mesenchymal transition (EMT) [5].
These cells acquire much higher migratory capabilities and are able to deposit extracellular
matrix (ECM) proteins. The triggering of various cascades of molecular interconnected
events leads to an exacerbation of the inflammatory state or to tumor proliferation and
metastasis, with serious consequences [6–8]. Despite the fact that fibrosis appears to be a
partly reversible process in various clinical studies [9], unfortunately, therapeutic options
are still very limited. In recent years, very innovative studies have demonstrated how
epigenetic modifications, by triggering or inhibiting gene transcription depending on the
circumstances, can reprogram gene expression by adapting it to exposure to various risk
factors [10]. This has been demonstrated, for example, in idiopathic pulmonary fibrosis
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(IPF) or in patients with non-alcoholic fatty liver disease, in which biopsy samples show
higher expression of DNA methyltransferase, suggesting that DNA methylation could
represent a predisposing factor for the onset of these pathologies [11]. The application
of sequencing technology has demonstrated that the activation of fibroblasts, involved
in collagen deposition during fibrogenesis, depends on various epigenetic modifications
affecting the DNA to be transcribed [12]. Furthermore, epigenetic modifications appear
to be largely involved in the modifications of epithelial cells towards the mesenchymal
phenotype, a process essentially mediated by EMT [13,14].

Some authors have described in detail the mechanisms through which the main
epigenetic modifications would act, inducing a regulation of the fibrotic evolution of the
inflammatory processes and determining the transcription of pro-fibrotic genes [12]. In
addition, epigenetics could explain the reversibility of the fibrosis [10]. However, although
recent discoveries tend toward the involvement of epigenetic modifications in EMP/EMT-
dependent fibrosis, the elucidation of the mechanisms involved still seems far from clear.
This review aims to collect the latest discoveries made by studying the involvement of
epigenetic modifications in the activation of EMP/EMT-dependent fibrosis, with the aim of
suggesting new therapeutic perspectives.

2. The Dynamic Balance between EMT and EMP

EMT is a dynamic complex process during which epithelial cells reduce their epithelial
properties, gradually dissolving cell–cell junctions and rebuilding cell–matrix connections
to acquire characteristics typical of mesenchymal cells [15–17]. When the mechanism of
EMT was identified, it was discovered that EMT was responsible for multiple processes
involved in embryonic development, such as gastrulation, neural crest formation, and
heart development [15,18]. But researchers soon demonstrated that the activation of EMT
also affected physiological processes represented by wound healing [19], with the fibrotic
evolution of diseases characterized by chronic inflammation, and with the formation of
metastases from primary tumors. EMT is classified into three functional types: type I,
involved in embryonic morphogenesis; type II, responsible for normal wound healing, but
this type can enhance myofibroblast activation leading to the deposition of high levels of
ECM proteins and fibrosis in chronic diseases; and type III, characteristic of malignant
epithelial cells that acquire a migratory phenotype capable of invading and metastasiz-
ing [20–22]. EMT is a reversible phenomenon, and the resulting cells shift back from
motile, multipolar mesenchymal types to polarized epithelial types via the mesenchymal–
epithelial transition (MET) process [23]. Therefore, until now, EMT was considered as
an “all or nothing” program wherein the cells can exist with an epithelial morphology
or in a mesenchymal state. Interestingly, novel insights have shown that the cells that
undergo to EMT present multiple intermediate phenotypes. This new concept, recently
named as EMP, defines the capacity of the cells to interconvert between several states along
the epithelial–mesenchymal spectrum, thereby acquiring hybrid epithelial/mesenchymal
phenotypic features [24,25]. Intriguingly, this cellular plasticity is very pliable, and epithe-
lial cells often undergo partial reorganization and combine epithelial and mesenchymal
features following the EMT process [26] (Figure 1). Indeed, such cellular shifts and the
resultant heterogeneity provide the cells with the flexibility to face different physiological
(embryonic development, wound healing) and pathological (organ fibrosis, cancer) con-
ditions [27]. The dynamics of EMT/EMP and MET are controlled by a complex network
of transcription factors (TFs) [28]. TFs, in epithelial cells, determine the transcription of
a variety of genes involved in the activation of EMT programs [29]. These changes in
transcription, sometimes seen as gene reprogramming, involve three TFs families: Snail
(Snail1) and Slug/Snail2, ZEB1 and ZEB2, and Twist [28,30]. All of these TFs share the ability
to repress epithelial genes like the E-cadherin encoding gene CDH1 via binding to E-Box
motifs in their cognate promoter regions [15]. In parallel, the EMT-TFs, directly or indirectly,
activate genes associated with a mesenchymal phenotype, including VIM (Vimentin), FN1
(Fibronectin), and CDH2 (N-cadherin) [15,28]. Upon induction of an epithelial plasticity
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response, they are considered as “master” drivers of the EMT program, conferring cellular
shift among the epithelial–mesenchymal spectrum [26,29]. Interestingly, with increasing
data relating to the mechanisms of activation of EMT pathways, other than the signaling
molecules regulating EMT, it becomes clear that activation and execution of EMT occur
as a result of genetic and epigenetic processes. The study of epigenetic regulation is an
important aspect of modulation of EMT [25,31], and various epigenetic mechanisms appear
to be involved in the modulation of EMT, although it is still difficult to correlate all of the
scientific data collected together [25]. Currently, most of the studies carried out concern
the epigenetic control of EMT during cancer progression and metastases formation [16–18].
Similarly, recent discoveries have also attributed a key role to epigenetic modifications in
the activation of the EMP process. Numerous pieces of evidence have demonstrated an
altered expression of the main epigenetic modifications underlying the delicate balance
between EMP and EMT, including histone modification, DNA methylation, and non-coding
RNA, which could facilitate cancer metastasis [31].
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Figure 1. Schematic representation of epithelial to mesenchymal plasticity (EMP). EMP, in response to
epithelial injury, allows cells to convert between multiple states across the epithelial to mesenchymal
transformation, acquiring hybrid epithelial/mesenchymal phenotypic features.

3. Role of EMP/EMT in Organ Fibrosis

In recent years, our knowledge of the fibrotic process has been remarkably increased
by the characterization of cellular mediators, key inflammatory and profibrogenic cytokines,
molecular factors, and the evolution of new pathogenetic scenarios. A major determinant
of fibrosis is the continuous spread of fibroblasts and myofibroblasts, which suggests the
question of how this cellular system can be fed [32]. Experiments conducted in the last
2 years have shown that cellular plasticity, which also includes the phenomenon of EMP,
is not limited exclusively to development; it also characterizes cells that undergo repro-
gramming that occurs during the repair of tissue damage, during fibrotic processes, and
during carcinogenesis [26]. However, knowledge of the molecular mechanisms involved in
the cell’s ability to modify its phenotype by evolving into another cell type is still at the
beginning. The mechanisms underlying EMT are much more explored and known, and
numerous studies have been conducted to evaluate the key role of EMT in fibrosis. In the
context of identifying cellular drivers of fibrosis, various in vitro and in vivo studies have
reported that EMT is a key mechanism during fibrogenesis, substantially contributing to
the increase in interstitial fibroblasts and myofibroblasts, and interrupting its progression
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can have a profound impact on the onset and progression of related diseases, particularly
fibrosis [21,33,34]. In fact, a fibrotic evolution of chronic diseases can lead to pathological
states affecting various organs, including the lungs, liver, kidneys, heart, and salivary
glands [35].The following paragraph summarizes the most recent discoveries derived from
evaluating the molecular mechanisms underlying the process of EMT-dependent fibrosis in
various organs in pathological conditions in order to identify potential therapeutic targets.

Contribution of Epithelium to the Fibrotic Organ Process via EMT Activation

In the last few years, important findings have demonstrated that liver epithelial cells
undergo the EMT process, contributing to their transformation into myofibroblasts. Indeed,
hepatocytes in which the Snail1 gene was deleted by using Cre-loxP technology showed
a reduction in EMT factors and a decrease in the severity of the inflammatory response
compared to controls [36]. Moreover, Rowe et al. have examined a panel of genes known
to contribute to the progression of liver fibrosis, including interstitial collagen types I and
III and fibroblast markers, demonstrating that Snail1 determines an increased expression
of profibrotic genes such as those encoding for type I or type II collagen, vimentin, and
FSP1 in the liver [36]. These data demonstrate that the hepatocyte Snail1 gene is a potent
inducer in the progression of hepatic fibrosis. Indeed, explorations have been performed
to determine the origin of hepatic myofibroblasts activated in response to the type of
liver injury. In particular, hepatic stellate cells (HSCs) are capable of transforming into
contractile myofibroblasts after liver injury. In a mouse model subjected to hepatotoxic
CCL4 liver injury, activated HSCs transformed almost totally into myofibroblasts, whereas
cholestatic bile duct ligation treatment preferentially stimulated portal fibroblasts [37,38]. It
is interesting to underline that HSCs, when not activated, predominantly express epithelial
markers compared to mesenchymal ones, and, following damage, can become activated
and undergo a change in phenotype driven by EMT [39].

Nowadays, it has been experimentally proven that the activation of an EMT program
occurs in a variety of pulmonary fibrosis diseases [40]. A study highlighted the contribution
of the bronchial epithelial cells that, when treated with TGF-β1, are able to acquire myofi-
broblast phenotypes, thereby leading to peribronchial fibrosis. This process drives airway
epithelium remodeling, which is a feature of asthma [41]. In IPF, alveolar epithelial cells
undergo EMT, inducing the formation of fibroblastic foci and thus triggering the fibrotic
destruction of the lung architecture [42,43]. Interestingly, pleural mesothelial cells also
undergo a special type of EMT, mesothelial-to-mesenchymal transition (MMT), during IPF
pathogenesis. In the MMT process, the mesothelial cells, during serosal inflammation, ac-
quire the mesenchymal phenotype and complete their transformation into myofibroblasts,
thus contributing to the progression of parenchymal fibrosis that results in a progressive
decline in lung function [44]. Indeed, an important report demonstrated the presence
of pleural mesothelial cells exhibiting mesenchymal markers in the lung parenchyma of
patients with IPF after fibrogenic stimulation in vivo and a correlation between disease
severity and the degree of fibrosis [44].

It has now been widely demonstrated that tubular epithelial cells (TECs) are involved
in a process of EMT-dependent fibrosis in chronic renal failure [45]. However, the percent-
age of TECs that transform into myofibroblasts during this process is not yet known. This
has led to the proposal that renal epithelial cells would undergo a partial EMT (pEMT),
resulting in renal fibrotic evolution [46,47]. During pEMT, TECs maintain some characteris-
tics of epithelial cells and show, at the same time, typical markers of fibroblasts, acquiring
an intermediate phenotype between the two cell types [46,47]. Therefore, TECs in this
partial mesenchymal and epithelial phenotype remain attached to the basement membrane
during the fibrotic process. Recently, it was demonstrated that Snail1 is able to trigger
the pEMT process in TECs, relaying crucial signals for fibrogenic cytokine release and
promoting differentiation into myofibroblasts, thus contributing to the exacerbation of the
inflammatory response [46].
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EMT is also activated in inflammatory bowel diseases (IBDs) such as ulcerative colitis
(UC) and Crohn’s disease (CD) [48]. In IBD patients, persistent intestinal inflammatory
factors injure intestinal epithelial cells, determining reparative reactions that lead to the
triggering of the EMT process and perpetuating a severe fibrotic condition [48,49]. Con-
firming this, the presence of high levels of tumor necrosis factor-like ligand 1A (TL1A) in
the intestinal specimens of patients with UC and CD has been detected, which represents
a potent inducer of EMT in intestinal fibrosis. As expected, the TGF-β1/Smad3 pathway
may be involved in TL1A-induced EMT [49–51].

Recent discoveries have also shown that uncontrolled fibrosis is present in the heart
and is triggered by EMT and its special type, endothelial to mesenchymal transition
(EndMT) [52,53]. Epicardial EMT is activated after myocardial infarction, atherosclerosis,
and valve dysfunction, and it determines angiogenesis and healing [54]. Under TGF-β
stimuli, cardiac fibroblasts transdifferentiate into myofibroblasts, acquiring a phenotype
similar to that of smooth muscle cells. Furthermore, fibroblasts can also originate from
endothelial cells through EndMT, giving rise to the progression of cardiac fibrosis [54].
In addition, TGF-β-driven EMT responsible for cardiac fibroblast formation appears to
be triggered by the Hippo pathway, an evolutionarily conserved kinase cascade [55], as
seen in recent in vitro findings [56]. In addition, the process of cardiac fibrosis seems to be
regulated by C-Ski protein, identified as an inhibitory regulator of TGF-β signaling [57].

A flourishing research field is focused on the evaluation of the pathways involved in
the fibrotic process observed in the salivary glands (SGs) derived from Sjögren’s Syndrome
(SS) patients. Fibrogenesis observed in SGs can be considered the end result of chronic,
intense inflammatory reactions induced by a variety of stimuli in this autoimmune dis-
ease [7,8,58,59]. Pioneering studies aimed at correlating SS with a fibrotic evolution of the
salivary glands were conducted over 10 years ago, demonstrating a significant association
between stimulated salivary flow, the focus score, and fibrosis in a high number of SS biopsy
specimens. In comparison, unstimulated salivary flow appears to be weakly associated
with the focus score and is not always correlated with fibrosis, which was considered an
excellent measure of irreversible damage [58]. In all cases, SG fibrosis is linked with an
evident impairment of organ function that leads to progressive atrophy and a decrease in
quality of life for patients [60].

In this context, using technology to create transgenic mice that conditionally overex-
press active TGF-β1, experimental data have confirmed that the overexpression of active
TGF-β1 leads to an abnormal accumulation of ECM proteins and severe hyposalivation
and acinar atrophy in the mutated mice [61]. More recently, studies have demonstrated an
exuberant upregulation of TGF-β1 in SS SGs, which induces the loss of epithelial features
and the acquisition of mesenchymal features in SG epithelial cells via triggering of the EMT
program through the TGF-β1/Smad/Snail signaling pathway [62]. Indeed, TGF-β1 seems
to be able to regulate EMT through both main pathways: the canonical Smad-dependent
and non-canonical Smad-independent signaling pathways [7,8,62].

4. Main Epigenetic Mechanisms

Each phase of gene expression can undergo epigenetic modifications, thus leading
to the synthesis or inhibition of certain downstream proteins. The epigenetic processes
involve DNA methylation, histone modification, chromatin remodeling, and the effects of
noncoding RNA.

The phenomenon of DNA methylation is an essential process for the physiological
development of the individual and plays a key role in processes widely studied in recent
years, such as genomic imprinting. DNA methylation and demethylation represent herita-
ble epigenetic signatures that are evolutionarily conserved and do not involve an alteration
of the DNA sequence but can, however, lead to widely modified gene expression [63,64].

Methylation of DNA is an epigenetic mechanism that consists of the transfer of a
methyl group from S-adenyl methionine (SAM) to the C-5 position of a cytosine residue in
a dinucleotide CG or polynucleotide CGGCGG context, also termed CpG islands, to form
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5-methylcytosine catalyzed by DNA methyltransferases (DNMTs) [65]. The DNMT family
comprises various elements: DNMT1, DNMT2, DNMT3A, DNMT3B, and DNMT3L [66].
Notably, the methylation of the promoter region or gene has different effects; excess
promoter methylation silences the gene, while a reduction in promoter methylation causes
increased gene expression [67]. On the contrary, at the gene level, an excess of methylation
determines active transcription of the gene itself, while the methylation of the gene has a
meaning that is not yet well known [68].

Similar to DNA methylation, post-translational histone modifications do not affect
the DNA nucleotide sequence but alter its accessibility to the transcriptional machinery.
Histones are small basic proteins assembled into nucleosomes and are essential to compact
and stabilize DNA by making the DNA sites implicated in gene transcription accessible [69].
Each nucleosome is composed of approximately 150 base pairs of DNA and two copies
of the four core histones: H2A, H2B, H3, and H4 [69]. In addition, H1 protein acts as a
linker histone-compacting chromatin, and its role is to stabilize the internucleosomal DNA
but does not form part of the nucleosome. Histone proteins, through post-translational
modifications, control chromatin structure, triggering the transition from open chromatin,
called euchromatin, which is actively transcribed, to a compacted chromatin structure
called heterochromatin. In this compact form, DNA is not accessible to transcriptional
machinery and thus cannot be transcribed, resulting in gene silencing [70].

Several of the best-known post-translational modifications of histones include acetyla-
tion, methylation, phosphorylation, and ubiquitylation. However, in recent years, other
histone modifications have been identified, such as GlcNAcylation, citrullination, krotony-
lation, and isomerization, which still need to be further explored [71].

Acetylation modulates transcriptional activity through the neutralization of the posi-
tive charge present on the lysine residues of histone proteins. This action has the potential
to weaken the interactions between histones and DNA, making them less stable, thus
allowing gene transcription [72,73]. Acetylation consists of the addition of acetyl groups
to lysine residues, neutralizing their positive charge. Thus, acetylation induces and en-
hances gene expression. Histone acetylation and deacetylation are catalyzed by histone
acetyltransferases (HATs) and histone deacetylases (HDACs), respectively.

HDACs remove acetyl groups from acetylated proteins, consequently repressing
gene expression. They are classified into four classes: class 1 (HDAC1,2,3,8), class 2 (2a:
HDAC4,5,7,9; 2b: HDAC6,10), class 3 (SIRT), and class 4 (HDAC11). Therefore, sirtuin
proteins, classified within class III HDACs, require nicotinamide adenine dinucleotide
(NAD) as a cofactor for their catalytic activity. To date, 18 mammalian HDACs have been
identified and classified into the above different classes [74].

Methylation occurs in both the lysine and arginine residues of histones H3 and H4
and, in particular, does not alter the charge of the histone protein. Arginine methylation,
which requires arginine methyltransferase activity, induces gene transcription, while lysine
methylation, which requires histone methyltransferase, can have either a positive or nega-
tive effect on transcription due to the site involved in the methylation [75–78]. Recently,
it has been demonstrated that histone methylation is also a reversible event through the
mechanism of histone demethylases [79].

Phosphorylation influences all core histones, with several effects on each. Phospho-
rylation of serine residues 10 and 28 of histone H3 and serine residue T120 of histone
H2A is involved in chromatin condensation through the phases of cell replication during
mitosis. Phosphorylation of the S139 residue in histone H2A evidences a landing point
for the interaction with factors involved in the repair of DNA damage [80]. However,
phosphorylation of histone H2B is not as well known but appears to induce chromatin
compaction through several mechanisms such as apoptosis, DNA fragmentation, and cell
necrosis [81].

All histone proteins can undergo a mechanism of ubiquitylation; however, in the last
few years, studies have highlighted two well-characterized proteins, H2A and H2B, which
are most frequently ubiquitinated in the nucleus [82]. Histone ubiquitination is linked with
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the activation of gene expression, but many studies have demonstrated that the presence of
a single ubiquitin has different effects on H2A and H2B. Indeed, mono-ubiquitylated H2A
is linked with gene silencing, while if the interaction concerns H2B, transcription activation
is induced [82].

Epigenetic regulation also involves actively non-coding RNA (ncRNAs) and it has
been widely discovered that ncRNAs are able to modulate gene expression at both tran-
scriptional and post-transcriptional levels. ncRNA refers to a functional RNA molecule that
is transcribed from DNA but is not translated into a protein [83]. NcRNA are divided into
two broad categories based on their length: short ncRNAs, with a number of nucleotides
less than 30, and long ncRNAs (lncRNAs), which include those RNAs with a number
of nucleotides greater than 200 [83]. The three main classes of short noncoding RNAs
include microRNAs (miRNAs), short interfering RNAs (siRNAs), and piwi-interacting
RNAs (piRNAs).

MiRNAs and DNA methylation are the two epigenetic events that have emerged in
recent years and correlate to the modulation of gene expression [84]. Notably, miRNAs
act by linking to a specific target messenger RNA through a complementary sequence;
this binding determines the fragmentation and degradation of the mRNA, consequently
blocking the translation event. Interestingly, the presence of a mutual regulation between
miRNAs and DNA methylation has been shown in human tumors. Indeed, miRNAs
modulate DNA methylation by acting on the transcription of genes implicated in the
synthesis of DNA methyltransferases [85].

SiRNAs represent small RNA molecules whose function is to repress the expression
of a gene by binding to the mRNA, inducing its degradation, and thus preventing post-
transcriptional gene and subsequent protein synthesis [85]. SiRNAs are gained from
a long double-stranded RNA molecule that is cut into many small fragments by Dicer
endoribonuclease. The siRNAs obtained are added to the so-called RISC complex (RNA-
induced silencing complex) to form the inactive RISC-siRNA complex. Once activated,
the siRNA loses one of the two strands and binds to the mRNA target messenger, i.e.,
the mRNA whose translation into protein is to be prevented [86,87]. The piRNAs are a
complex class of sncRNAs that specifically interact with the PIWI protein subfamily of
the Argonaute family [88]. Current research evidences that this interaction between PIWI
proteins and piRNAs regulates novel epigenetic mechanisms such as DNA rearrangements;
however, this has yet to be clarified. Recently, lncRNAs were discovered as important
regulators of the epigenetic status of the human genome. LncRNAs are RNA fragments
longer than 200 nucleotides that have various activities, such as chromatin remodeling and
transcriptional and post-transcriptional regulation, and act as precursors of siRNAs with the
function of gene silencing [89–91]. Many lncRNAs form complexes with proteins, leading
to modifications in the conformation of chromatin [92,93]. In addition, a novel member
of the lncRNA class, circular RNAs (circRNAs), are characterized by a covalently closed
loop. They are recognized to have distinct biogenesis and to regulate gene expression and
biological processes through different mechanisms, with some miRNA-sponging circRNAs
identified [94]. A schematic overview of epigenetic modifications is reported in Figure 2.
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tone methyltransferases); lncRNA (long non-coding RNA); TET (Ten-eleven translocation). 
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Figure 2. A schematic overview of epigenetic modifications. Epigenetic regulation involves DNA
methylation, histone modification, and non-coding RNAs. DNMT family members mediate DNA
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by HATs and HDACs. Non-coding RNAs include miRNAs, circRNAs, and lncRNAs. BET (Bro-
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(Histone acetylases); HDACs (Histone deacetylases); HDMTs (Histone demethylases); HMTs (Histone
methyltransferases); lncRNA (long non-coding RNA); TET (Ten-eleven translocation).

5. Epigenetics Regulation of EMP/EMT-Dependent Fibrosis

The studies conducted in order to evaluate a possible connection between epigenetics,
EMP, and fibrosis are leading to the first discoveries, for example, in airway persistent
inflammation [95], but require further investigation. On the contrary, the field of studies
conducted on the role of epigenetic modifications in EMT-dependent fibrosis is much more
flourishing. One of the hot topics in the last few years has been the association between
epigenetic regulation and fibrotic processes triggered by EMT [13]. Epigenetic modulation
of tissue–stroma interactions involves several types of alterations that have been shown
in recent years to play a determining role in the activation of the EMT program and the
consequent EMT-dependent fibrosis [13].The following paragraphs illustrate the current
knowledge concerning the epigenetic aberrations involved in the fibrotic evolution induced
by EMT during pathological processes.

5.1. DNA Methylation in EMT-Dependent Fibrosis

DNA methylation, catalyzed by DNMTs, represents one of the best-represented mech-
anisms of epigenetic control and modulation in EMT [96]. It is known that the downregu-
lation of E-cadherin expression is fundamental to the evolution of the EMT process [97].
DNA methylation, regulated by DNMTs, seems to affect CDH1 expression. The ten-eleven
translocation (TETs) family, instead, is implicated in CDH1 demethylation [98]. Transforma-
tions in CDH1 promoter methylation lead to diminished E-cadherin protein expression in
several fibrotic diseases [99–101]. Direct methylation of transcription factors by DNMT1
concurs with EMT program activation in renal epithelial cells [102] and, as expected, DNA
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methylation inhibition through specific inhibitors reversed EMT in arsenic-triggered renal
fibrosis [103].

Therefore, interesting studies have evidenced the essential role of DNMTs in cardiac
fibrosis, resulting in the activation of the EndMT process. The inhibition of the suppressor
of cytokine signaling 3 (SOCS3) mediated by DNMT1 determines the activation of STAT3
that induces cardiac fibroblast activation and collagen deposition in cardiac fibrosis [104].
This phenomenon was also detected in the fibrotic skin of patients with systemic sclerosis,
in which TGF-β induced the expression of DNMT3A and DNMT1 in fibroblasts in a SMAD-
dependent manner, leading to a decreased expression of SOCS3 and facilitating activation of
STAT3 to promote fibroblast-to-myofibroblast transition, collagen release, and fibrosis [104].

The transcriptional regulation driven by the DNA methylation pattern plays a pivotal
role in liver fibrosis [10]. In particular, DNA methylation is involved in the differentia-
tion of HSC during hepatic diseases characterized by a severe and progressive fibrotic
process. These data were confirmed by downregulating DNMT3a and DNMT3b gene
expression through the use of siRNA; in this case, DNA methylation was decreased, and
HSC activation was subsequently suppressed [105]. Beyond DNMTs, another intriguing
protein implicated in liver DNA methylation processes is glycine N-methyltransferase
(GNMT). GNMT is the most abundant methyltransferase in the liver and hepatocytes.
GNMT influences epigenetic regulatory determinants by competing with DNMT to regu-
late transmethylation flux [105]. The triggering of EMT in the liver appears to be related
to activation by the hedgehog (Hh) pathway. Patched1 (PTCH1), a factor that negatively
regulates Hh, is downregulated during the process of liver fibrosis and this appears to
be related to its hypermethylation state. Recent studies have established the antifibrotic
efficacy of salvianolic acid B (Sal B), attributing it to its ability to inhibit Hh-mediated EMT.
An upregulation of PTCH1 was noted due to a decrease in DNA methylation thanks to
the inhibition of DNMT1. Interestingly, the increase in miR-152 in Sal B-treated cells was
responsible for the hypomethylation of PTCH1 by Sal B, and DNMT1 was found to be a
direct target of miR-152 [106].

Several studies have mentioned altered DNA methylation linked to the evolution of
chronic obstructive pulmonary disease and pulmonary fibrosis [104,107]. In addition, the
effects of DNA methylation were linked to histone modifications and miRNA activity to
induce or block gene expression in fibrotic progression [104,107] (Figure 3). An interest-
ing study conducted on epithelial cells isolated from normal human bronchial epithelium
exposed to nickel (NiCl2) demonstrated that, through the activation of the TLR4 signal-
ing pathway and EMT, nickel is associated with the development of many chronic lung
diseases, including pulmonary fibrosis [108]. It was experimentally demonstrated that
NiCl2 exposure determines E-cadherin downregulation in normal bronchial epithelial cells
associated with E-cadherin promoter DNA hypermethylation [109].
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5.2. The Involvement of Histone Modifications in EMT-Dependent Fibrosis
5.2.1. Histone Acetylation and Deacetylation

Histone acetylation and deacetylation are widely analyzed histone modifications and
have been recently linked to the activation of the EMT program in cancer and fibrosis [72].
In fact, tumors with stem cell features propagate and determine far away metastases by
triggering the advancing EMT program. Recent studies have demonstrated that acetylation
of histone H2BK5 is crucial in the control of EMT [14]. For example, in trophoblast stem cells,
H2BK5 acetylation influences the expression of key genes implicated in the conservation
of epithelial characteristics. These trophoblast stem cells share similar H2BK5 acetylation-
regulated gene expression when compared with stem-like claudin-low breast cancer cells,
thus linking EMT-dependent development and EMT observed in cancer cells [14]. In
particular, HATs regulate gene silencing or transcription through the modulation of the
acetylation of histones, thus orchestrating gene expression to induce liver fibrosis [110,111].
Additionally, histone acetylation has been implied in pulmonary and cardiac fibrosis [10],
performed through the activity of p300 HAT [112,113]. An interesting discovery enriched
the molecular scenario by demonstrating that p300 HAT induces the fibrotic process in IPF
and cardiac fibrosis via EMT and EndMT, respectively [114].

HDACs, firstly identified in liver fibrosis, can enhance the cellular migration and ECM
deposition by myofibroblasts [115,116]. HDACs belonging to each class appear to be impli-
cated in EMT-dependent fibrosis activation, as reported in the following subparagraphs.

Class I Histone Deacetylase Involvement in EMT-Dependent Fibrosis

Histone deacetylation is largely studied in pulmonary fibrosis. Epigenetic histone
modifications through deacetylation could explain the persistently activated state of IPF
fibroblasts [117], which indicated a “cancer-like” upregulation. According to this hypoth-

10



Int. J. Mol. Sci. 2024, 25, 2775

esis, almost all class I (and class II) HDAC enzymes result in overexpression and this
could be responsible for the abnormal repression of pro-apoptotic genes [117,118]. Under
conditions of hypoxia, HDAC3 combines with WD repeat domain 5 (WDR5) to recruit
histone methyltransferase, leading to decreased acetylation of H3K4 and to an increased
methylated form of H3K4 [119].

Interesting studies also concern the use of specific HDAC inhibitors. The short-chain
fatty acid valproic acid (VPA), a class I-specific HDAC inhibitor, was able to reduce lung
EMT-dependent fibrosis in bleomycin (BLM)-treated mice with Smad2/3 deactivation [120].
VPA seems to work without Akt cellular pathway deactivation, presumably due to the
fact that VPA specifically inhibits the activities of HDAC1 and HDAC2 [121,122] but not
of HDAC3 (directly involved in PI3K/Akt EMT signaling) [123]. Confirming this, the
Class I HDAC inhibitor entinostat (MS-275), specific for HDAC1 and HDAC3, determines
the inactivation of the PI3K/Akt pathway in TGF-β-stimulated lung fibroblasts [123].
Entinostat suppresses the TGF-β-induced expression of SPARC, a matricellular protein
involved in the ECM turnover and apoptosis resistance of lung myofibroblasts restoring
the expression of SPRC’s negative regulator named ARHGEF3 (Rho guanine nucleotide
exchange factor 3, also known as XPLN = exchange factor found in platelets and leukemic
and neuronal tissues [124].

Recent data showed that HDAC3 inhibition results in the acetylation and degradation
of a vector expressing the NOTCH1 intracellular domain (NICD1), thereby alleviating
IPF [125]. This suggest that HDACs can deacetylate also non-histone targets with important
consequences from the point of view of activated pathological mechanisms [126].

In addition, HDAC3 was upregulated in alveolar epithelial type 2 (AT2) cells from
patients with IPF, and in AT2 cells from mice with BLM-induced pulmonary fibrosis.
Moreover, HDAC3 deficiency in AT2 cells prevented mice from developing BLM-induced
pulmonary fibrosis, characterized by a marked reduction of EMT in AT2 cells. In terms of
mechanisms, we found that TGF-β1/SMAD3 can directly promote HDAC3 transcription
and further inhibit GATA3 acetylation, thus promoting EMT in AT2 cells. GATA3 is a
transcription factor and the most frequently mutated genes in breast cancer [127].

Recently, Chen et al. reported that inhibition of HDAC3 and Nuclear Factor Erythroid-
Derived 2-Related Factor-2 (Nrf2) mitigates pulmonary fibrosis [128], and Zheng et al.
suggested that HDAC3 accelerates pulmonary fibrosis by promoting EMT and inflamma-
tion through the Notch1 or STAT1 signaling pathway [72]. Actually, however, the main
activator of EMT dependent fibrosis in lung is hypoxia that activate a signaling cascade that
involves the activation of the transcription factor Snail [31]. HDAC3 significantly increased
Snail expression under hypoxic conditions, and this effect was prevented by inhibition of
Hypoxia-inducible factor 1-alpha (HIF1 α), a subunit of a heterodimeric transcription factor
hypoxia-inducible factor 1 (HIF-1). HDAC3 increases the transcriptional activity of HIF-1α
by promoting the binding of HIF-1α to the hypoxia-responsive element (HRE) sites of
genes [129]. Since fibroblast migration is considered a critical contributor to lung fibrosis, it
was recently demonstrated that HDAC3-miR224- Forkhead Box A1 (FOXA1) axis effectively
regulated the migration and invasion of fibroblast cells under hypoxia [129]. The effective
involvement of HDAC3 in EMT-dependent fibrosis in lung was demonstrated by the use
of HDAC3 siRNA that alleviated BLM-induced pulmonary fibrosis in mice. In addition,
FOXA1 gene was identified as the target gene of miR-224 in HDAC3-mediated alveolar
EMT [129] and HDAC3 promotes hypoxia-induced alveolar EMT through stabilization of
HIF-1α via the AKT pathway [129].

Interesting data were collected also for renal fibrosis. In human mesangial cells (HMC)
treated with poly IgA1, HDAC1, HDAC2, and HDAC8 were upregulated, determining
the subsequent activation of TGF-β/Smad2/3 and Jak2/Stat3 signalling pathways. These
pathways activation leads to the proliferation of HMCs and facilitates ECM deposition
and fibrosis progression [130]. Recent studies have used various HDAC inhibitors to
evaluate the effects on EMT-related kidney fibrosis, demonstrating that class I HDAC
inhibitors are more effective than class II HDAC inhibitors in regulating this process.
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For example, using specific siRNAs against HDAC1, 2, 3 and 8, it was seen that the
knockdown of HDAC1, HDAC2 or HDAC3 did not hinder the expression of ECMs and
the initiation of TGF-β1-dependent EMT. This result seems to be due to a compensatory
mechanism that intervenes when one HDAC does not function and which activates the
others more [131]. Indeed, HDAC1 and HDAC2 show high amino acid homology and
compensatory functions between them [132]. Using UUO mice as a model of renal fibrosis,
the efficacy of another selective inhibitor of class I HDACs called FK228 was evaluated in
EMT-dependent fibrosis [133]. Rat renal interstitial fibroblasts and renal tubular epithelial
cells were treated in vitro with TGF-β1, in the presence or not of the inhibitor FK228. The
results indicated that FK228 is able to reduce ECM protein deposition in both in vivo and
in vitro. FK228 also blocked the activation and proliferation of renal fibroblasts and led
to increased acetylation of histone H3 and seems to suppress renal interstitial fibrosis via
canonical-Smad- and non-Smad-EMT pathways [133].

In the same experimental model UUO mice, Chen et al. [134] demonstrated a correla-
tion between the high expression of HDAC3 in renal fibrotic tissues, and the low expression
of the klotho protein, a membrane-bound protein that acts as a permissive co-receptor for
Fibroblast Growth Facrot (FGF)-23. Silencing of the HDAC3 gene has no effect on Klotho
expression; on the contrary, inhibiting the TGF-beta receptor through the use of the specific
inhibitor SB431542 led to a slowdown of the renal fibrotic process. By performing a more
targeted inhibition using a specific inhibitor of SMAD3, SIS3, it was demonstrated that
the TGF-β/Smad3 pathway led to an upregulation of HDAC3 [134]. In addition, it was
been demonstrated that HDAC3 forms a complex with NCoR and NF-κB that acts on the
klotho promoter, giving rise to a EMT-mediated pro-fibrotic renal transduction cascade
that initiates from TGF-β and has HDAC3 as an intermediary [134].

A role of the complex formed by HDAC3 and Smad2/3 and NcoR in renal fibrosis
has also been demonstrated in patients with focal segmental glomerulosclerosis who show
high levels of elevated HDAC3. The complex appears to have an inhibitory effect on the
miR-30d promoter, promoting renal fibrosis [135], although a concomitant activation of
EMT in this fibrotic process has not yet been demonstrated.

HDAC3 also appears to regulate the expression of TIMAP protein (membrane-
associated protein and inhibited by TGF-β). TIMAP expression is reduced in mice with
renal fibrosis, probably due to the overexpression of TGF-β. The high concentration of TGF-
β in fibrotic tissues would determine an overexpression of HDAC3 with the consequent
activation of the TGF-β-HDAC3/Smad-TIMAP pathway which leads to a reduction in the
expression of TIMAP [136]. This could be implicated in a regulatory loop of macrophage
M2 phagocytosis. Given that hyperactive TGFβ often causes excessive macrophage phago-
cytic activities potentially leading to fibrotic evolution [136], the inhibition of the TGF-β-
HDAC3/Smad-TIMAP pathway could represent a strategy to slow down the progression of
renal fibrosis. Even in this case, it still remains to be discovered whether these mechanisms
involve the activation of an EMT program.

Recent studies have also evaluated the role of HDAC8 on renal fibrosis, always
belonging to class I of HDACs [137]. HDAC8 is overexpressed in UUO mice and the use of
a selective inhibitor for this deacetylase, such as PCI34051, or gene silencing determines
a slowdown of fibrotic progression by inhibiting the TGF-β-dependent EMT process. A
very important fact is that the high expression of HDAC8 arrests renal tubular epithelial
cells in the G2/M phase, determining the activation of Snail, a known pro-EMT and pro-
fibrotic factor. The use of HDAC8 inhibitors leads to an inhibition of EMT and is capable of
determining an increase in Klotho levels, thus acting as anti-fibrotic factors.

Class II Histone Deacetylases in EMT-Dependent Fibrosis

In the intertubular, extraglomerular, and extravascular spaces of the kidney, HDAC6
has been demonstrated to contribute to TGF-β-induced EMT. Although the mechanism of
HDAC6 induction is not clear, this was enhanced by TGF-β, and subsequently, the activated
HDAC6 deacetylated the renal tubular epithelial cytoskeletal protein (α-tubulin). α-tubulin
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deacetylation induces cytoskeletal rearrangement during the EMT process [138,139]. In
addition, in unilateral ureteral obstruction (UUO) mice used as models of kidney fibro-
sis, HDAC1, 4, 5, 6, and 10 were overexpressed and HDAC8 was downregulated, and
this seemed to determine pro-fibrotic events through a TGF-β1/Smad-independent path-
way [140].

Supporting the role of histone acetylation in EMT-dependent fibrotic diseases, HDAC7
has also been demonstrated to regulate collagen deposition and other ECM protein accu-
mulation in fibroblasts derived from patients affected by systemic sclerosis, and indeed,
siRNA-mediated depletion of HDAC7 reduced ECM production in these cells, resulting
in an evident decrease in fibrogenesis [10]. However, the mechanism of action of class IIb
HDACs in the fibrotic process will certainly require further investigation.

5.3. Histone Methylation and Demethylation Affects EMT-Dependent Fibrosis

Recently, it was demonstrated that the blocking of histone/lysine methyltransferases,
such as the enhancer of zeste homolog 2 (EZH2), a histone H3 lysine 27 trimethylation
methyltransferase, and SET and MYND domain-containing protein 2 (Smyd2), a histone H3
lysine 36 trimethylation methyltransferase, had a negative effect on EMT and consequently
attenuated renal fibrosis [141]. However, knowledge of the role of demethylases is still
limited and very recent. Lysine-specific demethylase 1 (LSD1), also known as KDM1A,
is the first histone/lysine demethylase that specifically targets mono- and dimethylated
H3K4 [142]. The upregulation of LSD1 was involved in renal tubular cell EMT, deposition of
ECM proteins, and renal fibrosis progression in UUO model mice [143]. This was confirmed
through the use of specific inhibitors or siRNA targeting LSD1, which reduced TGF-β1-
induced EMT and blocked the activation of renal fibroblasts through TGF-β1/Smad3 and
LSD1/PKC/α-Akt/STAT3 signaling pathways [143].

In addition, it was demonstrated that the different methylation status of specific lysines
present in histones can lead to gene induction or suppression. In general, methylation of
histone H3 lysine 4 (H3K4), H3K36, and H3K79 stimulates gene transcription, while H3K9,
H3K27, and H4K20 methylation leads to gene suppression [144]. ZEB1 is a zinc-finger
transcription factor implicated in the induction of EMT. It works on the promoter of the
E-cadherin gene, suppressing its synthesis. The active constituent derived from Schisandra
chinensis (SchB) appears to operate on TGF-β-mediated EMT through epigenetic inhibition
of ZEB1 [145]. The ability of Sch B to enhance H3K9me3 levels of the ZEB1 promoter
and to inhibit transcription of the ZEB1 gene, which is crucial for TGF-β-induced EMT,
was recently demonstrated [145]. SETDB1 (also known as ESET or KMT1E) is a specific
histone methyltransferase able to block euchromatin genes by regulating the methylation
of histone H3K9 [146]. SETDB1 seems to be able to trigger the trimethylation of histone
H3K9 (H3K9me3) on the Snai1 promoter region, leading to EMT reorganization, which
is promoted by TGF-β-induced iron accumulation [147]. Confirming these observations,
the knockdown of SETDB1 reduced H3K9me3 and enhanced TGF-β/Snail-mediated EMT,
which was accompanied by increased ferroptosis [147]. In radiation-induced lung fibrosis,
Nagaraja et al. showed increased expression of H3K9me2/3 in irradiated cells [148]. This
effect was reversed by the use of specific histone methyltransferase G9a inhibitor, which led
to irradiated cells showing higher expression of epithelial markers and not of mesenchymal
ones [148].

5.4. Epigenetic Involvement of ncRNAs in EMT-Related Fibrosis

NcRNAs were also recently recognized as potential key inductors of fibrogenesis [149].
Noncoding RNAs are micro-sequences of RNA transcribed but not translated into proteins,
and they are grouped into short ncRNAs and long ncRNAs [150,151]. Increasing evidence
has highlighted the involvement of noncoding RNAs in the EMT process.
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5.4.1. MiRNAs in EMT-Dependent Fibrosis

Recently, important studies have reported that miRNAs are involved as regulators
or activators of signaling pathways in the induction of fibrogenesis triggered by the EMT
process. To investigate the correlation between miRNAs and EMT, Liang et al. have
focused their investigations on the involvement of miRNAs in pulmonary fibrosis induced
by EMT. In particular, the study investigated the impact and mechanism of miR-26a in mice
affected by experimental pulmonary fibrosis. It was discovered that miR-26a is significantly
downregulated and modulates high-mobility group protein A2 (HMGA2), a key regulator
of the EMT process [152]. Therefore, inhibition of miR-26a in lung epithelial cells determines
the induction of EMT, in which the epithelial cells acquire the features of the mesenchymal
phenotype and thus transform into myofibroblasts. Interestingly, the overexpression of
miR-26a reduced the EMT process triggered by TGF-β in adenocarcinoma A259 cells [153].
An interesting study has evidenced that, in mice exposed to silicone to induce pulmonary
fibrosis, an overexpression of miRNA let-7d led to a reduction in HMGA2 expression and
inhibition of EMT; while the suppression of miRNA let-7d augmented HMGA2 expression
and triggered silica-induced EMT [154].

Additionally, Wang and colleagues have demonstrated that overexpression of miR-221
diminished the expression of HMGA2, reducing the EMT events in A549 and human
bronchial epithelium (HBE) cell lines [155]. Therefore, using a mouse model of bleomycin
(BLM)-induced pulmonary fibrosis confirmed the effect of miR-221 on the EMT process.

Recent experiments performed by Li and collaborators in radiation-induced pul-
monary fibrosis (RIPF) have isolated extracellular vehicles (EVs) derived from mouse
mesenchymal stem cells (mMSC-Exos) and examined their effects both in vitro and in vivo.
The results obtained showed that mMSC-Exos protect cells and reverse the EMT process
induced by radiation.

Interestingly and correlated with these data is the finding that miR-466f-3p in de-
534 EVs separated from mMSC-Exos inhibited radiation-induced evolution by inhibiting
AKT/GSK3β through c-MET [156].

In recent years, an interesting study conducted by Wang et al., using high-throughput
sequencing, has shown that miR-155–5p is significantly downregulated in RIPF and acts as a
key regulator of RIPF via the GSK-3β/NF-κB pathway. Blocking glycogen synthase kinase-
3β (GSK-3β), a functional target of miR-155–5p, reversed radiation-induced EMT through
the NF-κB pathway, preventing the progression of RIPF [157]. This suggests that ectopic
expression of miR-155–5p reduces RIPF in mice through the GSK-3β/NF-κB pathway.
These data were confirmed by recent findings in which it was demonstrated that ionizing
radiation (IR) impeded the transcription of miR-486–3p, which determines the activation
of EMT target genes such as Snail, leading to the induction of EMT in radiation-induced
pulmonary fibrosis [158].

In addition, Liang et al. have demonstrated that miR-541-5p repression through
Myeloid Zinc Finger 1 (MZF1) factor, an important transcriptional repressor, triggers
the EMT process induced by irradiation, contributing to RIPF. In particular, miR-541-5p
modulates the effect of the Slug gene on the EMT process. Irradiation activates MZF1 to
downregulate miR-541-5p in alveolar epithelial cells, and hence induces EMT, contributing
to RIPF by targeting Slug [158].

Therefore, using bioinformatics analysis, it was found that Fos-related antigen 1 (Fra-1)
is a potential target of miR-34c-5p. The miR-34c-5p/Fra-1 axis represses the induction of
the PTEN/PI3K/AKT signaling pathway and inhibits the EMT process [159]. This result
can provide a promising therapeutic approach to alleviate the progression of pulmonary
fibrosis. Recent studies have highlighted the role of miR-21 as a profibrotic factor since
its upregulation was noted in patients with severe fibrosis kidney disease. MiR-21 influ-
ences the expression of different metalloproteinases (MMPs) through the downregulation
of PTEN during TGF-β1-promoting EMT [160]. Furthermore, the inhibition of miR-21
reduces the induction of profibrotic genes in human podocytes and tubular cells in renal
diseases [161,162]. Therefore, miR-21 modulates the TGF-β pathway, but TGF-β1 can also
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induce the expression of miR-21 through Smad signaling [163]. Microarray analysis has
evidenced that upregulation of miR-21 in tubular epithelial cells depends on activation of
TGF-β/Smad3 signaling. These data were confirmed in normal and Smad3 knockdown
tubular epithelial cells wherein the suppression of Smad3, but not of Smad2, prevented
cells from upregulating miR-21 in response to TGF-β [163,164]. Upregulation of miR-21
involves different mechanisms in promoting renal fibrosis, such as the decrease in dimethy-
larginine dimethylaminohydrolase 1 (DDAH1) expression. This leads to an elevated level
of asymmetric dimethylarginine (ADMA), which is an endogenous repressor of nitric oxide
synthase (NOS), thus diminishing the production of NO [165]. Emerging evidence has
revealed an elevated expression of miR-34a in renal fibrosis. miR-34a directly links to
the 3′ UTR of Klotho mRNA, leading to the downregulation of Klotho that preserves the
kidneys against severe and chronic failure, thus contributing to renal fibrosis [165–167].
The overexpression of miR-34a-5p in the kidney tissues of patients suffering from type 2
diabetes mellitus and mice affected by diabetic nephropathy (DN) was associated with Ski-
related novel gene (SnoN) downregulation and, thus, with the activation of EMT-dependent
fibrosis [168]. MiR-130a-3p plays a pro-fibrotic role; indeed, it is implicated in the mod-
ulation of EMT and provokes severe TGF-β1-induced fibrosis in renal tubular epithelial
cells [169]. Furthermore, the repression of miR-130a-3p was found to be linked with a
marked reduction in α-SMA and vimentin, as well as an increase in levels of E-cadherin
expression. Moreover, in vitro studies have evidenced the central role of miR-130a-3p in
the modulation of Smads, which are implicated in the TGF-β signaling pathway in the
course of renal fibrosis evolution [169].

Another study conducted by Bai et al. has evidenced that the overexpression of miR-
27b-3p significantly reduced TGF-β1-dependent EMT through the decrease in mesenchymal
factors in cell cultures [170]. These findings evidenced that augmented expression of miR-
27b-3p avoids renal fibrosis through EMT suppression. Therefore, overexpression of miR-
27b-3p diminished the expression of p-STAT1 and STAT1 [170], promoting renal fibrosis
induced by TGF-β1. Moreover, both apoptosis and the EMT process were shown to be
involved in miR-27b-3p-mediated control of renal fibrosis. In addition, the overexpression
of miR-27b-3p repressed TGF-β1-induced and Fas-mediated apoptosis in human kidney
cells through the downregulation of pro-apoptotic factors such as active caspase 3, Fas, and
active caspase 8 [170].

MiR-30e expression is downregulated in diabetic nephropathy patients, and this
event is linked with an augmented EMT process in renal tubule epithelial cells. In turn,
the upregulation of this miRNA determines low levels of mesenchymal markers such
as collagen I and vimentin and elevated levels of E-cadherin expression. These findings
demonstrate that miR-30e plays an antifibrotic role and has protective activities [171].

The role of the miR-200 family in renal fibrosis is conflicting. It has been demonstrated
that miR-200 may play an antifibrotic role [172], and in fact, findings confirmed that
miR-200b suppresses TGF-β1-induced EMT through the reduction in fibronectin and the
increase in E-cadherin [173]. The suppression of the TGF-β1-induced EMT pathway was
demonstrated to be independent of TGF-β1-induced p-Smad2/3, phospho-p38, and p42/44
signaling. miR-200a is, furthermore, able to repress TGF-β2 expression, thus strongly
reducing the evolution of renal fibrosis [173].

Emerging evidence has highlighted the profibrotic role of miR-32 in liver fibrosis.
Indeed, hepatic fibrosis induced by the EMT process and influenced by MTA3 expression
in hyperglycemic conditions was inhibited by anti-miR-32. These results demonstrated that
miR-32 knockdown may ameliorate liver fibrosis progression, suggesting possible targets
for the treatment of liver fibrosis [174].

An interesting study has evaluated the effect of miR-451 in diabetic cardiomyopa-
thy influenced by endothelial to mesenchymal transition (EndMT). Growing evidence
indicates that miR-451 silencing inhibits the EndMT process in diabetic mice hearts. This
study also showed the effect of miR-451 knockdown on the reduction of hyperglycemia-
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induced EndMT in mouse cardiac endothelial cells, which led to an evident decrease in the
progression of cardiac fibrosis [175].

5.4.2. CircRNA Regulation of Fibrosis Correlated to EMT

CircRNAs are RNA molecules with a loop structure primarily produced through back-
splicing of pre-mRNA [176]. Most studies on non-coding RNAs have pointed to miRNAs
and lncRNAs; however, with progress in bioinformatics analysis and the availability of
advanced RNA-sequencing technologies, research has moved towards circRNAs. Several
findings have shown that circRNAs participate in various physiological and pathological
mechanisms through different processes [176]. Several studies have demonstrated that
circRNAs play a regulatory role in EMT-dependent pulmonary fibrosis. In an experimental
evaluation in which lung fibrosis was induced by silica, upregulation of the circRNA
CDR1as served as a sponge and inhibitor for miR-7, leading to the release of TGFBR2 and
promoting EMT [177]. Recently, Li et al. have demonstrated an elevated overexpression
of the hsa_circ_0044226 in IPF tissue [178]. Data from Qi and collaborators supported the
hypothesis that the downregulation of circRNAs has an antifibrotic effect, demonstrating
that the reduced expression of hsa_circ_0044226 attenuates pulmonary fibrosis through the
inhibition of CDC27 expression, a parental gene for hsa_circ_0044226 [179]. New findings
in this context have demonstrated that blocking circZC3H4 effectively inhibits the EMT
process and blocks the progression of pulmonary fibrosis induced by SiO2 [180].

Furthermore, circZC3H4 functions as a sponge for miR-212, modulating ZC3H4
expression and consequently inducing the EMT process [181]. These findings demonstrate
the important role of circRNAs in regulating EMT-associated pulmonary fibrosis, even if
further investigations and discoveries in this field are requested to fill these knowledge
gaps (Figure 3).

5.4.3. LncRNA Regulation of EMT Related to Fibrosis

Long non-coding RNAs (lncRNAs) represent a class of non-coding transcribed RNA
molecules of more than 200 nucleotides [182]. Accumulating evidence has highlighted the
key role of lncRNAs in the control of EMT. Furthermore, several lncRNAs act as competitive
endogenous RNAs (ceRNAs), preventing the link of miRNA to its target genes [183].

Interestingly, a recent study showed that, during the EMT process of lung epithelial
cells, elevated levels of long non-coding RNA (lncRNA)-ATB were detected, lncRNA
activated by TGF-β, which may lead to decreased levels of miR-200c. The inhibitory role
of lncRNA-ATB on miR-200c was also demonstrated in silica-induced EMT-dependent
pulmonary fibrosis [184]. Furthermore, it has been demonstrated that miR-200c is able to
target ZEB1, to enhance E-cadherin levels, and subsequently inhibit the EMT process, thus
potentially ameliorating silicosis [184].

Xu et al. (2021) have demonstrated that lncRNA-ATB has pro-fibrotic effects by
downregulating miR-29b-2-5p and miR-34c-3p in vitro. This effect was supported by the
observation that the overexpression of miR-29b-2-5p or miR-34c-3p inhibits the pro-fibrotic
effects of lncRNA-ATB and thus attenuates the induction of EMT [185].

Sun et al. identified a large number of upregulated and downregulated long non-
coding RNAs (lncRNAs) in lung tissue induced by paraquat (1,1-dimethyl-4,4-bipyridyl
dichloride), a herbicide that can be fatal to humans and, in particular, can induce pulmonary
fibrosis. The authors identified Zeb2 and Hoxa3, modulators of EMT, as target genes of
two upregulated lncRNAs: uc.77 and 2700086A05Rik. These findings underline the crucial
role of lncRNAs in the regulation of EMT during lung fibrosis [186].

Wang et al. (2022) discovered that the lncRNA miR99AHG functions as a competitive
endogenous RNA (ceRNA) with miR-136–5p. As a consequence, ubiquitin-specific protease
4 (USP4) is less degraded by miR-136-5p. This determines the regulation of the expression
of angiotensin-converting enzyme 2 (ACE2), a downstream target gene of USP4, and
activation of the EMT process in the alveolar epithelial cells type II [187].
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Zhan and collaborators have investigated the role of lncRNA MEG3 in a rat model of
lung fibrosis induced by nickel oxide nanoparticles (NiO NPs) via activating TGF-β1, which
was associated with the activation of the EMT process. The study showed that lncRNA
MEG3 suppressed the TGF-β1 pathway, the EMT process, and collagen accumulation [188].

Intriguingly, findings have shown that the lncRNA ZEB1 antisense RNA 1 (ZEB1-AS1)
was upregulated in a rat model of BLM-induced pulmonary fibrosis and in TGF-β1-induced
alveolar type II epithelial (RLE-6TN) cells. Silencing of ZEB1-AS1 inhibited the induction
of EMT and reduced BLM-induced fibrogenesis [189].

Several other lncRNAs can be involved in liver fibrosis. In particular, GAS5 acts as a
sponge platform for miR-23a through the PTEN/PI3K/Akt pathway, which could slow
down the progression of hepatic fibrosis [190]. Chen and collaborators have discovered that
Meg8 lncRNA is overexpressed in activated HSC, injured hepatocytes, and fibrotic livers.
Furthermore, knockdown of Meg8 significantly inhibited the expression of epithelial factors
and induced the expression of mesenchymal markers in hepatocytes [191]. (Figure 3). All of
the data reported and related to epigenetic involvement of ncRNAs in EMT-related fibrosis
are summarized in Table 1.

Table 1. microRNA regulation of EMT-dependent fibrosis.

ncRNAs Target Action Modes Outcomes References

miR-26a HMGA2 Downregulation of miR-26a
promotes EMT process Pulmonary fibrosis [152]

miRNA let-7d reduces HMGA2
expression

Overexpression of miRNA
let-7d inhibits EMT process

Silicone-induced
lung fibrosis [154]

miR-221 reduces HMGA2
expression

Overexpression of miR-221
inhibits EMT process

Bleomycin
(BLM)-induced

pulmonary fibrosis
[155]

miR-466f-3p mMSCs-exo
Antifibrotic features of

miR-466f-3p that prevent
radiation-induced EMT

Radiation-induced
pulmonary fibrosis [156]

miR-155–5p GSK-3β

Downregulation of
miR-155–5p in

radiation-induced
pulmonary fibrosis

Radiation-induced
pulmonary fibrosis [157]

mir-486–3p Snail gene Downregulation of mir-486–3p
promotes EMT process

Radiation-induced
pulmonary fibrosis [158]

miR-541-5p MZF1, Slug gene miR-541-5p repression induces
EMT process

Radiation-induced
pulmonary fibrosis [158]

miR-34c-5p Fra-1
miR-34c-5p/Fra-1 axis
represses activation of

EMT process
Pulmonary fibrosis [159]

miR-21
MMPs, activation of

TGF-β/Smad3
signaling

Upregulation of miR-21
induces TGF-β1,
promoting EMT

Kidney fibrosis [160,163,164]

miR-21 DDAH1

Upregulation of miR-21
decreases DDAH1 and

increases ADMA, diminishing
the production of NO

Kidney fibrosis [165]

miR-34a 3′ UTR of Klotho
mRNA

Increased expression of
miR-34a downregulates Kloto Kidney fibrosis [154]

miR-34a-5p SnoN

Overexpression of miR-34a-5p
determines the

downregulation of SnoN and
induction of EMT

Kidney fibrosis [168]

17



Int. J. Mol. Sci. 2024, 25, 2775

Table 1. Cont.

ncRNAs Target Action Modes Outcomes References

miR-130a-3p Smads
Downregulation of

miR-130a-3p modulates Smads,
induction of EMT

Kidney fibrosis [169]

miR-27b-3p α-SMA, fibronectin,
collagen III, vimentin

Overexpression of miR-27b-3p
reduces EMT process.

Overexpression of miR-27b-3p
reduces p-STAT1 and STAT1

induces EMT.

Kidney fibrosis [170]

miR-30e
Downregulation of miR-30e

expression in diabetic
nephropathy, increases EMT

Kidney fibrosis [171]

miR-200b
miR-200b inhibits

TGF-β1-induced EMT,
ameliorates renal fibrosis

Kidney fibrosis [172]

miR200a
miR-200a represses TGF-β2
expression, inhibiting the

development of renal fibrosis
Kidney fibrosis [172,173]

miR-32 MTA3 Profibrotic role of miR-32 Liver fibrosis [174]

miR-451 Induced by EndMT Cardiac fibrosis [175]

CDR1 sponge for miR-7 Upregulation of CDR1
promotes EMT process

Silica-induced
pulmonary fibrosis [177]

hsa_circ_0044226 CDC27
Upregulation of

hsa_circ_0044226
promotes EMT

Idiopatic pulmonary
fibrosis [178]

circZC3H4 sponge for miR-212
Modulation of ZC3H4

expression induces
EMT process

Idiopatic pulmonary
fibrosis [181]

lncRNA-ATB sponge for miR-200c lncRNA-ATB promotes
EMT program

Silica-induced
pulmonary fibrosis [184]

uc.77 and
2700086A05Rik Zeb2 and Hoxa3

Upregulation of uc.77 and
2700086A05Rik induces

EMT process
Pulmonary fibrosis [186]

lncRNA
miR99AHG miR-136–5p

miR99AHG regulates the
expression of ACE2, a target
gene of USP4, and induces

EMT process

Pulmonary fibrosis [187]

lncRNA MEG3
MEG3 induces NiO NPs via

activating TGF-β1 and
activation of EMT process

Pulmonary fibrosis [188]

ZEB1-AS1 Upregulation of EB1-AS1
induces EMT process Pulmonary fibrosis [189]

GAS5 sponge for miR-23a Activation of PTEN/PI3K/Akt
pathway induces EMT process Hepatic fibrosis [190]

Meg8 Overepression of Meg8
promotes EMT process Hepatic fibrosis [191]

6. Conclusions and Future Perspective

This article represents an attempt to collect relevant data on the role of epigenetics in
regulating EMP/EMT-dependent fibrosis. The purpose is to arouse growing interest in
the scientific world and clarify the molecular mechanisms underlying this regulation of
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gene expression. This could identify factors predisposed to the onset of diseases related
to the triggering of the EMP/EMT program, such as cancer or inflammatory diseases.
After decades of studies, EMT is now considered a key physiological process active in
embryo genesis and a pathological mechanism triggered in fibrotic diseases and cancer.
Furthermore, recently, the meaning of EMT has also been revised by scientists, who have
identified various degrees of cellular transformation toward a mesenchymal phenotype, so
much so that they have coined the term EMP, underscoring cellular plasticity and the ability
of an epithelial cell to assume intermediate phenotypes. Recent studies have unveiled
the role of epigenetics in the control of EMP/EMT dynamics and, in general, in cellular
plasticity. Several epigenetic modifications have been identified as capable of modifying
gene transcription during the process of EMP/EMT related to fibrogenesis, adding even
more complexity to the process of EMP/EMT-dependent fibrosis, which is finely regulated
by various molecularly interconnected mechanisms. We hope that having summarized
in this review the most recent discoveries in this very innovative field will provide new
perspectives on molecular aspects and therapeutic approaches intended to regulate and
reverse the EMP/EMT-dependent fibrotic process.
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Abstract: Airway remodeling caused by asthma is characterized by structural changes of subepithe-
lial fibrosis, goblet cell metaplasia, submucosal gland hyperplasia, smooth muscle cell hyperplasia,
and angiogenesis, leading to symptoms such as dyspnea, which cause marked quality of life de-
terioration. In particular, fibrosis exacerbated by asthma progression is reportedly mediated by
epithelial-mesenchymal transition (EMT). It is well known that the molecular mechanism of EMT
in fibrosis of asthmatic airway remodeling is closely associated with several signaling pathways,
including the TGF-β1/Smad, TGF-β1/non-Smad, and Wnt/β-catenin signaling pathways. However,
the molecular mechanism of EMT in fibrosis of asthmatic airway remodeling has not yet been fully
clarified. Given that Cl− transport through Cl− channels causes passive water flow and consequent
changes in cell volume, these channels may be considered to play a key role in EMT, which is
characterized by significant morphological changes. In the present article, we highlight how EMT,
which causes fibrosis and carcinogenesis in various tissues, is strongly associated with activation
or inactivation of Cl− channels and discuss whether Cl− channels can lead to elucidation of the
molecular mechanism of EMT in fibrosis of asthmatic airway remodeling.

Keywords: asthma; airway; fibrosis; epithelial to mesenchymal transition; Cl− channel; cell volume

1. Introduction

Asthma is one of the most common chronic diseases in the world; around 300 million
people globally are asthmatic [1]. Patients with asthma experience respiratory symptoms
such as wheezing, shortness of breath, chest tightness, and coughing. Asthma is a conse-
quence of the complex interaction of genetic and environmental factors, and its attack and
exacerbation are caused by various triggers, such as allergens, cold air, and tobacco [2,3].
The first choice for asthma treatment is the use of inhaled corticosteroids. Low to moderate
doses of inhaled corticosteroids can be used to control symptoms in a large number of
asthmatic patients. However, for approximately 5–10% of asthmatic patients, even if they
inhale the maximum dose of corticosteroids, their symptoms cannot be relieved due to
poor steroid responsiveness and/or persistent invasion of inflammatory cells into the air-
ways [4]. The quality of life of these patients has been significantly reduced by the physical
burdens of asthma, such as the frequent exacerbations of symptoms and the decrease in
respiratory function. They have limited treatment options available, and severe asthma
with uncontrolled symptoms leads to death [5]. Therefore, elucidation of the mechanism of
asthma is urgently needed.

Asthma is a chronic inflammatory disease that causes airway remodeling, which is
characterized by subepithelial fibrosis, goblet cell metaplasia, basement membrane thicken-
ing, smooth muscle cell hyperplasia, and angiogenesis [6–12]. Among them, subepithelial
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fibrosis worsens as the asthma disease progresses, and epithelial-to-mesenchymal transition
(EMT) has been suggested as an important source of fibroblasts that contribute to subep-
ithelial fibrosis [13,14]. This EMT process leads to the migration of an increased number of
mesenchymal cells into the subepithelial fibroblast layers, leading to subepithelial fibrosis.

EMT is a phenomenon in which non-motile epithelial cells transdifferentiate into
motile mesenchymal cells. Epithelial cells tightly adhere to neighboring cells by forming
cell adhesion apparatus such as tight junctions, adherence junctions, and desmosome
junctions [15]. On the basal side, epithelial cells are attached to the basement membrane
by hemidesmosome junctions. These junctional complexes are critical for maintaining
both apical-basal and cytoskeletal polarity within epithelial cells. On the other hand,
mesenchymal cells lack apical-basal and cytoskeletal polarity. They exhibit a spindle-like
morphology and extend actin-rich membrane projections that facilitate cellular motility.
These projections contain sheet-like membrane protrusions called lamellipodia, on the edge
of which are spike-like extensions called filopodia [16]. Actin-rich invadopodia cause the
degradation of the extracellular matrix, thereby facilitating cell invasion [16,17]. Epithelial
cells express cell adhesion molecules such as E-cadherin and ZO-1, while mesenchymal
cells lack such expression and exhibit reduced intercellular adhesion. Therefore, during
EMT, both polarity and adhesion to surrounding cells and basement membranes are greatly
diminished. As a result, they gain enhanced migration and invasion capabilities, leading to
their transformation into mesenchymal cells. EMT plays a critical role in diverse in vivo
activities, including fibrosis, cancer metastasis, early embryonic development, and tissue
repair [18]. A large number of studies have investigated the mechanism of EMT and
identified TGF-β1 as an inducer of EMT. When epithelial cells are stimulated with TGF-
β1, both the Smad and non-Smad signaling pathways are activated, and consequently,
the expression of transcription factors such as SNAIL1, Slug, ZEB1, ZEB2, and TWIST
is induced, leading to EMT. In addition, various signaling pathways including the Wnt
signaling pathway are also reported to be involved in EMT [19]. However, since the
molecular mechanism of EMT has not yet been fully clarified, the detailed elucidation of its
molecular mechanism will help to suppress subepithelial fibrosis and ultimately lead to
novel therapeutic agents for severe asthma.

The Cl− channels have been reported to play important roles in various physiological
phenomena that occur in vivo by transporting Cl−. There are various types of Cl− channels
that open or close in response to cell membrane potential, intracellular Ca2+ concentration,
cell volume changes, ligands, and cAMP. Cl− channels are expressed in all types of cells
and are widely involved in basic cell functions, such as cell volume regulation [20–22],
cell migration [23], cell proliferation [22], cell death [22,24], and production [25]. In cell
volume regulation, the transport of Cl−, K+, and Na+ via channel, transporter, and/or
pump induces passive water flow, leading to cell volume changes such as cell swelling or
shrinkage [20,21]. In particular, the volume-sensitive outwardly rectifying Cl− channels
(VSOR) are activated after cell swelling caused by hypotonicity. When the cell is swollen
by hypotonicity, the extracellular efflux of Cl− through VSOR and that of K+ cause the
efflux of water molecules from the cell, returning it to its original cell volume [20,21]. It has
been reported that Cl− channels that function as VSOR include LRRC8, Ca2+-dependent
Cl− channels such as some TMEM16 members and tweety homologs (TTYH1, TTYH2,
and TTYH3), and voltage-dependent Cl− channels such as ClC-2 and ClC-3. These Cl−

channels are deeply involved in the regulation of cell volume. On the other hand, it has
also been reported that Cl− channels such as ClC-2, ClC-3, and some TMEM16A members
are not associated with a role as VSOR [20–22,26–28]. Since cell size in each organ and
tissue is determined by developmental programs and exhibits a unique cell volume, there
is a high possibility that Cl− channels regulate the cell volume and are involved in cell fate
decisions during cell differentiation, transdifferentiation, and embryogenesis. In recent
years, it has been reported that Cl− channels are involved in cell differentiation [29–31],
transdifferentiation [32,33], and EMT that causes carcinogenesis and fibrosis [34–36]. Thus,
EMT caused by the regulation of Cl− channels is thought to be closely related to changes
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in cell volume. We previously reported that dysfunction of an unspecified number of Cl−

channels changes cell volume and promotes EMT in oral squamous cell carcinoma through
the activation of the Wnt/β-catenin signaling pathway [34]. Lamouille et al. also reported
that cell volume is changed by TGF-β1 during EMT [37]. These reports raise the possibility
that Cl− channels and TGF-β1 regulate cell volume and cause EMT. Some studies have
reported that EMT, which causes fibrosis, is also closely associated with Cl− channels.
Herein, we review recent EMT studies focused on Cl− channels and discuss whether Cl−

channels provide clues for elucidating the molecular mechanisms of EMT in the fibrosis of
asthmatic airway remodeling.

2. The Molecular Mechanism of EMT in Fibrosis of Asthmatic Airway Remodeling
2.1. TGF-β Signaling Pathway

TGF-β has been reported to be a key cytokine in the pathogenesis of fibroproliferative
diseases of the lungs, kidneys, or livers [38–40]. There are three isoforms (TGF-β1, -β2,
and -β3) in mammals [41,42], and most studies to date have focused on TGF-β1, which
is the most prominent isoform. TGF-β1 is known to be a potent inducer of EMT, leading
to fibrosis in tissues such as the airways [43], kidneys [44], and lungs [45]. In asthmatic
patients, the expression levels of TGF-β1 are increased in both the airway epithelium and
the airway submucosa [46,47]. It has also been reported that eosinophils are a source of
TGF-β1 [47,48]. TGF-β1 binds to the constitutively active kinase type II TGF-β receptor,
recruits type I TGF-β receptor, and causes the phosphorylation of Smad2/3 [40,43,49–51].
The phosphorylated Smad2/3 then translocates to the nucleus to regulate the transcription
of target genes, leading to the EMT or airway remodeling. The expression levels of Integrin
αvβ6 in epithelial cells have been reported to be increased in response to inflammation
stimuli, and activation of TGF-β1 and/or its expression levels are increased [51,52], leading
to the EMT. These findings suggest that EMT is caused by a complex interaction between
eosinophils, Integrin αvβ6, and TGF-β1. During EMT, epithelial cells acquire the mes-
enchymal phenotype via downregulation of the expression of epithelial markers such as
E-cadherin and up-regulation of the expression of mesenchymal markers such as SNAIL1,
which is a well-known master regulator of EMT, as well as cytoskeletal markers such as
fibronectin, αSMA, and vimentin, which are essential for enhanced motility [53,54]. On the
other hand, it has also been reported that TGF-β1 activates not only the Smad signaling
pathway but also the non-Smad signaling pathway to induce EMT. For example, TGF-β1
is known to play an important role in asthmatic airway remodeling by stimulating the
PI3K/AKT/GSK-3β signaling pathway. TGF-β1 activates PI3K and AKT, and the acti-
vation of AKT phosphorylates GSK-3β, resulting in the inactivation of GSK-3β. Since
GSK-3β negatively regulates SNAIL1, inactivation of GSK-3β leads to the activation and
nuclear translocation of SNAIL1, as well as the subsequent down-regulation of E-cadherin,
leading to the EMT. Yadav et al. reported that the inhibition of aldose reductase prevents
TGF-β1-induced EMT in airway epithelial cells and airway remodeling in ovalbumin
(OVA)-induced asthmatic model mice via inhibiting the TGF-β1/PI3K/AKT/GSK-3β sig-
naling pathway [55]. Additionally, Liu et al. reported that Lok, which is a traditional
folk medicine widely used in northwest China for asthma, inhibits EMT in OVA-induced
asthmatic model mice and TGF-β1-induced EMT in airway epithelial cells through inhibit-
ing the PI3K/AKT/HIF-1α signaling pathway [56]. These results indicate that TGF-β1
activates the PI3K/AKT signaling pathway in a Smad-independent manner during EMT,
which causes fibrosis in asthmatic airway remodeling. Although TGF-β1 has not been
shown to exert an epigenetic gene control mechanism in asthmatic airway remodeling,
TGF-β1 causes EMT by inducing the expression of DNA methyltransferases (DNMTs) such
as DNMT1, DNMT3A, and DNMT3B in upper airway remodeling caused by chronic rhinos-
inusitis, indicating that TGF-β1 exerts an epigenetic gene control mechanism. Conversely,
the DNMT inhibitor 5-Aza suppresses TGF-β1-induced EMT [57].
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2.2. Wnt Signaling Pathway

The Wnt/β-catenin signaling pathway has also been reported to contribute to EMT in
the fibrosis of asthmatic airway remodeling. Wnt binds to Frizzled receptors, leading to
the inhibition of the downstream component GSK-3β. Since GSK-3β negatively regulates
β-catenin, inhibition of GSK-3β leads to the cytosolic accumulation of β-catenin and
its translocation to the nucleus and subsequent up-regulation of transcriptional factors
such as SNAIL1, leading to EMT [13]. It has been reported that high expression levels
of Wnt family proteins and β-catenin have been detected in the airways of asthmatic
model mice. These elevated expression levels are characterized by airway remodeling,
such as subepithelial fibrosis and airway smooth muscle hyperplasia. Suppression of β-
catenin expression in the airways of asthmatic model mice attenuated airway remodeling,
including subepithelial fibrosis [58]. Furthermore, mesenchymal stem cell (MSC) injection
or MSC-derived exosome reduced EMT in the airways of asthmatic model rats through
the inhibition of the Wnt/β-catenin signaling pathway [59]. Taken together, these findings
demonstrate that the Wnt/β-catenin signaling pathway is highly expressed in asthmatic
airways and regulates the development of fibrosis. Furthermore, it has also been reported
that the specific gene expression induced by β-catenin depends on the recruitment of the
transcriptional co-activator CREB binding protein (CBP) [60]. Moheimani et al. have shown
that inhibition of complex formation between β-catenin and CBP due to the use of the small
molecule inhibitor ICG-001 results in suppression of EMT in airway epithelial cells [61].
This suggests that activation of β-catenin/CBP complexes contributes to EMT in asthmatic
airway epithelial cells.

2.3. Other Signaling Pathways

Various signaling pathways other than the TGF-β1 signaling pathway and Wnt sig-
naling pathway have been reported to be associated with EMT in fibrosis of asthmatic
airway remodeling. Zou et al. reported that the combination exposure of TGF-β1 and
house dust mites induces EMT in airway epithelial cells via activation of the SHH signaling
pathway [62]. Feng et al. demonstrated that IL-24 contributes to EMT in asthmatic model
mice via the activation of the ERK1/2 and STAT3 signaling pathways and further revealed
that IL24-mediated EMT is significantly alleviated by the inhibition of the ERK1/2 and
STAT3 signaling pathways [63]. Furthermore, the RhoA/ROCK signaling pathway has
also contributed to EMT in OVA-induced asthmatic model mice [64]. Wang et al. reported
that inhibition of the crosstalk between the TGF-β1/Smad3 and Jagged1/Notch1 signaling
pathways attenuates EMT in OVA-induced asthmatic model mice [65]. These data mean
that complex synergistic interactions between the TGF-β1/Smad3 and Jagged1/Notch1
signaling pathways facilitate EMT. Thus, the signaling pathways of EMT that cause fibrosis
in asthmatic airway remodeling are diverse and interact with one another to form complex
networks. The molecular mechanisms of EMT in fibrosis of asthmatic airway remodeling
have not yet been fully elucidated, as new signaling pathways and molecules continue to be
identified. There is a high possibility that previously unreported molecules and signaling
pathways may contribute to EMT.

3. The Roles of Cl− Channels on Morphological Changes Such as Cell Differentiation
and Transdifferentiation

Cl− channels have been reported to play important roles in cell volume regulation [20–22],
cell differentiation [29–31], and transdifferentiation [32,33]. In the cell volume regulation
mechanism, the transport of Cl−, K+, and Na+ causes a passive flow of water, resulting
in changes in cell volume such as cell swelling or shrinkage [20,21]. In particular, it has
been reported that VSOR, which is a key player in vertebrate cell volume regulation, is
activated by hypotonic stress in order to regulate cellular volume. The extracellular efflux
of Cl− through VSOR and that of K+ cause the efflux of water molecules from the cell,
returning it to its original cell volume [20,21]. Recently, members of the LRRC8 (leucine-rich
repeat-containing 8) family have been identified as the central contributors to VSOR [20,21].
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Additionally, it has been reported that TTYHs serve as LRRC8-independent VSOR [26–28].
Therefore, Cl− channels are considered to be deeply involved in morphological changes,
such as cell differentiation and transdifferentiation, that are related to cell volume changes.
In previous reports, most studies of cell differentiation and transdifferentiation triggered
by regulation of Cl− channels have not been investigated with a focus on cell volume
changes; however, those studies have suggested that Cl− channels regulate the specific
signaling pathways, the transcriptional factors, and the concentration of intracellular Cl−,
and that they contribute to control cell differentiation and transdifferentiation in a variety
of cells. For example, Hou et al. have reported that ClC-2, which is a voltage-dependent
Cl− channel, may function as an important positive regulator in oligodendrocyte precursor
cell differentiation through the regulation of various transcriptional factors such as YY1,
MRF, Sox10, and Sip1 [66]. Wang H et al. and Wang D et al. have suggested that ClC-3,
which is also a voltage-dependent Cl− channel, mediates osteogenic differentiation via
the Runx2 pathway [29,67]. Furthermore, Yin et al. reported that ClC-3 plays a role in
cell volume regulation as a VSOR and is associated with the fibroblast-to-myofibroblast
transition [68]. Chen et al. have shown that the extracellular efflux of Cl− caused by LRRC8
is activated during myogenic differentiation at an early stage, and a moderate amount
of intracellular Cl− is necessary for myoblast fusion [69]. It has also been reported that
LRRC8 promotes myoblast differentiation by regulating hyperpolarization and intracel-
lular Ca2+ signals [70]. These findings indicate that LRRC8 may control cell volume and
be closely involved in cell differentiation and transdifferentiation. Additionally, it has
been reported that cystic fibrosis transmembrane conductance regulator (CFTR) regulates
mesendoderm differentiation from embryonic stem (ES) cells via the β-catenin signaling
pathway [31]. CFTR has also been shown to control intestinal lineage differentiation from
mouse ES cells [71]. In airway epithelial cells, defective TMEM16A, a Ca2+-dependent Cl−

channel, promotes differentiation of secretory cells and goblet cells, resulting in goblet cell
metaplasia [72,73]. On the other hand, Scudieri et al. suggested that the upregulation of
TMEM16A is associated with the differentiation of goblet cells [74]. Furthermore, ClC-2 and
the chloride intracellular channel, CLIC4, control the transdifferentiation from fibroblast to
myofibroblast via the TGF-β1 signaling pathway [32,33]. These results indicate that Cl−

channels are deeply involved in morphological changes such as cell differentiation and
transdifferentiation.

4. Relationship between Cl− Channels and EMT That Causes Carcinogenesis,
Migration, and Invasion on Various Tissues

As mentioned above, Cl− channels have been reported to be closely related to mor-
phological changes such as cell differentiation and transdifferentiation. On the other hand,
there are many reports that Cl− channels are also involved in EMT, which is one of the
morphological changes and causes carcinogenesis, migration, and invasion on various
tissues. For example, the expression levels of CLCA1, which is one of the Ca2+-dependent
Cl− channels, are significantly lower in colorectal cancer tissues than in normal tissues.
Increased expression levels of CLCA1 in colorectal cancer suppress growth and metastasis
via inhibition of the Wnt/β-catenin signaling pathway in vitro and in vivo, whereas inhibi-
tion of CLCA1 causes the opposite results [75]. These results indicate that CLCA1 controls
the EMT process via the Wnt/β-catenin signaling pathway. Xin et al. have reported that
the expression levels of CLCA2, which is also a Ca2+-dependent Cl− channel, are signifi-
cantly reduced in cervical cancer cells. Furthermore, the overexpression of CLCA2 inhibits
EMT via the inactivation of the p38/JNK/ERK signaling pathway and also inhibits the
proliferation, migration, and invasion of cervical cancer cells [35]. Additionally, the expres-
sion levels of CLCA2 are significantly lower in nasopharyngeal carcinoma tissues than in
noncancerous nasopharyngeal tissues. Overexpression of CLCA2 significantly suppresses
EMT through inactivation of the FAK/ERK1/2 signaling pathway. In contrast, knockdown
of CLCA2 has the opposite effect [76]. Furthermore, CLCA4 has also been reported to
suppress EMT in esophageal cancer, colorectal cancer, liver cancer, and breast cancer by
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regulating specific signaling pathways such as the PI3K/AKT pathway [77–80]. These re-
sults indicate that the Ca2+-dependent Cl− channels CLCA1, CLCA2, and CLCA4 function
as tumor suppressors. Recently, TTYHs, which have been reported to act as VSOR, have
contributed to EMT, including migration and invasion on cholangiocarcinoma through the
Wnt/β-catenin signaling pathway [81]. TMEM16A, a Ca2+-dependent Cl− channel other
than CLCA and TTYHs, has been associated with cell proliferation, migration, invasion,
and tumor growth in various cancers such as glioblastoma [82], breast cancer [83], head and
neck cancer [84], and gastric cancer [85]. CFTR, which is a cAMP-dependent Cl− channel,
is expressed in various epithelial cells, and CFTR mutations cause cystic fibrosis. CFTR has
also been reported to be involved in the EMT of cancer cells [86,87]. Downregulation of
CFTR in breast cancer cells enhances malignant phenotypes and is deeply involved in a
poor prognosis for breast cancer [87]. Additionally, rather than focusing on a specific Cl−

channel, the inhibition of an unspecified number of Cl− channels has been reported to pro-
mote EMT in oral squamous cell carcinoma by changing the cell volume and regulating the
Wnt/β-catenin signaling pathway [34]. Taken together, the results of these reports indicate
that Cl− channels are closely involved in EMT, which causes carcinogenesis, migration,
and invasion. Thus, Cl− channels raise the possibility of contributing to EMT, which causes
fibrosis in asthmatic airway remodeling.

5. Relationship between Cl− Channels and EMT That Causes Fibrosis in the Airways
and Other Tissues

In the airways and kidneys, previous studies have reported a tight relationship be-
tween Cl− channels and EMT (Table 1). Quaresma et al. found that cystic fibrosis tissues
or cells expressing mutant CFTR display several signs of EMT activation, including de-
structured epithelial proteins, defective cell junctions, increased levels of mesenchymal
markers, and EMT-associated transcriptional factors. Furthermore, they suggested that
mutant CFTR-triggered EMT is mediated by the transcription factor TWIST1 [88]. Thus, it
is possible that temporary dysfunction or downregulation of CFTR may also cause EMT in
the fibrosis of asthmatic airway remodeling. Additionally, it has been reported that CFTR
expression decreases in unilateral ureteral obstruction (UUO)-induced kidney fibrosis in
mice and kidney fibrosis in humans. The downregulation or dysfunction of CFTR in renal
epithelial cells is a key event leading to EMT and kidney fibrosis via the aberrant activation
of the β-catenin signaling pathway. Conversely, the overexpression of CFTR alleviates
fibrotic phenotypes in the UUO model [36]. These results suggest that CFTR dysfunction is
a trigger for EMT that causes fibrosis in the airways and kidneys. Furthermore, it has been
reported that LRRC8, which functions as VSOR, is involved in EMT in renal tubular epithe-
lial cells derived from fetal kidneys. The inhibition or defectiveness of LRRC8 attenuates
TGF-β1-induced EMT phenotypes such as migration [89]. This finding suggests that cell
volume changes may actually be linked to EMT, and LRRC8 may also cause EMT in fibrosis
of the kidneys and asthmatic airways. Yang et al. have shown that overexpression of the
voltage-dependent Cl− channel ClC-5 in the UUO-induced kidney fibrosis mouse model
and TGF-β1-treated human renal tubular epithelial cells restores E-cadherin expression,
reduces vimentin expression, and inhibits EMT. Conversely, the downregulation of ClC-5
in TGF-β1-treated human renal tubular epithelial cells increases the acetylation of NF-κB
and the expression of an invasion-related gene, MMP9, and further potentiates EMT [90].
This suggests that ClC-5 is strongly involved in EMT, which causes kidney fibrosis, through
the NF-κB/MMP9 signaling pathway.

Table 1. Reports on fibrosis focusing on Cl− channels and EMT.

Author (Year) Channel Reference Number

Zhang et al. (2017) CFTR (cAMP-dependent Cl− channel) [36]

Quaresma et al. (2020) CFTR (cAMP-dependent Cl− channel) [88]

Yang et al. (2019) ClC-5 (voltage-dependent Cl− channel) [90]
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Several EMT studies focused on TRP channels and K+ channels have been reported
(Table 2). Wang et al. and Xu et al. have revealed that TRP channels, which are non-selective
cation channels that transmit not only Na+ and K+, but also Ca2+ and Mg2+, are associated
with EMT in asthma and chronic obstructive pulmonary disease [91–93]. TRP channels
are widely recognized to respond to temperature, nociceptive stimuli, touch, osmotic pres-
sure, pheromones, and other stimuli from within and outside the cell [94]. In particular,
activation of TRPC1 among TRP channels increases intracellular Ca2+ concentration, subse-
quently downregulates the expression of cytokeratin 8 and E-cadherin, and upregulates
the expression of αSMA, leading to EMT in airway epithelial cells [91]. Additionally, Pu
et al. have shown that TRPC1 promotes EMT in house dust mite (HDM)-induced asthmatic
model mice through the activation of the STAT3/NF-κB signaling pathway. It has also been
suggested that airway remodeling is alleviated through the suppression of the STAT3/NF-
κB signaling pathway in TRPC1−/− mice even after HDM challenge [93]. In addition to
TRP channels, KCa3.1, a calcium-dependent K+ channel, has been proposed as a new target
for fibrosis of the airways and lungs. The expression levels of KCa3.1 are increased in
the airway epithelium of asthmatic patients compared with those of healthy people, and
the KCa3.1 current is larger in asthmatic airway epithelial cells compared with healthy
airway epithelial cells. Several features of TGF-β1-induced EMT have been reported to
be suppressed by selective blockers of KCa3.1 [95]. These findings indicate that various
anion and cation channels control the flow of their respective ions and are involved in EMT
through the activation or inactivation of specific signaling pathways.

Table 2. Reports on fibrosis focusing on ion channels other than Cl− channels and EMT.

Author (Year) Channel Reference Number

Pu et al. (2007) TRPC1 (non-selective cation channel) [93]

Arthur et al. (2015) KCa3.1 (calcium-dependent K+ channel) [95]

These reports indicate that various Cl− channels, including LRRC8, CFTR, and ClC-5,
may be closely involved in EMT that causes fibrosis in asthmatic airway remodeling.

6. Conclusions and Future Directions

Asthmatic airways are characterized by airway remodeling such as subepithelial
fibrosis, goblet cell metaplasia, basement membrane thickening, angiogenesis, and smooth
muscle cell hyperplasia. In particular, elucidation of the mechanism of EMT that causes
fibrosis is urgently needed, since exacerbation of asthma is linked to fibrosis. The molecular
mechanism of EMT in the fibrosis of asthmatic airway remodeling has been reported to be
caused by diverse signaling pathways, including the TGF-β1 signaling pathway and the
Wnt signaling pathway. However, the EMT mechanism is driven by complex interactions
with various molecules and signaling pathways, and the molecular mechanism of EMT has
not yet been fully clarified.

Cl− channels have been reported to play an important role in cell volume regula-
tion [20–22]. In the cell volume regulation mechanism, the transport of Cl−, K+, and Na+

causes a passive flow of water, resulting in changes in cell volume such as cell swelling
or shrinkage [20,21]. In particular, it has been reported that VSOR plays a key role in
vertebrate cell volume regulation. In short, Cl− transport mediated by those Cl− channels
causes a passive flow of water, resulting in changes in cell volume. Since cell size in each
organ and tissue is determined by developmental programs and exhibits a unique cell
volume, there is a high possibility that Cl− channels regulate the cell volume and are
deeply involved in cell fate decisions such as cell differentiation, transdifferentiation, and
EMT. In fact, there have been many reports that Cl− channels are closely associated with
cell differentiation, transdifferentiation, and EMT, which causes carcinogenesis in various
tissues. Additionally, Cl− channels such as CFTR and ClC-5 have been shown to be strongly
involved in EMT leading to kidney fibrosis; therefore, there is a high possibility that Cl−

channels are involved in the fibrosis of asthmatic airway remodeling. In the near future, it
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is expected that Cl− channels will provide a new clue for elucidating the mechanism of
EMT that causes fibrosis in asthmatic airway remodeling and may become a new target
for suppressing fibrosis in patients with severe asthma. However, although it has been
suggested that Cl− channels control EMT through the activation or inactivation of specific
signal pathways such as the Wnt/β-catenin signaling pathway, there are only a limited
number of EMT studies focused on cell volume changes. We [34] and Lamouille et al. [37].
have suggested that the change in cell volume is associated with EMT. Furthermore, LRRC8,
which functions as VSOR, is involved in EMT in renal tubular epithelial cells. On the other
hand, in hearts, myocardial necrosis is caused after ischemia/reperfusion-induced myocar-
dial infarction. Uramoto et al. showed that the activation of endogenous CFTR channels in
myocardial cells suppresses myocardial necrosis [96]. This finding suggests that chloride
ions are released from myocardial cells via activated CFTR and that the cell swelling caused
by ischemia/reperfusion-induced myocardial infarction is inhibited, thereby providing
protection against necrotic myocardial injury. These reports indicate that Cl− channels
control cell volume and are involved in several phenomena. Thus, elucidating the EMT
mechanism from the perspective of cell volume changes with a focus on Cl− channels
may also provide a new clue for elucidating fibrosis in the airways of patients with severe
asthma (Figure 1). Investigating the direction of Cl− transport via Cl− channels using
patch clamps or Cl−-sensitive fluorescent dyes before and after EMT stimulation will be
the first step in clarifying the relationship between EMT and cell volume changes associ-
ated with Cl− transport. Furthermore, during the EMT process, monitoring cell size and
differentiation status in real time will help clarify the relationship between cell volume
and EMT. In addition, intentional increases or decreases in cell volume caused by hypo- or
hyper-osmolarity conditions may promote or suppress EMT. Strict control of cell volume
in some way has the potential to control not only EMT but also various morphological
changes, including cell differentiation and transdifferentiation. If a relationship between
EMT that causes fibrosis in asthmatic airway remodeling and cell volume regulation via Cl−

channels is revealed, cell volume regulation via Cl− channels will lead to a new treatment
for fibrosis in asthmatic airways.
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Figure 1. Elucidation of the EMT mechanism in fibrosis of asthmatic airway remodeling by Cl−

channel. Activation or inactivation of Cl− channels by genetic manipulation or chemical compound
changes the flow of Cl− and water molecule, leading to cell swelling or cell shrinkage. Activation
or inactivation of Cl− channels by genetic manipulation or chemical compound also activates or
inactivates specific signal pathways such as the TGF-β1/Smad signaling pathway, TGF-β1/non-Smad
signaling pathway, Wnt/β-catenin signaling pathway, SHH signaling pathway, and AKT/mTOR
signaling pathway. Consequently, Cl− channels may contribute to EMT in fibrosis of asthmatic
airway remodeling.

34



Int. J. Mol. Sci. 2024, 25, 289

Author Contributions: S.Y., the first author, wrote and reviewed the manuscript. S.M., the co-author,
conducted manuscript revision. A.H., the corresponding author, established the conception of the
study, managed and supervised the entire process, and revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Porsbjerg, C.; Melén, E.; Lehtimäki, L.; Shaw, D. Asthma. Lancet 2023, 401, 858–873. [CrossRef] [PubMed]
2. Holgate, S.T.; Wenzel, S.; Postma, D.S.; Weiss, S.T.; Renz, H.; Sly, P.D. Asthma. Nat. Rev. Dis. Primers 2015, 1, 15025. [CrossRef]

[PubMed]
3. Papi, A.; Brightling, C.; Pedersen, S.E.; Reddel, H.K. Asthma. Lancet 2018, 391, 783–800. [CrossRef] [PubMed]
4. Holgate, S.T.; Polosa, R. The mechanisms, diagnosis, and management of severe asthma in adults. Lancet 2006, 368, 780–793.

[CrossRef] [PubMed]
5. Peters, S.P.; Ferguson, G.; Deniz, Y.; Reisner, C. Uncontrolled asthma: A review of the prevalence, disease burden and options for

treatment. Respir. Med. 2006, 100, 1139–1151. [CrossRef]
6. Elias, J.A.; Zhu, Z.; Chupp, G.; Homer, R.J. Airway remodeling in asthma. J. Clin. Invest. 1999, 104, 1001–1006. [CrossRef]
7. Ordoñez, C.L.; Khashayar, R.; Wong, H.H.; Ferrando, R.; Wu, R.; Hyde, D.M.; Hotchkiss, J.A.; Zhang, Y.; Novikov, A.; Dolganov,

G.; et al. Mild and moderate asthma is associated with airway goblet cell hyperplasia and abnormalities in mucin gene expression.
Am. J. Respir. Crit. Care Med. 2001, 163, 517–523. [CrossRef]

8. Holgate, S.T. Epithelium dysfunction in asthma. J. Allergy Clin. Immunol. 2007, 120, 1233–1244. [CrossRef]
9. Liesker, J.J.; Ten Hacken, N.H.; Zeinstra-Smith, M.; Rutgers, S.R.; Postma, D.S.; Timens, W. Reticular basement membrane in

asthma and COPD: Similar thickness, yet different composition. Int. J. Chron. Obstruct. Pulmon. Dis. 2009, 4, 127–135.
10. Bourdin, A.; Neveu, D.; Vachier, I.; Paganin, F.; Godard, P.; Chanez, P. Specificity of basement membrane thickening in severe

asthma. J. Allergy Clin. Immunol. 2007, 119, 1367–1374. [CrossRef]
11. Joubert, P.; Hamid, Q. Role of airway smooth muscle in airway remodeling. J. Allergy Clin. Immunol. 2005, 116, 713–716. [CrossRef]

[PubMed]
12. McDonald, D.M. Angiogenesis and remodeling of airway vasculature in chronic inflammation. Am. J. Respir. Crit. Care Med. 2001,

164, S39–S45. [CrossRef] [PubMed]
13. Pain, M.; Bermudez, O.; Lacoste, P.; Royer, P.J.; Botturi, K.; Tissot, A.; Brouard, S.; Eickelberg, O.; Magnan, A.; Moss, R.B. Tissue

remodelling in chronic bronchial diseases: From the epithelial to mesenchymal phenotype. Eur. Respir. Rev. 2014, 23, 118–130.
[CrossRef] [PubMed]

14. Hackett, T.L. Epithelial–mesenchymal transition in the pathophysiology of airway remodelling in asthma. Curr. Opin. Allergy
Clin. Immunol. 2012, 12, 53–59. [CrossRef] [PubMed]

15. Huang, R.Y.; Guilford, P.; Thiery, J.P. Early events in cell adhesion and polarity during epithelial-mesenchymal transition. J. Cell
Sci. 2012, 125, 4417–4422. [CrossRef] [PubMed]

16. Ridley, A.J. Life at the leading edge. Cell 2011, 145, 1012–1022. [CrossRef] [PubMed]
17. McNiven, M.A. Breaking away: Matrix remodeling from the leading edge. Trends Cell Biol. 2013, 23, 16–21. [CrossRef]
18. Yang, J.; Antin, P.; Berx, G.; Blanpain, C.; Brabletz, T.; Bronner, M.; Campbell, K.; Cano, A.; Casanova, J.; Christofori, G.; et al.

Guidelines and definitions for research on epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2020, 21, 341–352.
[CrossRef]

19. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15,
178–196. [CrossRef]

20. Jentsch, T.J. VRACs and other ion channels and transporters in the regulation of cell volume and beyond. Nat. Rev. Mol. Cell Biol.
2016, 17, 293–307. [CrossRef]

21. Okada, Y.; Sabirov, R.Z.; Sato-Numata, K.; Numata, T. Cell Death Induction and Protection by Activation of Ubiquitously
Expressed Anion/Cation Channels. Part 1: Roles of VSOR/VRAC in Cell Volume Regulation, Release of Double-Edged Signals
and Apoptotic/Necrotic Cell Death. Front. Cell Dev. Biol. 2020, 8, 614040. [CrossRef] [PubMed]

22. Guan, Y.Y.; Wang, G.L.; Zhou, J.G. The ClC-3 Cl− channel in cell volume regulation, proliferation and apoptosis in vascular
smooth muscle cells. Trends Pharmacol. Sci. 2006, 27, 290–296. [CrossRef]

23. Schwab, A.; Fabian, A.; Hanley, P.J.; Stock, C. Role of ion channels and transporters in cell migration. Physiol. Rev. 2012, 92,
1865–1913. [CrossRef] [PubMed]

35



Int. J. Mol. Sci. 2024, 25, 289

24. Maeno, E.; Ishizaki, Y.; Kanaseki, T.; Hazama, A.; Okada, Y. Normotonic cell shrinkage because of disordered volume regulation
is an early prerequisite to apoptosis. Proc. Natl. Acad. Sci. USA 2000, 97, 9487–9492. [CrossRef] [PubMed]

25. Liu, C.L.; Shi, G.P. Calcium-activated chloride channel regulator 1 (CLCA1): More than a regulator of chloride transport and
mucus production. World Allergy Organ. J. 2019, 12, 100077. [CrossRef] [PubMed]

26. Bae, Y.; Kim, A.; Cho, C.H.; Kim, D.; Jung, H.G.; Kim, S.S.; Yoo, J.; Park, J.Y.; Hwang, E.M. TTYH1 and TTYH2 serve as
LRRC8A-independent volume-regulated anion channels in cancer cells. Cells 2019, 8, 562. [CrossRef]

27. Han, Y.E.; Kwon, J.; Won, J.; An, H.; Jang, M.W.; Woo, J.; Lee, J.S.; Park, M.G.; Yoon, B.E.; Lee, S.E.; et al. Tweety-homolog (Ttyh)
Family Encodes the Pore-forming Subunits of the Swelling-dependent Volume-regulated Anion Channel (VRACswell) in the
Brain. Exp. Neurobiol. 2019, 28, 183–215. [CrossRef]

28. Okada, Y.; Okada, T.; Sato-Numata, K.; Numata, T. Reexamination of the roles of LRRC8 and TTYH in the molecular identity of
volume-sensitive outwardly rectifying anion channel VSOR. J. Physiol. Sci. 2020, 70, S150.

29. Wang, D.; Wang, H.; Gao, F.; Wang, K.; Dong, F. ClC-3 Promotes Osteogenic Differentiation in MC3T3-E1 Cell after Dynamic
Compression. J. Cell Biochem. 2017, 118, 1606–1613. [CrossRef]

30. Lu, X.; Ding, Y.; Niu, Q.; Xuan, S.; Yang, Y.; Jin, Y.; Wang, H. ClC-3 chloride channel mediates the role of parathyroid hormone
[1-34] on osteogenic differentiation of osteoblasts. PLoS ONE 2017, 12, e0176196. [CrossRef]

31. Liu, Z.; Guo, J.; Wang, Y.; Weng, Z.; Huang, B.; Yu, M.K.; Zhang, X.; Yuan, P.; Zhao, H.; Chan, W.Y.; et al. CFTR-β-catenin
interaction regulates mouse embryonic stem cell differentiation and embryonic development. Cell Death Differ. 2017, 24, 98–110.
[CrossRef] [PubMed]

32. Sun, L.; Dong, Y.; Zhao, J.; Yin, Y.; Zheng, Y. The CLC-2 Chloride Channel Modulates ECM Synthesis, Differentiation, and
Migration of Human Conjunctival Fibroblasts via the PI3K/Akt Signaling Pathway. Int. J. Mol. Sci. 2016, 17, 910. [CrossRef]
[PubMed]

33. Shukla, A.; Edwards, R.; Yang, Y.; Hahn, A.; Folkers, K.; Ding, J.; Padmakumar, V.C.; Cataisson, C.; Suh, K.S.; Yuspa, S.H. CLIC4
regulates TGF-β-dependent myofibroblast differentiation to produce a cancer stroma. Oncogene 2014, 33, 842–850. [CrossRef]
[PubMed]

34. Kakinouchi, K.; Yoshie, S.; Tsuji, S.; Murono, S.; Hazama, A. Dysfunction of Cl− channels promotes epithelial to mesenchymal
transition in oral squamous cell carcinoma via activation of Wnt/β-catenin signaling pathway. Biochem. Biophys. Res. Commun.
2021, 28, 95–101. [CrossRef] [PubMed]

35. Xin, W.; Zhang, J.; Zhang, H.; Ma, X.; Zhang, Y.; Li, Y.; Wang, F. CLCA2 overexpression suppresses epithelial-to-mesenchymal
transition in cervical cancer cells through inactivation of ERK/JNK/p38-MAPK signaling pathways. BMC Mol. Cell Biol. 2022, 23,
44. [CrossRef] [PubMed]

36. Zhang, J.T.; Wang, Y.; Chen, J.J.; Zhang, X.H.; Dong, J.D.; Tsang, L.L.; Huang, X.R.; Cai, Z.; Lan, H.Y.; Jiang, X.H.; et al. Defective
CFTR leads to aberrant β-catenin activation and kidney fibrosis. Sci. Rep. 2017, 7, 5233. [CrossRef]

37. Lamouille, S.; Derynck, R. Cell size and invasion in TGF-beta-induced epithelial to mesenchymal transition is regulated by
activation of the mTOR pathway. J. Cell Biol. 2007, 178, 437–451. [CrossRef]

38. Wynn, T.A. Common and unique mechanisms regulate fibrosis in various fibroproliferative diseases. J. Clin. Investig. 2007, 117,
524–529. [CrossRef]

39. Kim, K.K.; Kugler, M.C.; Wolters, P.J.; Robillard, L.; Galvez, M.G.; Brumwell, A.N.; Sheppard, D.; Chapman, H.A. Alveolar
epithelial cell mesenchymal transition develops in vivo during pulmonary fibrosis and is regulated by the extracellular matrix.
Proc. Natl. Acad. Sci. USA 2006, 103, 13180–13185. [CrossRef]

40. Guarino, M.; Tosoni, A.; Nebuloni, M. Direct contribution of epithelium to organ fibrosis: Epithelial-mesenchymal transition.
Hum. Pathol. 2009, 40, 1365–1376. [CrossRef]

41. Kubiczkova, L.; Sedlarikova, L.; Hajek, R.; Sevcikova, S. TGF-β—An excellent servant but a bad master. J. Transl. Med. 2012, 10,
183. [CrossRef] [PubMed]

42. Yu, L.; Border, W.A.; Huang, Y.; Noble, N.A. TGF-beta isoforms in renal fibrogenesis. Kidney Int. 2003, 64, 844–856. [CrossRef]
[PubMed]

43. Kamitani, S.; Yamauchi, Y.; Kawasaki, S.; Takami, K.; Takizawa, H.; Nagase, T.; Kohyama, T. Simultaneous stimulation with
TGF-β1 and TNF-α induces epithelial mesenchymal transition in bronchial epithelial cells. Int. Arch. Allergy Immunol. 2011, 155,
119–128. [CrossRef]

44. Liu, Y. Epithelial to mesenchymal transition in renal fibrogenesis: Pathologic significance, molecular mechanism, and therapeutic
intervention. J. Am. Soc. Nephrol. 2004, 15, 1–12. [CrossRef] [PubMed]

45. Kasai, H.; Allen, J.T.; Mason, R.M.; Kamimura, T.; Zhang, Z. TGF-beta1 induces human alveolar epithelial to mesenchymal cell
transition (EMT). Respir. Res. 2005, 6, 56. [CrossRef] [PubMed]

46. Vignola, A.M.; Chanez, P.; Chiappara, G.; Merendino, A.; Pace, E.; Rizzo, A.; la Rocca, A.M.; Bellia, V.; Bonsignore, G.; Bousquet, J.
Transforming growth factor-beta expression in mucosal biopsies in asthma and chronic bronchitis. Am. J. Respir. Crit. Care Med.
1997, 156, 591–599. [CrossRef] [PubMed]

47. Minshall, E.M.; Leung, D.Y.; Martin, R.J.; Song, Y.L.; Cameron, L.; Ernst, P.; Hamid, Q. Eosinophil-associated TGF-beta1 mRNA
expression and airways fibrosis in bronchial asthma. Am. J. Respir. Cell Mol. Biol. 1997, 17, 326–333. [CrossRef] [PubMed]

36



Int. J. Mol. Sci. 2024, 25, 289

48. Ijaz, T.; Pazdrak, K.; Kalita, M.; Konig, R.; Choudhary, S.; Tian, B.; Boldogh, I.; Brasier, A.R. Systems biology approaches to
understanding Epithelial Mesenchymal Transition (EMT) in mucosal remodeling and signaling in asthma. World Allergy Organ. J.
2014, 7, 13. [CrossRef]

49. Sagara, H.; Okada, T.; Okumura, K.; Ogawa, H.; Ra, C.; Fukuda, T.; Nakao, A. Activation of TGF-beta/Smad2 signaling is
associated with airway remodeling in asthma. J. Allergy Clin. Immunol. 2002, 110, 249–254. [CrossRef]

50. Wang, W.; Yang, Z.; Li, M.; Wang, Z.; Shan, Y.; Qu, Z. Six1 Promotes Epithelial-Mesenchymal Transition in Bronchial Epithelial
Cells via the TGFβ1/Smad Signalling Pathway. Int. Arch. Allergy Immunol. 2021, 182, 479–488. [CrossRef]

51. Liu, W.; Sun, T.; Wang, Y. Integrin αvβ6 mediates epithelial-mesenchymal transition in human bronchial epithelial cells induced
by lipopolysaccharides of Pseudomonas aeruginosa via TGF-β1-Smad2/3 signaling pathway. Folia Microbiol. 2020, 65, 329–338.
[CrossRef] [PubMed]

52. Munger, J.S.; Huang, X.; Kawakatsu, H.; Griffiths, M.J.; Dalton, S.L.; Wu, J.; Pittet, J.F.; Kaminski, N.; Garat, C.; Matthay,
M.A.; et al. The integrin alpha v beta 6 binds and activates latent TGF beta 1: A mechanism for regulating pulmonary
inflammation and fibrosis. Cell 1999, 96, 319–328. [CrossRef]

53. Itoigawa, Y.; Harada, N.; Harada, S.; Katsura, Y.; Makino, F.; Ito, J.; Nurwidya, F.; Kato, M.; Takahashi, F.; Atsuta, R.; et al.
TWEAK enhances TGF-β-induced epithelial-mesenchymal transition in human bronchial epithelial cells. Respir Res. 2015, 16, 48.
[CrossRef]

54. Doerner, A.M.; Zuraw, B.L. TGF-beta1 induced epithelial to mesenchymal transition (EMT) in human bronchial epithelial cells is
enhanced by IL-1beta but not abrogated by corticosteroids. Respir Res. 2009, 10, 100. [CrossRef] [PubMed]

55. Yadav, U.C.; Naura, A.S.; Aguilera-Aguirre, L.; Boldogh, I.; Boulares, H.A.; Calhoun, W.J.; Ramana, K.V.; Srivastava, S.K. Aldose
reductase inhibition prevents allergic airway remodeling through PI3K/AKT/GSK3β pathway in mice. PLoS ONE 2013, 8, e57442.
[CrossRef] [PubMed]

56. Liu, J.; Li, L.; Han, X.; Chen, Y.; Diao, J. Loke zupa decoction attenuates bronchial EMT-mediated airway remodelling in chronic
asthma through the PI3K-Akt/HIF-1α signaling pathway. Pharm. Biol. 2023, 1, 1332–1342. [CrossRef] [PubMed]

57. Park, J.H.; Shin, J.M.; Yang, H.W.; Park, I.H. DNMTs Are Involved in TGF-β1-Induced Epithelial-Mesenchymal Transitions in
Airway Epithelial Cells. Int. J. Mol. Sci. 2022, 23, 3003. [CrossRef] [PubMed]

58. Kwak, H.J.; Park, D.W.; Seo, J.Y.; Moon, J.Y.; Kim, T.H.; Sohn, J.W.; Shin, D.H.; Yoon, H.J.; Park, S.S.; Kim, S.H. The Wnt/β-catenin
signaling pathway regulates the development of airway remodeling in patients with asthma. Exp. Mol. Med. 2015, 47, e198.
[CrossRef]

59. Song, J.; Zhu, X.M.; Wei, Q.Y. MSCs reduce airway remodeling in the lungs of asthmatic rats through the Wnt/β-catenin signaling
pathway. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 11199–11211.

60. Takemaru, K.I.; Moon, R.T. The transcriptional coactivator CBP interacts with beta-catenin to activate gene expression. J. Cell Biol.
2000, 149, 249–254. [CrossRef]

61. Moheimani, F.; Roth, H.M.; Cross, J.; Reid, A.T.; Shaheen, F.; Warner, S.M.; Hirota, J.A.; Kicic, A.; Hallstrand, T.S.; Kahn, M.; et al.
Disruption of β-catenin/CBP signaling inhibits human airway epithelial-mesenchymal transition and repair. Int. J. Biochem. Cell
Biol. 2015, 68, 59–69. [CrossRef] [PubMed]

62. Zou, Y.; Song, W.; Zhou, L.; Mao, Y.; Hong, W. House dust mite induces Sonic hedgehog signaling that mediates epithelial-
mesenchymal transition in human bronchial epithelial cells. Mol. Med. Rep. 2019, 20, 4674–4682. [CrossRef] [PubMed]

63. Feng, K.N.; Meng, P.; Zou, X.L.; Zhang, M.; Li, H.K.; Yang, H.L.; Li, H.T.; Zhang, T.T. IL-37 protects against airway remodeling by
reversing bronchial epithelial-mesenchymal transition via IL-24 signaling pathway in chronic asthma. Respir. Res. 2022, 23, 244.
[CrossRef]

64. Huang, C.; Sun, Y.; Liu, N.; Zhang, Z.; Wang, X.; Lu, D.; Zhou, L.; Zhang, C. IL-27 attenuates airway inflammation and epithelial-
mesenchymal transition in allergic asthmatic mice possibly via the RhoA/ROCK signalling pathway. Eur. Cytokine Netw. 2022, 33,
13–24. [PubMed]

65. Wang, Z.; Li, L.; Wang, C.; Piao, Y.; Jiang, J.; Li, L.; Yan, G.; Piao, H. Recombinant Pyrin Domain Protein Attenuates Airway
Inflammation and Alleviates Epithelial-Mesenchymal Transition by Inhibiting Crosstalk Between TGFβ1 and Notch1 Signaling in
Chronic Asthmatic Mice. Front. Physiol. 2020, 11, 559470. [CrossRef] [PubMed]

66. Hou, X.; Zhang, R.; Wang, J.; Li, Y.; Li, F.; Zhang, Y.; Zheng, X.; Shen, Y.; Wang, Y.; Zhou, L. CLC-2 is a positive modulator of
oligodendrocyte precursor cell differentiation and myelination. Mol. Med. Rep. 2018, 17, 4515–4523. [CrossRef]

67. Wang, H.; Mao, Y.; Zhang, B.; Wang, T.; Li, F.; Fu, S.; Xue, Y.; Yang, T.; Wen, X.; Ding, Y.; et al. Chloride channel ClC-3 promotion
of osteogenic differentiation through Runx2. J. Cell Biochem. 2010, 111, 49–58. [CrossRef]

68. Yin, Z.; Tong, Y.; Zhu, H.; Watsky, M.A. ClC-3 is required for LPA-activated Cl- current activity and fibroblast-to-myofibroblast
differentiation. Am. J. Physiol. Cell Physiol. 2008, 294, C535–C542. [CrossRef]

69. Chen, L.; König, B.; Stauber, T. LRRC8 channel activation and reduction in cytosolic chloride concentration during early
differentiation of C2C12 myoblasts. Biochem. Biophys. Res. Commun. 2020, 532, 482–488. [CrossRef]

70. Chen, L.; Becker, T.M.; Koch, U.; Stauber, T. The LRRC8/VRAC anion channel facilitates myogenic differentiation of murine
myoblasts by promoting membrane hyperpolarization. J. Biol. Chem. 2019, 294, 14279–14288. [CrossRef]

71. Li, P.; Singh, J.; Sun, Y.; Ma, X.; Yuan, P. CFTR constrains the differentiation from mouse embryonic stem cells to intestine lineage
cells. Biochem. Biophys. Res. Commun. 2019, 510, 322–328. [CrossRef] [PubMed]

37



Int. J. Mol. Sci. 2024, 25, 289

72. He, M.; Wu, B.; Ye, W.; Le, D.D.; Sinclair, A.W.; Padovano, V.; Chen, Y.; Li, K.X.; Sit, R.; Tan, M.; et al. Chloride channels regulate
differentiation and barrier functions of the mammalian airway. eLife 2020, 14, e53085. [CrossRef] [PubMed]

73. Centeio, R.; Cabrita, I.; Schreiber, R.; Kunzelmann, K. TMEM16A/F support exocytosis but do not inhibit Notch-mediated goblet
cell metaplasia of BCi-NS1.1 human airway epithelium. Front. Physiol. 2023, 14, 1157704. [CrossRef] [PubMed]

74. Scudieri, P.; Caci, E.; Bruno, S.; Ferrera, L.; Schiavon, M.; Sondo, E.; Tomati, V.; Gianotti, A.; Zegarra-Moran, O.; Pedemonte,
N.; et al. Association of TMEM16A chloride channel overexpression with airway goblet cell metaplasia. J. Physiol. 2012, 590,
6141–6155. [CrossRef]

75. Li, X.; Hu, W.; Zhou, J.; Huang, Y.; Peng, J.; Yuan, Y.; Yu, J.; Zheng, S. CLCA1 suppresses colorectal cancer aggressiveness via
inhibition of the Wnt/beta-catenin signaling pathway. Cell Commun. Signal. 2017, 15, 38. [CrossRef]

76. Qiang, Y.Y.; Li, C.Z.; Sun, R.; Zheng, L.S.; Peng, L.X.; Yang, J.P.; Meng, D.F.; Lang, Y.H.; Mei, Y.; Xie, P.; et al. Along with its
favorable prognostic role, CLCA2 inhibits growth and metastasis of nasopharyngeal carcinoma cells via inhibition of FAK/ERK
signaling. J. Exp. Clin. Cancer Res. 2018, 37, 34. [CrossRef]

77. Song, X.; Zhang, S.; Li, S.; Wang, Y.; Zhang, X.; Xue, F. Expression of the CLCA4 Gene in Esophageal Carcinoma and Its Impact on
the Biologic Function of Esophageal Carcinoma Cells. J. Oncol. 2021, 2021, 1649344. [CrossRef]

78. Chen, H.; Liu, Y.; Jiang, C.J.; Chen, Y.M.; Li, H.; Liu, Q.A. Calcium-Activated Chloride Channel A4 (CLCA4) Plays Inhibitory
Roles in Invasion and Migration Through Suppressing Epithelial-Mesenchymal Transition via PI3K/AKT Signaling in Colorectal
Cancer. Med. Sci. Monit. 2019, 25, 4176–4185. [CrossRef]

79. Liu, Z.; Chen, M.; Xie, L.K.; Liu, T.; Zou, Z.W.; Li, Y.; Chen, P.; Peng, X.; Ma, C.; Zhang, W.J.; et al. CLCA4 inhibits cell proliferation
and invasion of hepatocellular carcinoma by suppressing epithelial-mesenchymal transition via PI3K/AKT signaling. Aging
(Albany NY) 2018, 10, 2570–2584. [CrossRef]

80. Yu, Y.; Walia, V.; Elble, R.C. Loss of CLCA4 promotes epithelial-to-mesenchymal transition in breast cancer cells. PLoS ONE 2013,
8, e83943. [CrossRef]

81. Xue, W.; Dong, B.; Zhao, Y.; Wang, Y.; Yang, C.; Xie, Y.; Niu, Z.; Zhu, C. Upregulation of TTYH3 promotes epithelial-to-
mesenchymal transition through Wnt/β-catenin signaling and inhibits apoptosis in cholangiocarcinoma. Cell. Oncol. 2021, 44,
1351–1361. [CrossRef] [PubMed]

82. Lee, Y.S.; Lee, J.K.; Bae, Y.; Lee, B.S.; Kim, E.; Cho, C.H.; Ryoo, K.; Yoo, J.; Kim, C.H.; Yi, G.S.; et al. Suppression of 14-3-3gamma-
mediated surface expression of ANO1 inhibits cancer progression of glioblastoma cells. Sci. Rep. 2016, 6, 26413. [CrossRef]
[PubMed]

83. Britschgi, A.; Bill, A.; Brinkhaus, H.; Rothwell, C.; Clay, I.; Duss, S.; Rebhan, M.; Raman, P.; Guy, C.T.; Wetzel, K.; et al. Calcium-
activated chloride channel ANO1 promotes breast cancer progression by activating EGFR and CAMK signaling. Proc. Natl. Acad.
Sci. USA 2013, 110, E1026–E1034. [CrossRef] [PubMed]

84. Shiwarski, D.J.; Shao, C.; Bill, A.; Kim, J.; Xiao, D.; Bertrand, C.A.; Seethala, R.S.; Sano, D.; Myers, J.N.; Ha, P.; et al. To “grow” or
“go”: TMEM16A expression as a switch between tumor growth and metastasis in SCCHN. Clin. Cancer Res. 2014, 20, 4673–4688.
[CrossRef] [PubMed]

85. Liu, F.; Cao, Q.H.; Lu, D.J.; Luo, B.; Lu, X.F.; Luo, R.C.; Wang, X.G. TMEM16A overexpression contributes to tumor invasion and
poor prognosis of human gastric cancer through TGF-beta signaling. Oncotarget. 2015, 6, 11585–11599. [CrossRef]

86. Zhang, X.; Li, T.; Han, Y.N.; Ge, M.; Wang, P.; Sun, L.; Liu, H.; Cao, T.; Nie, Y.; Fan, D.; et al. miR-125b Promotes Colorectal Cancer
Migration and Invasion by Dual-Targeting CFTR and CGN. Cancers 2021, 13, 5710. [CrossRef]

87. Zhang, J.T.; Jiang, X.H.; Xie, C.; Cheng, H.; Da, D.J.; Wang, Y.; Fok, K.L.; Zhang, X.H.; Sun, T.T.; Tsang, L.L.; et al. Downregulation
of CFTR promotes epithelial-to-mesenchymal transition and is associated with poor prognosis of breast cancer. Biochim. Biophys.
Acta 2013, 1833, 2961–2969. [CrossRef]

88. Quaresma, M.C.; Pankonien, I.; Clarke, L.A.; Sousa, L.S.; Silva, I.A.L.; Railean, V.; Doušová, T.; Fuxe, J.; Amaral, M.D. Mutant
CFTR Drives TWIST1 mediated epithelial-mesenchymal transition. Cell Death Dis. 2020, 11, 920. [CrossRef]

89. Friard, J.; Corinus, A.; Cougnon, M.; Tauc, M.; Pisani, D.F.; Duranton, C.; Rubera, I. LRRC8/VRAC channels exhibit a noncanonical
permeability to glutathione, which modulates epithelial-to-mesenchymal transition (EMT). Cell Death Dis. 2019, 10, 925. [CrossRef]

90. Yang, S.X.; Zhang, Z.C.; Bai, H.L. ClC-5 alleviates renal fibrosis in unilateral ureteral obstruction mice. Hum. Cell. 2019, 32,
297–305. [CrossRef]

91. Wang, J.; He, Y.; Yang, G.; Li, N.; Li, M.; Zhang, M. Transient receptor potential canonical 1 channel mediates the mechanical
stress-induced epithelial-mesenchymal transition of human bronchial epithelial (16HBE) cells. Int. J. Mol. Med. 2020, 46, 320–330.
[CrossRef] [PubMed]

92. Xu, F.; Liu, X.C.; Li, L.; Ma, C.N.; Zhang, Y.J. Effects of TRPC1 on epithelial mesenchymal transition in human airway in chronic
obstructive pulmonary disease. Medicine 2017, 96, e8166. [CrossRef] [PubMed]

93. Pu, Q.; Zhao, Y.; Sun, Y.; Huang, T.; Lin, P.; Zhou, C.; Qin, S.; Singh, B.B.; Wu, M. TRPC1 intensifies house dust mite–induced
airway remodeling by facilitating epithelial-to-mesenchymal transition and STAT3/NF-κB signaling. FASEB J. 2019, 33, 1074–1085.
[CrossRef] [PubMed]

94. Venkatachalam, K.; Montell, C. TRP channels. Annu. Rev. Biochem. 2007, 76, 387–417. [CrossRef]

38



Int. J. Mol. Sci. 2024, 25, 289

95. Arthur, G.K.; Duffy, S.M.; Roach, K.M.; Hirst, R.A.; Shikotra, A.; Gaillard, E.A.; Bradding, P. KCa3.1 K+ Channel Expression and
Function in Human Bronchial Epithelial Cells. PLoS ONE 2015, 10, e0145259. [CrossRef]

96. Uramoto, H.; Okada, T.; Okada, Y. Protective role of cardiac CFTR activation upon early reperfusion against myocardial infarction.
Cell Physiol. Biochem. 2012, 30, 1023–1038. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

39



Citation: Mottais, A.; Riberi, L.; Falco,

A.; Soccal, S.; Gohy, S.; De Rose, V.

Epithelial–Mesenchymal Transition

Mechanisms in Chronic Airway

Diseases: A Common Process to

Target? Int. J. Mol. Sci. 2023, 24,

12412. https://doi.org/10.3390/

ijms241512412

Academic Editors: Irmgard Tegeder,

Margherita Sisto and Sabrina Lisi

Received: 15 May 2023

Revised: 30 July 2023

Accepted: 1 August 2023

Published: 3 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Epithelial–Mesenchymal Transition Mechanisms in Chronic
Airway Diseases: A Common Process to Target?
Angélique Mottais 1 , Luca Riberi 2, Andrea Falco 2, Simone Soccal 2, Sophie Gohy 1,3,4,† and Virginia De Rose 5,*,†

1 Pole of Pneumology, ENT, and Dermatology, Institute of Experimental and Clinical Research,
Université Catholique de Louvain, 1200 Brussels, Belgium; angelique.mottais@uclouvain.be (A.M.);
sophie.gohy@uclouvain.be (S.G.)

2 Postgraduate School in Respiratory Medicine, University of Torino, 10124 Torino, Italy;
luca.riberi@unito.it (L.R.); andrea.falco@unito.it (A.F.); simone.soccal@unito.it (S.S.)

3 Department of Pneumology, Cliniques Universitaires Saint-Luc, 1200 Brussels, Belgium
4 Cystic Fibrosis Reference Centre, Cliniques Universitaires Saint-Luc, 1200 Brussels, Belgium
5 Department of Molecular Biotechnology and Health Sciences, University of Torino, 10126 Torino, Italy
* Correspondence: virginia.derose@unito.it
† These authors contributed equally to this work.

Abstract: Epithelial-to-mesenchymal transition (EMT) is a reversible process, in which epithelial
cells lose their epithelial traits and acquire a mesenchymal phenotype. This transformation has been
described in different lung diseases, such as lung cancer, interstitial lung diseases, asthma, chronic
obstructive pulmonary disease and other muco-obstructive lung diseases, such as cystic fibrosis and
non-cystic fibrosis bronchiectasis. The exaggerated chronic inflammation typical of these pulmonary
diseases can induce molecular reprogramming with subsequent self-sustaining aberrant and excessive
profibrotic tissue repair. Over time this process leads to structural changes with progressive organ
dysfunction and lung function impairment. Although having common signalling pathways, specific
triggers and regulation mechanisms might be present in each disease. This review aims to describe
the various mechanisms associated with fibrotic changes and airway remodelling involved in chronic
airway diseases. Having better knowledge of the mechanisms underlying the EMT process may help
us to identify specific targets and thus lead to the development of novel therapeutic strategies to
prevent or limit the onset of irreversible structural changes.

Keywords: epithelial-to-mesenchymal transition; fibrosis; chronic airway diseases; remodelling

1. Introduction

Epithelial-to-mesenchymal transition (EMT) is defined as a reversible cellular com-
plex process, during which epithelial cells lose the classic epithelial markers, acquire a
mesenchymal phenotype and are then able to produce extracellular matrix (ECM) [1]. This
process, initially identified in embryonic development (type I), is also involved in tissue
repair and fibrogenesis (type II) or tumour progression (type III) [2–5]. Several conditions,
including chronic inflammation, can induce this molecular reprogramming, followed by the
subsequent induction of self-perpetuating profibrotic, pro-remodelling and pro-neoplastic
events [4]. EMT has been described in the pathophysiology of different lung diseases,
such as lung cancer and its progression [6–8], interstitial lung diseases [9], asthma [10]
and chronic obstructive pulmonary disease (COPD) [11]. More recently, it has also been
described in other muco-obstructive lung diseases, such as cystic fibrosis (CF) [12] and
non-cystic fibrosis bronchiectasis (NCFB).

Chronic obstructive airway diseases are characterised by different complex mecha-
nisms underlying their airway changes and remodelling [13]. Although fibrosis does not
play the key role observed in interstitial lung diseases [14], this process and its associated
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mechanisms, including EMT, appears to be crucial in pathological airway alterations lead-
ing to the remodelling, distortion and narrowing of the airways as well as the subsequent
lung function impairment observed in these diseases.

The aim of this review is to focus on EMT molecular mechanisms and their associated
airway remodelling involved in chronic airway diseases, including bronchial asthma and
muco-obstructive lung diseases, such as CF, NCFB and COPD. We believe in fact that
this is a quite neglected area of research and tried to highlight the fields on which future
research should focus. The following MeSH terms were used for this review in the selected
databases (PubMed and ResearchGate): epithelial mesenchymal transition; asthma; chronic
obstructive pulmonary disease; cystic fibrosis; non-cystic fibrosis bronchiectasis; airway
remodelling; airway fibrosis and airway diseases. We have excluded studies published in
a language other than French, Italian or English. We have also excluded studies talking
about cancer-associated EMT in lung disease.

2. Common Genetic and Biochemical Mechanisms of EMT

Three different types of EMT have been described depending on the biological or
pathophysiological context [15,16]. Type I EMT is involved in embryogenesis and partici-
pates in organogenesis, such as the formation of the mesoderm during gastrulation and
the delamination of the neural crest [17,18]. During embryogenesis, epithelial cells engage
in several successive cycles of EMT and mesenchymal–epithelial transition. Type III EMT
is associated with cancer progression [19]. Finally, type II EMT, which we will discuss
in this review, is important for tissue regeneration and organ fibrosis. When exposed to
pathogens or a toxic agent, the epithelium is damaged, and it will seek to rebuild itself. To
repair the wound, basal cells migrate, proliferate and finally differentiate to reconstruct
a pseudostratified respiratory epithelium. Chronic aggression and/or excessive inflam-
mation leads to fibrogenesis. Fibrosis is characterised by the proliferation and activation
of fibroblasts and myofibroblasts as well as the production of an excessive and abnormal
extracellular matrix (ECM) [20]. Myofibroblasts originating from specialised epithelial cell
populations during EMT have profibrotic and pro-inflammatory activity; these cells are
involved in production of ECM components, as well as in matrix remodelling through the
production of proteins, such as MMPs and the tissue inhibitors of metalloproteinases [21].
Myofibroblasts can originate from multiple other sources besides epithelial–mesenchymal
transition, including differentiation from local fibroblasts, the recruitment of fibrocytes from
bone marrow, endothelial–mesenchymal transition or from macrophages (i.e., macrophage–
mesenchymal transition (MMT)) as well as from pericytes that are also able to differentiate
into myofibroblasts [22].

Genetic and biochemical elements are common in the generation of different types
of EMT, a process that is characterised by molecular reprogramming involving the loss
of expression of epithelial proteins (e.g., E-cadherin, claudin and occludin) and the acti-
vation of mesenchymal genes, such as α-smooth muscle actin (α-SMA), N-cadherin and
vimentin, which further lead to the loss of intercellular junctions (e.g., adherence junctions,
tight junctions and desmosomes) and thus of epithelial cell polarity [23]. This molecular
reprogramming is regulated by the activation of different transcription factors (TFs), such
as SNAIL factors, Zinc-finger E-box-binding (ZEB) factors and TWIST factors [23,24].

The factors inducing EMT are multiple, and they are type- and organ-dependent. The
pulmonary type II EMT results primarily from chronic lung inflammation, and it involves
many pro-inflammatory actors (such as inflammatory cells, cytokines, chemokines and
growth factors (GFs)) and different signal pathways, as summarised in Figure 1 [7,11].

The most widely described EMT-inducing factor is Transforming Growth Factor-β
(TGF-β). The TGF-β family contains 33 TGF-β-related proteins, including 3 TGF-β iso-
forms (TGF-β1, 2 and 3). The proteins of the TGF-β family have multiple functions at the
cellular and developmental level [25–27] as well as in the pathogenesis of diseases [28,29].
In the lung, TGF-β isoforms are involved in embryogenesis, including lung tissue devel-
opment as well as in inflammation and tissue repair [30,31]. TGF-β1 is the first isoform
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to have been identified [25], and it has been found to play a crucial role in fibrotic lung
diseases [26,32–37], particularly in airway remodelling [38,39]. Moreover, TGF-β1 is in-
volved in the regulation of ECM components, as well as in fibroblast activation and in
myofibroblast differentiation [40,41]. After synthesis, TGF-β dimerises via a disulphide
bond and associates with the latency-associated peptide, which can attach to the latent
TGF-β-binding protein [42]. These latent complexes are in a biologically inactive form that
can be cleaved by various proteases to release active TGF-β [43]. The binding of TGF-β
to its receptor (TGFBR1/2) can trigger two signalling pathways, the canonical SMAD-
dependent pathway and the non-canonical pathways, which include phosphoinositide
3-kinase (PI3K/AKT) and mitogen-activated protein kinase (RAS/MAPK) (Figure 1). These
two signal cascades lead to the repression of genes involved in the expression of epithelial
phenotype and the activation of the expression of a mesenchymal phenotype.
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known as transcriptional-factor EMT inducers (e.g., SNAIL or ZEB, and miRNAs) that repress genes
encoding epithelium-specific proteins, such as components of tight junctions (occludin, claudin
and JAM-1), adhesion junctions and desmosomes, and activate mesenchyme-specific genes, such as
N-cadherin and vimentin. These transcriptional changes lead to the reorganisation of the cytoskeleton
and the production of ECM (created with BioRender.com and inspired by [7,11]). ERK, extracellu-
lar signal-regulated kinases; FZD, fizzled; GF, growth factor; JAM, junctional adhesion molecule;
MAPK, mitogen-activated protein kinase; miRNA, microRNA; MMP, matrix metalloproteinase; PI3K,
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anchor for receptor activation; SHH, Sonic Hedgehog; SMO, Smoothened protein; TGF, Transforming
Growth Factor-β; WNT, wingless/integrated; ZEB, Zinc-finger E-box-binding.

Other signalling pathways activating TFs, such as the WNT/β-catenin [44,45] or Sonic
Hedgehog (SHH) pathways may also be involved in the induction of EMT [46–49]. The
binding of WNT to its receptor induces the release of β-catenin, which, once stabilised,
migrates into the nucleus to regulate target genes. The binding of the SHH ligand to the
Patched protein releases the Smoothened protein from the repressive action of the latter,
resulting in the dissociation of the cytoplasmic complex, thus preventing the degradation
of TFs that activate or repress the target genes.
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Other GFs, such as the Platelet-derived Growth Factor (PDGF) [50], TGF-α [51–53],
Fibroblasts Growth Factor-β (FGF-β) [54], Epidermal Growth Factor (EGF) [55–57] and
Connective Tissue Growth Factor; and mediators, such as Transglutaminase-2 (TG2) [58–60]
or reactive oxygen species (ROS) [61,62], participate in the EMT process and activate
different pathways, such as JAK/STAT and PI3K/AKT, by binding to receptor tyrosine
kinases. GFs also participate in the recruitment of neutrophils [63] and in the transformation
of monocytes into macrophages. These cells produce cytokines (e.g., Tumour Necrosis
Factor (TNF)-α, interleukin (IL)-1, IL-6 and GFs (e.g., TGF-β and PDGF)) that participate in
the proliferation of fibroblasts and their differentiation into myofibroblasts [64].

3. Asthma

Asthma is a heterogeneous disease with a worldwide prevalence characterised by
variable airflow obstruction, chronic airway inflammation and remodelling, and airway
hyper-responsiveness [65].

Despite an increasing research interest in mechanisms of this disease and improved
knowledge in this field, many questions still remain open. In particular, the processes
leading to structural changes and airway remodelling are still not fully defined. The term
airway remodelling summarises a wide variety of structural changes in both large and
small airways of asthmatic patients; these include epithelium disruption [66], thickening
of the reticular basement membrane (RBM) associated with subepithelial fibrosis, goblet
metaplasia, angiogenesis, increased airway smooth muscle (ASM) mass [67–69] and ECM
deposition [70]. Airway remodelling is progressively becoming a relevant research topic as
it is present in all asthma phenotypes independently of disease severity, and it is also linked
to progressive loss of lung function, airway hyper-responsiveness and the greater need for
medications [71–73]. Furthermore, although airway remodelling has been considered a
progressive consequence of chronic inflammation [74–76], more recent data have shown
that features of remodelling are already observed in asthmatic children who are 2–4 years
old, even in the absence of atopic inflammation or before clinical manifestations of the
disease [77–79]. Broekema et al. studied a cohort of adult asthmatic patients followed up
for 3 years and documented that the extent of structural changes due to airway remodelling
remained unchanged independently of symptoms control or medication use [80].

EMT is believed to play an important contributory role to airway remodelling in
asthma [10,81,82]; this process leads to the migration of increased numbers of mesenchymal
cells into the subepithelial tissue and to enhanced production of ECM, contributing to
airway wall fibrosis [83]. However, the potential drivers of EMT as well as its causal role in
airway remodelling in asthma are a controversial issue, and some discrepancy exists in the
available data.

3.1. Chronic Inflammation, EMT and Airway Remodelling

The chronic inflammatory process in response to persistent environmental triggers is
a crucial driver of epithelial barrier injury and subsequent altered repair in asthma, leading
to the loss of barrier function. EMT is one of the processes that have been suggested to
contribute to the disruption of the epithelial barrier, however the intrinsic mechanisms of
this process are not yet clearly defined. Furthermore, the evidence suggests that additional
factors besides inflammatory insult may contribute to barrier dysfunction in asthma and
trigger the EMT process (in vitro and in vivo evidence is summarised in Table 1). Lof-
fredo et al. [84] used gene expression microarray datasets by several independent groups
to gain insights into the processes involved in epithelial barrier dysfunction in asthma.
Using this approach, they reported little evidence of classical EMT markers expression
but identified a novel suite of potential biomarkers involved in epithelial–mesenchymal
signal dysregulation, including Ephrin B2, FGF receptor 1, FGF receptor 2, Insulin Receptor,
Insulin Receptor Substrate 2, NOTCH2, TLE family member 1 and neurotrophic receptor
tyrosine kinase 2; this signature of asthma was present in mild to severe disease and seems
to progress with disease severity. These findings thus suggest that factors others than
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EMT driven by chronic inflammation might be involved in epithelial barrier disruption
in asthma. Following the chronic aggression by noxious external agents, the airway ep-
ithelium is able to modulate the inflammatory/immune responses by interacting with
inflammatory/immune cells and by releasing several cytokines and GFs, such as TGF-β,
EGF, FGF and PDGF [85,86], thus contributing to structural alterations of the airway walls
and the remodelling process. Subepithelial fibrosis, with an increase in fibroblasts in the
airway epithelium, myofibroblasts hyperplasia and ECM deposition are major pathological
features of the remodelling process in bronchial asthma. As already discussed, EMT is a
relevant mechanism in fibroblast and myofibroblast proliferation and activation.

TGF-β1, a key molecule driving this process, induces the typical changes in cells from
asthmatic patients [87,88]. Increased TGF-β1 levels have been observed in bronchoalveolar
lavage fluid (BALF) and bronchial biopsies from asthmatic patients [89]. Interestingly, the Th2
cytokine IL-4 and the Th17-derived IL-17A, which are crucial mediators of the inflammatory
process in severe asthma, also represent the two major cytokines inducing EMT and airway
remodelling through TGF-β1 expression [90,91]. TGF-β1 synergises with IL-4 and IL-17 in
suppressing E-cadherin expression and inducing α-SMA, vimentin and fibronectin expression
in epithelial cells [92]. This mediator has also been shown to synergise with house dust mite
(HDM) extracts in enhancing the expression of EMT markers [93,94].

The role of the EMT process in airway remodelling and subepithelial fibrosis in asthma
has been further confirmed by the study of Johnson et al. [95], that in a transgenic murine
model sensitised to HDM showed that large airway epithelial cells progressively lost their
typical features, acquiring the expression of mesenchymal markers, such as vimentin, α-
SMA and type I pro-collagen. An increased expression and nuclear translocation of SNAIL1,
a transcriptional factor that is a potent inducer of EMT, was also observed in the airway
epithelial cells of HDM-exposed mice. Interestingly, fate-mapping studies documented
that epithelial cells migrated into the subepithelial compartment of the airway wall [95].

As already highlighted, GFs, such as TGF-β1, are also involved in EMT induced by
inflammatory cells, and it has been reported in several studies that TGF-β1 expression cor-
relates with the number of eosinophils and the degree of airway remodelling in bronchial
asthma [96,97]. To evaluate the effect of eosinophils on EMT, Yasukawa et al. [98] carried
out in vitro and in vivo studies. In particular, they assessed EMT in mice instilled with
bone-marrow-derived eosinophils and inhuman bronchial epithelial cells (BEC) co-cultured
with eosinophils. The intratracheal instillation of eosinophils induced enhanced bronchial
inflammation, EMT features and fibrosis associated with increased concentration of GFs;
interestingly, the instillation of eosinophils pre-treated with TGF-β1 siRNA was associated
with reduced airway wall fibrosis. When co-cultured with BECs, eosinophils induced EMT
in cells that were associated with enhanced TGF-β1 expression and SMAD3 phosphoryla-
tion. These findings suggest that eosinophils are capable of inducing fibrotic changes and
EMT in airway epithelial cells, thus contributing to airway remodelling in asthma.

In an in vitro study using BECs, IL-1β was able to induce a decreased expression
of E-cadherin, associated with an increased expression of some ECM component such
as tenascin C; these effects were enhanced when the cells were co-stimulated with both
TGF-β and IL-1β, further supporting the concept that the inflammatory context is crucially
involved in the EMT process in asthma [99]. However, it is worth highlighting that in
the same study, glucocorticoids were not able to induce any effect on EMT. Thus, further
studies are needed to define the role of inflammatory pathways resistant to steroids in EMT.

IL-24 is a pleiotropic cytokine, member of the IL-10 family, that has been implicated
in the induction of tissue fibrosis and remodelling [100], and increased levels of this
cytokine have been reported in nasal secretions and in the induced sputum of asthmatic
patients [101]. Very recently, Feng and co-workers [102] showed that IL-24 was able to
promote the expression of EMT mesenchymal markers in BEAS-2B cells via the STAT3 and
extracellular signal-regulated kinases (ERK)1/2 pathways. Furthermore, in vivo, IL-24 was
highly expressed in mouse airway epithelium in a HDM-induced model of asthma, and
this was associated with an upregulation of EMT markers. Interestingly, IL-37 reduced the
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airway remodelling by inhibiting IL-24-mediated EMT. These findings thus suggest that
IL-24 contributes to airway remodelling and may represent a novel therapeutic target for
preventing and treating this process in asthma, suggesting, on the other hand, a potential
therapeutic effect of IL-37 on airway remodelling [102].

ECM, a key component of airway remodelling, is involved in a crosstalk with airway
epithelial cells. Changes in its composition in fatal asthma have been demonstrated in
various studies [103–109]. As already emphasised, fibroblasts and myofibroblasts are the
most important cells involved in the production of ECM and both play a crucial role in
the process of airway remodelling. An increase in myofibroblasts has been documented in
the conducting airways of asthmatic patients [110,111] and is mostly responsible for the
increase in type I collagen, type III collagen and fibronectin observed at this level; these
cells have been found close to the RBM and ASM cells [112,113].

In vivo and in vitro observations in different asthma models have also documented
the recruitment of circulating fibrocytes into the airways of asthmatic patients. Nihlberg
and co-workers [114] have demonstrated that in bronchial biopsies of patients with mild
asthma, fibrocytes were localised close to the RBM, and their numbers correlated with
RBM thickness. These cells were also present in the BALF of these patients, supporting a
potential role of fibroblasts progenitors in the early stage of airway remodelling in asthma.

Changes in ECM in asthma are not limited to the increase in fibrillar collagen but
are also characterised by an altered deposition [103]; a study using nonlinear optical mi-
croscopy [72] described a lack of production of decorin by fibroblasts. This molecule is
involved in collagen formation, and its deficiency causes a more fragmented and disorgan-
ised collagen deposition in the lamina propria of asthmatic airways. This altered deposition,
in turn [72], stimulates myofibroblasts formation and the subsequent ECM synthesis. This
aberrant mechanism thus induces a vicious cycle of persistent deposition of disorganised
collagen and airway remodelling leading to increased basal membrane thickening [72,115].

The alterations of the ECM and the thickening of the RBM seem to be correlated with
airway hyper-responsiveness [116,117]. Interestingly, a great variance in RBM thickness has
been observed among patients as well as in different areas of the airway walls in the same
patient, suggesting that ECM alteration is a dynamic process that may proceed at different
rates in different areas of the airway wall. No differences were observed between fatal
and non-fatal asthma or according to patients’ age or gender [118]. Respiratory viruses, in
particular Rhinovirus, contribute to the ECM remodelling in asthma, by increasing fibronectin,
perlecan and type IV collagen deposition, as well as promoting ASM cell migration [119].

Another key component of airway remodelling—that is however less relevant in the
context of this review—is the ASM [67–69]. In several studies carried out on bronchial biopsies,
ASM mass correlates with asthma severity and airway hyper-responsiveness [120] and may
increase from 5% up to 12% in patients with fatal asthma. This increase is mediated by both the
hyperplasia and hypertrophy of ASM cells under the stimulus of various cytokines and GFs,
including TGF-β1, EGF and PDGF [121–124]. ASM cells contribute to airway remodelling
in asthma also through the modulation of the inflammatory process; in fact, these cells are
able to release inflammatory cytokines such as IL-1β, TNF-α, IL-5, IL-13 and TGF-β [125–127].
Furthermore, it has been shown that repeated airway bronchoconstriction leads to a higher
expression of TGF-β by epithelial cells, further enhancing subepithelial fibrosis and basal
membrane thickening [128]. Bronchoconstriction may thus represent a trigger for airway
remodelling independent of the inflammatory process [129].

Mucus hypersecretion is observed throughout the conducting airways and occurs at any
stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet cells
hyperplasia and metaplasia, which is another feature of airway remodelling in asthma [68,135].
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Table 1. Animal and cells culture models suggesting EMT implication in asthma.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

HBECs of asthma
and control

subjects monolayer
and ALI culture

RT-qPCR
WB

SDS-PAGE
IHC and IF

+TGF-β1 10–50 ng/mL 72 h:
spindle-shaped appearance
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     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

pERK1/2

x x x [90] 2013

16HBE
14o- cell line

IF
WB

SDS-PAGE

TGF-β1 5 ng/mL:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin and fibronectin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

glycogen synthase kinase-3β (protein)

x x x [93] 2010

ALI normal HBECs WB +TGF-β1 + HDM 50 µg/mL:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

cytokeratin
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

fibroblast-specific protein-1 (protein)
delocalisation of E-cadherin

x x x [93] 2010

Male and female
transgenic mice

stably expressing
LacZ in lung

epithelial cells
(SPC-Cre;

R26stop-LacZ)
8–12 weeks

IF +25 µg/day HDM intranasally
(10–15 weeks):
inflammation
epithelial damage and thickening of the
sub-epithelial contractile smooth muscle
layer tissue
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

occludin and E-cadherin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin, α-SMA and pro-collagen I
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 in BALF
Activation of Smad-dependent TGF-β
signalling pathways (p-Smad3 and SNAIL1
proteins in the nuclei)

x x [95] 2011

Male C57/BL6
mice (9 weeks)

RT-qPCR WB
ELISA

+bone-marrow-derived eosinophils
(intratracheal instillation):
inflammation in BALF
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 in BALF
type I collagen deposition
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA and vimentin

+TGF-β1 siRNA
less airway remodelling

x x x [98] 2013

46
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Table 1. Cont.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

BEAS-2B cell line RT-qPCR WB
ELISA

+primary human eosinophils or TGF-β1 or
EoL-1 cells:
fibroblast-like morphology and filamentous
actin forming long
stress fibres
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA and protein)

Need for cell-to-cell contact for induction of
EMT

+PI3K and JNK inhibitors:
EMT blocked

x x x [98] 2013

BEAS-2B cell line RT-qPCR
WB
IF

Wound-
healing
assay

rhTGF-β1 5 ng/mL:
spindle-fibroblast-like morphology with
reduced cell–cell contact
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

collagen type I, fibronectin-EDA and
tenascin C (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

motility
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

MMP-2/9 (protein)

+IL-1β:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

tenascin C expression (mRNA)

Corticosteroid pretreatment does not
abrogate TGFβ1-induced EMT

x x x [99] 2009

Primary normal
HBEC

monolayer

RT-qPCR
WB

rhTGF-β1 2 ng/mL:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

collagen type I, fibronectin-EDA and
tenascin C (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

MMP-2/9 release (protein)

x x [99] 2009

BEAS-2B cell line RT-qPCR
IF

WB
Wound-
healing

cell
migration

assays

+IL-24 (dose–response):
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

migratory capability
Acquisition of a larger and more
spindle-shaped morphology
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin and α-SMA
(mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA and protein)
Activation of STAT3 and ERK1/2
phosphorylation

x x x x [102] 2022

47
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Table 1. Cont.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

Female wild-type
SPF BALB/c mice

6–8 weeks

IHC
BALF

Assessment
of airway

hyper-
responsiveness

+IL-24 + inhibitors of JAK or ERK1/2:
WT phenotype restored
+25 µg/day HDM-induced asthma
group 5 weeks:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

Airway resistance and inflammation
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

IL-24 protein
Collagen deposition
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 (protein in BALF)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin and α-SMA (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

p-STAT3 and p-ERK1/2 (protein)

+HDM + si-IL-24 or rhIL-37:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

HDM-induced dysregulations

x x x x [102] 2022

Female C57BL/J
mice 6–8 weeks

CD146-KO
C57BL/J mice

IL-33 KO
C57BL/J mice

MLE-12 (mouse
pulmonary

epithelial cell line)
and A549

WB
IHC and IF

ELISA

WB
IF

RT-qPCR

+25 µg intranasally administered
HDM 5 weeks:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

inflammation in both KO mice
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

collagen I (protein) in both
KO mice
+HDM 10–100 µg/mL:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

CD146 (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

MyD88, phosphorylation of NF-κB p65
and p38 (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β and pSMAD3 (protein)

x [136] 2020

Primary alveolar
epithelial cells

from mice

+IL-33 0.1–100 ng/mL:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

CD146 (protein in cells and secreted)

+siRNA CD146:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin; expression inversely
correlated with CD146

x [136] 2020

Normal primary
HBEC monolayer

RT-qPCR
IF

ELISA

+TGF-β1 10 ng/mL or neutrophils of
asthma patients 48 h:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

N-cadherin, α-SMA and vimentin
(mRNA)
morphological changes

x x [137] 2019

BALB/c mice
6–8 weeks

ELISA
IHC

RT-qPCR
WB

+25 µg HDM intranasal instillation 4 weeks:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TF (mRNA and protein)

+HDM + shRNA TF:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

inflammation
Improved hyperplasia collagen
biomarkers of EMT reversed

x x x [138] 2021

16HBE14o- cells RT-qPCR
Wound-

healing and
invasion

assay

+TGF-β1 and HDM:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

fibronectin 1, TF and TGF-β1 (mRNA
and protein)
shTF reverse the changes

x x [138] 2021
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Table 1. Cont.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

16HBE14o- cells RT-qPCR
WB

+TGF-β1:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

miR-448-5p (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

Six1 (mRNA and protein)

+TGF-β1 + miR-448-5p:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1, pSMAD3
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA)
+Six1 silencing:
similar phenotype to miR-448-5p
overexpression

x x [139] 2019

BEAS-2B cell line WB
IHC

LPS stimulation:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1, TGF-β RI and TGF-β
RII (protein)

+10 ng/mL TGF-β:
change of morphology
PAR-1 induction
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA (protein)

x x x [140] 2014

Male BALB/c mice
6 weeks

IHC +ovalbumin challenge:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1, TGF-β RI
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3.2. Potential Effect of Pharmacological Treatment on EMT and Airway Remodelling

Relevant progresses have been obtained in asthma treatment during the last decades;
at present, this treatment is focused on chronic inflammation and bronchial hyperrespon-
siveness and aims to achieve the best possible disease control and to minimise exacerbation
risk and the development of persistent airflow limitation, whereas unfortunately, no drugs
are yet available that primarily target airway remodelling.

The cornerstone of pharmacological treatment of asthma is represented by inhaled
corticosteroids (ICS) that decrease airway inflammation inducing disease control. Several
studies evaluated the potential effects of ICS on airway remodelling, showing a decrease in
RBM thickness [116] and type III collagen deposition [141] in some studies that, however,
were not confirmed in others [107,142,143]. ICS treatment has also been shown to partially
restore the epithelial damage through the inhibition of inflammatory responses [144].
Despite these potential effects, longitudinal studies have demonstrated that lung function
impairment persists over time if present in childhood despite treatment with ICS and
bronchodilators [145,146]. Therefore, it seems that ICS do not have a definite impact on
airway remodelling.

Similarly, data on the effects on airway remodelling of other drugs used in asthma
treatment, such as antileukotrienes and macrolides, are scarce and have been mostly
obtained in murine models. Antileukotrienes have been documented to decrease ASM
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mass in the large airways and to induce a reduction in RBM thickness in animal models
of asthma [147]. A decrease in goblet cells hyperplasia and collagen deposition mediated
by TGF-β inhibition was also observed with these drugs [148]. Azithromycin seems to
reduce ASM cells viability and proliferation as well as ASM thickness in both proximal
and distal airways in murine models of asthma [149,150]. A deficit in vitamin D seems
to correlate with worsening of severe asthma, and in vitro studies have shown that this
compound slowed down airway remodelling by inhibiting Nuclear Factor-κB activation
and decreasing ASM cells proliferation as well as the secretion of some inflammatory
mediators; thus it has been suggested that it could represent a potential treatment for
airway remodelling in asthma [151–153]; however, further studies are needed to confirm
these findings.

In the last 20 years, biological therapies have become available for specific endotypes
of severe asthma, with relevant impact on clinical outcome. However, only a few studies
have evaluated their effects on structural changes and airway remodelling. The first drug
available in clinical practice was omalizumab, an anti-IgE antibody. In vitro studies have
demonstrated that this drug may prevent ASM cells proliferation and the deposition of type
I collagen and fibronectin in response to IgE [154]. Other studies, using high-resolution
computed tomography (HRCT), showed a reduction in airway wall thickness and an
increase in airway luminal area in patients treated with this drug [155–157]. Haldar et al.
evaluated the effects of the anti-IL-5 antibody mepolizumab by using HRCT and detected
an improvement in total airway surface in treated patients [158]. Using a bronchial biopsy,
Flood-Page et al. documented a significant reduction in tenascin, lumican and type III
pro-collagen expression in mild asthmatic patients as well as a decrease in TGF-β1 mRNA
in eosinophils and in TGF-β1 levels in BALF [159]. Chachi et al. studied the effects of
benralizumab, an anti-IL-5R antibody, on bronchial biopsies, showing an increase in ASM
cells apoptosis with a consequent ASM mass reduction and suggested that this effect was
likely the consequence of an indirect effect on eosinophilic inflammation [160].

Thus, the current knowledge is limited, and further studies are needed to clearly define
the effects of current asthma treatment on airway remodelling. The development of new
drugs primarily targeting the structural changes in the airways is a very important goal of
future asthma pharmacological therapies and may represent a revolutionary approach to
the treatment of this disease.

4. COPD

COPD is a leading cause of morbidity and mortality worldwide, and it is associated
with an increasing social and economic burden [161]. The most important risk factor for
COPD development is cigarette smoke, although other factors are also important, such
as indoor and outdoor air pollution, and occupational exposure [161,162]. The persistent
exposure to potential noxious agents in patients with COPD, associated with an individual
susceptibility, induces tissue injury and an aberrant repair that cause both airway and lung
parenchymal damage in different combinations and lead to chronic respiratory symptoms
and the progressive impairment of lung function. Although pathological alterations occur
throughout the respiratory tract in COPD, it is well known that the major site of injury
and obstruction are the small airways, with peribronchiolar fibrosis and airway narrowing
and obliteration [163,164]. Large airways are also affected in COPD, and characterized
bysquamous metaplasia, mucus hypersecretion and ASM hyperplasia [163,164].

4.1. Chronic Inflammation in COPD

A chronic inflammatory process occurs both in the airways and the lung parenchyma in
COPD as a consequence of persistent exposure to cigarette smoke and other noxious agents.
A complex interplay of different inflammatory cells and mediators leads to small airway
disease and emphysema, contributing to the progressive deterioration of lung function.
Neutrophils are the main inflammatory cells present in the airway lumen and infiltrating
the bronchial epithelium, glands and ASM; these cells largely mediate the structural

50



Int. J. Mol. Sci. 2023, 24, 12412

damage through the release of several mediators, particularly proteolytic enzymes and
ROS. Macrophages and T and B lymphocytes are also increased in small airways of patients
with COPD and contribute to the enhancement of the inflammatory process as well as
to the structural changes [163,164]. Macrophages are important effector cells in COPD;
they produce several chemokines and cytokines, express high levels of mRNA for MMPs
and release proteolytic enzymes and ROS, thus increasing tissue damage. These cells also
release FGFs and other mediators involved in the proliferation of fibroblasts and their
conversion to myofibroblasts and are thus major drivers of fibrosis in COPD. Moreover,
macrophages contribute to the recruitment of other immune cells to the site of injury,
thus enhancing the inflammatory process [22,165]. Lymphocytes and dendritic cells are
organised into lymphoid follicles, which increase in severe disease, suggesting the relevance
of the adaptive immune response in COPD. Furthermore, B cell infiltration in the walls
of terminal bronchioles and alveoli is observed, which correlates with a loss of alveolar
attachment to the airway walls. Increased numbers of type 1 and type 17 helper T cells
have also been reported in patients with more severe disease [166]. Another cell type that
may play a role in tissue alterations in COPD are mast cells, which have been implicated
in airway vascular remodelling in this disease [163]. Mast cells secrete several bioactive
molecules, including VEGF, FGF-β, TGF-β and also anti-angiogenetic factors [165,167].
Soltani and colleagues have documented that mast cell density in the lamina propria, and
the RBM was greater in COPD patients compared to that of the controls and was related to
the hypervascularity observed in the RBM, suggesting that perivascular mast cells may be
involved in increased angiogenesis [168].

4.2. EMT and Fibrosis in COPD

As previously outlined, the pathogenesis of COPD is the result of complex and hetero-
geneous mechanisms that can interact each other; varying degrees of inflammation, tissue
injury and abnormal repair with remodelling and fibrosis occur that involve the airways,
lung parenchyma and lung vasculature. EMT has been suggested as an important mecha-
nism contributing to the airway remodelling and fibrotic changes in COPD (recapitulated in
Tables 2 and 3). Several noxious agents, in particular cigarette smoking, can induce typical
features, such as altered epithelial barrier function, the acquisition of mesenchymal phenotype
by epithelial cells and an increased production of ECM, and there is evidence to support that
EMT is activated in the airway tissue of COPD patients (recently reviewed in [11]).

As we already mentioned, small airways are the site of major involvement in COPD;
remodelling with peribronchiolar fibrosis at this level is related to bronchiolar distortion
and airway obstruction. The mechanisms of small airways fibrosis are not completely
defined and several factors may play a role; recent studies, however, suggest that EMT is
involved in these structural changes. The expression of EMT-related TF SNAIL1 and TWIST
is upregulated in smokers with and without COPD and has been found to be associated
with EMT activity and the levels of airflow obstruction [169]. Interestingly, the expression
of SNAIL1 was higher in COPD patients with α1-antitrypsin deficiency than in patients
without the deficiency [170]. E-cadherin, a prominent hallmark of EMT, was found to be
decreased in COPD airways in several studies [171,172]. Shirahata et al. showed that also
plasmatic sE-cadherin levels were lower in COPD patients and were related to the severity
of airflow limitation [173].

BECs from COPD patients showed upregulated mesenchymal markers, such as α-SMA,
type I collagen, vimentin, and NADPH Oxidase 4 as well as a lower expression of epithelial
markers, confirming an active EMT in these patients [174]. Mesenchymal markers, such as
S100A4, vimentin and α-SMA proteins as well as ECM proteins were also found increased
in vivo in smokers with normal lung function and COPD patients (Table 3).

A major feature of EMT activity in vivo is represented by RBM fragmentation, associ-
ated with mesenchymal markers expression [16]. Sohal et al. showed that these pathological
features are present in endobronchial biopsies from smokers with normal lung function and
were even more evident in smokers with COPD [175]. Interestingly, membrane fragmen-
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tation in COPD has been shown to correlate with smoking history [176]. In a subsequent
study, these authors demonstrated that in the RBM of smokers with COPD, there are
cells that double stain for both mesenchymal and epithelial markers, further supporting
the evidence of an active EMT in smoking-related COPD [177]. Cigarette smoking is not
only capable of activating several signalling pathways involved in EMT per se, but it is
also associated with a high oxidative burden and a chronic inflammatory process into the
COPD airways that significantly contribute to the EMT process and the structural changes
in the airways and lung parenchyma. One of the most important pathways affected by
cigarette smoking is represented by the TGF-β/SMAD signalling pathway. As we already
emphasised, TGF-β, and in particular TGF-β1, plays a crucial role in fibrotic diseases, and
it is considered a key regulator of airway remodelling in COPD [171]. TGF-β is involved in
the regulation of ECM components, as well as in the fibroblasts activation and in myofi-
broblasts differentiation [178,179]. It has been shown that TGF-β1 is capable of inducing
EMT in cultures of human bronchial and lung epithelial cells in vitro [11]. Interestingly,
cigarette smoking similarly induces EMT in lung and BEC through the TGF-β1/SMAD sig-
nalling pathway both in vitro and in vivo [11]. Furthermore, Takizawa et al. documented
that mRNA levels of TGF-β1 were significantly higher in small airway epithelium from
smokers with and without COPD than in non-smokers and were related to the degree of
small airway obstruction, suggesting a tight relationship between smoking and TGF-β1
expression in small airways [180]. As previously mentioned, TGF-β1 also induces the
differentiation of fibroblasts into myofibroblasts, motile and contractile cells that, once
activated, secrete excessive and altered ECM (reviewed in [31]). As already discussed,
these cells, that are crucial actors in the fibrotic process into the airways, can also origi-
nate from resident macrophages; during lung injury, in fact, macrophages may acquire
a pro-inflammatory phenotype that promotes the differentiation and activation of these
cells [181]. The process of MMT, which involves the transformation of macrophages into
myofibroblasts, has recently been described in the lung and may contribute to development
of fibrotic changes [182,183]. Although the molecular mechanisms involved in MMT are
still unknown, this new evidence suggests novel potential targets for the development of
antifibrotic therapies. Several studies suggest that the contribution of myofibroblasts and
the EMT process may be important in both small and large airways fibrotic changes in
COPD [175,177,184,185].

Recently, Eapen and colleagues [186] documented an increase in α-SMA+ myofibrob-
lasts in the small airways of patients with COPD that was associated with the increased
deposition of ECM proteins, EMT activity in epithelial cells and thickening of the lamina
propria. These changes were also related to lung function impairment, further supporting
an important role of EMT in small airways remodelling and narrowing.

Fibroblasts play also a key role in the fibrotic process; interestingly, Togo et al. demon-
strated that lung fibroblasts of COPD patients have impaired repair mechanisms and sug-
gested that this defect could contribute to the development of emphysema [187]. However,
it is not known whether small airways fibroblasts are also defective in repair mechanisms,
and it is not yet known whether these cells differ from interstitial lung fibroblasts. In this
context, it is worth mentioning the observation of Lynch and colleagues who emphasised
the possibility of fibroblast heterogeneity even within the same tissue [188,189].

As we already mentioned, cigarette smoke induces a high oxidative burden into the
airways of COPD patients that is further enhanced by the persistent recruitment of inflamma-
tory cells [190]. The oxidative stress drives additional inflammatory mechanisms in COPD;
induces the expression of senescence markers in small airway fibroblasts; promotes profi-
brotic markers, including TGF-β and COL3A1, and is also associated with an impairment of
antioxidant defences superoxide dismutase 2 and 3. These findings suggest that oxidative
stress may contribute to small airway fibrosis in COPD [188] and contributes to the promotion
of EMT [179]. Furthermore, the interaction between the oxidative stress and TGF-β is crucial
in promoting fibrosis, inducing a self-perpetuating process by which TGF-β favours the pro-
duction of ROS with increased oxidative stress that, in turn, activates latent TGF-β (reviewed
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in [31,191]). TGF-β can also induce EMT via non canonical pathways, such as the ERK, p38
MAPK, PI3K, Notch and WNT signalling pathways [192]. Recently, several studies suggested
that the WNT/β-catenin pathway is activated in smokers and COPD patients and appears
to be related to the EMT activity and the airway obstruction. The expression of the genes
and proteins involved in this pathway is increased in the airway epithelium of smokers with
COPD [193]. Interestingly, in vitro studies demonstrated that cigarette smoking and nicotine
were able to induce EMT in human BEC by activating the WNT-3A/β-catenin pathway [194].
On the other hand, in peripheral tissue, a decrease in WNT/β-catenin signalling was observed
that was associated with parenchymal alterations and the disruption of repair mechanisms,
leading to an increase of emphysema in COPD patients [195].

PI3K/AKT is a signalling pathway involved in the regulation of several biological
functions, including EMT. Also, in this case, some evidence suggests that cigarette smoke
induces EMT through this pathway in COPD (Tables 2 and 3). Milara and colleagues
assessed in vitro the CSE-induced EMT in primary human BECs from small bronchi and
suggested that the CSE effect is partially mediated by the activation of the PI3K/AKT/β-
catenin pathway and the generation of ROS [196]. Recent studies added novel evidence
on the potential mediators involved in EMT induction and airway remodelling in COPD:
Jiang and co-workers [197] investigated the potential role of cathelicidin in inducing EMT
in COPD. This protein is involved in various biological functions, including the regulation
of inflammation and immunity and the promotion of tissue repair, and its overexpression
in the airway epithelium has been implicated in mucus hypersecretion and fibroblast
collagen production in smoking-related COPD [198,199]. Jiang and colleagues evaluated
the expression of cathelicidin and EMT markers in human lung tissues from smokers
with and without COPD, and in a COPD mouse model. They showed an upregulation of
cathelicidin expression associated with EMT markers in the small airways of smokers with
and without COPD. Significant smoking-induced EMT was also observed in the airways of
mice. Interestingly, EMT was inhibited by the downregulation of CRAMP (the murine ho-
mologue of cathelicidin) in COPD mice. Finally, the authors demonstrated that cathelicidin
promoted EMT by activating Tumour necrosis factor alpha (TNF-α) converting enzyme
(TACE), Transforming growth factor alpha (TGF-α), and Epidermal growth factor receptor
(EGFR) signalling pathways. Chu and colleagues evaluated the effect of CSE and IL-17A on
bronchial EMT in a mice model of COPD and showed an increased expression of IL-17A in
lung tissues and a synergistic effect of this cytokine and CSE on the induction of bronchial
EMT [200]. Another pathway involved in EMT in COPD is the urokinase-type plasminogen
activator (uPA)/urokinase-type plasminogen activator receptor (uPAR)-dependent cell
signalling pathway. Wang Q et al. have documented an increased uPAR expression, associ-
ated with an increased EMT activity, in the small airway epithelium of COPD patientsas
compared with non-smokers and smokers with normal lung function [201]. Moreover,
in a subsequent study, the same authors showed that uPA is also upregulated in human
small airway epithelial cell lines (HSAEpiCs), as well as in the small airways epithelium
of COPD patients and is correlated with vimentin expression at this level. uPA and uPAR
inhibition was able to inhibit CSE-induced EMT in HSAEpiCs [202]. These findings thus
suggest that the activation of the uPA/uPAR pathway might represent a novel mechanism
involved in EMT development and in airway remodelling in COPD. Interestingly, in a
retrospective study, uPAR expression was also found increased in pulmonary macrophages
and alveolar cells from COPD patients compared to controls, and it was also positively
correlated with the levels of collagen [203]. It is important to highlight that other pathways
may be involved in the induction of EMT by cigarette smoking in COPD; moreover, as we
already emphasised, in addition to cigarette smoke, other environmental stresses, including
the high oxidative burden and the reduced antioxidant defences, as well as the signals
induced by the excessive inflammatory response or the mechanical stress can also trigger
mechanisms and processes involved in EMT. Therefore, the development of EMT and
the progression of fibrotic changes in the airways of COPD patients are the result of a
complex network involving different triggers and multiple signalling pathways. Finally,
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we would like to emphasise that EMT is also active in large airways of smokers with COPD.
Interestingly, Malik and colleagues documented that type III EMT is characteristic of the
large airways, where RBM hypervascularisation is also observed, while type II EMT is
active in the small airways, where it is involved in the fibrotic changes, contributing to the
remodelling and obliteration of these airways [202]. In large airways, the type III EMT pro-
cess could induce, in the context of some microenvironment alterations, the development
of lung cancer that is known to be associated with COPD. Recently, a genomic link was
demonstrated among COPD, lung cancer and Hedgehog signalling, which is also involved
in EMT induced by tobacco-smoke [204].

Table 2. Animal and cells culture models suggesting EMT implication in COPD.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

ALI HBECs
(2–5 weeks) from
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RT-qPCR

WB
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and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin and ZO-1 (protein)

+TGF-β1
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin and fibronectin (protein)
+blocking TGF-β1
Restoring a cobblestone shape compared
with the spindle shape
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin expression

x x x [171] 2015

ALI HBECs from
non-smokers,
smokers and
patients with

COPD

IHC and IF
RT-qPCR

WB
ELISA
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA, vimentin and collagen type I
(mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin and ZO-1
(mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

KRT5 and KRT18 (mRNA)

x [174] 2013

ALI HBECs
(14–21 days) from

non-smokers,
smoker controls,
mild, moderate

and severe to very
severe COPD

RNA-seq
WB

ELISA
IHC and IF

Activation of WNT/β-catenin pathway with
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

nuclear expression of β-catenin in the
COPD airway epithelium
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

fibronectin release following WNT
activation

x x x [193] 2020

HBEC monolayer RT-qPCR
WB

IHC and IF
ELISA

+nicotine:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

Wnt3a (protein and mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

total β-catenin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA, MMP-9 and collagen
type I (protein)

x x [194] 2013

ALI HBECs from
controls lung tissue

IF
RT-qPCR

WB
ROS

+2.5% CSE for up to 7 days:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin, ZO-1 (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin, collagen type I and α-SMA
(mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

GTP-Rac1 and pAKT (protein)

x x x [196] 2015

Male BALB/c mice
6 weeks

IHC
WB

+CSE:
collagen deposition
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

CRAMP and vimentin
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TACE, TGF-α and EGFR (protein)

x x x [197] 2021

NCI-H292 cell line IF +CSE 5%:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin

x [197] 2021

54
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Table 2. Cont.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

male
C57BL/6 mice

8 weeks

IHC and IF
RT-qPCR

WB

20 CS/day 12 or 24 weeks:
inflammation
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

ECM, smooth muscle thickening, goblet
cell hyperplasia and mucus secretion

Int. J. Mol. Sci. 2023, 24, x  7 of 36 
 

 

α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

IL-17A and C-EBPβ
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA and protein)

x x [200] 2021

Murine bronchial
epithelial cells

IF
RT-qPCR

WB

20% CSE 72 h:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

IL-17R
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (mRNA and protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA and protein)

x [200] 2021

HSAEpiCs RT-qPCR
WB

5% CSE 24–96 h:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA, N-cadherin and uPAR (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin and α-catenin (protein)
x [201] 2013

BEAS-2B cell line WB
RT-qPCR

+CSE 1% 24 h:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

ZO-1 (protein and mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 (mRNA)

+TGF-β1 230 pg/mL
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

ZO-1 (mRNA)

x [205] 2020

HSAEpiC WB
RT-qPCR

+CSE 1% 24 h:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

ZO-1 (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 (mRNA) and p-Smad2/3 (protein)

+TGF-β1 230 pg/mL, 2 h
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

ZO-1 (protein and mRNA)

x x [205] 2020

Male and female
Sprague Dawley

rats (8 weeks)

ELISA
IHC
WB

+48 CS/day inhalation 12 weeks:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

IL-8, IL-6, TNF-α, sICAM-1
and ROS in BALF
Airway fibrosis, airway epithelial thickness
and ASM thickness
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

lung function
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 and p-Smad2/3 (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

PPAR-γ (protein)

x x x [206] 2021

Male
C57BL/6 mice
26–28 weeks

ELISA
RT-qPCR

WB

+CSE intraperitoneally injected:
airway epithelium thickening,
enlargement of alveolus and
inflammatory cell infiltration
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

IL-6 and TNF-α in BALF
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1, Smad2 and Smad3
(protein and mRNA)

x x [207] 2019

α-SMA, Alpha Smooth Muscle Actin; ALI, air–liquid interface culture; AR, airway remodelling; ASM, airway smooth
muscle; BALF, bronchoalveolar lavage fluid; COPD, chronic obstructive pulmonary disease; CRAMP, cathelin-related
antimicrobial peptide; CS, cigarette smoke; CSE, cigarette smoke extract; EGFR: epithelial growth factor receptor;
ELISA, enzyme-linked immunosorbent assay; HBECs, human bronchial epithelial cells; HSAEpiC, human small
airway epithelial cells; IF, immunofluorescence staining; IHC, immunohistochemistry; IL, interleukin; KRT, keratin;
Mark, EMT-markers; MMP, matrix metalloproteinase; pERK, phospho extracellular signal-regulated kinase; PPAR,
Peroxisome-proliferator-activated Receptor; RT-qPCR, quantitative real-time PCR; Signals, EMT-inducing signals; TNF,
tumour necrosis factor; TFs, EMT transcription factors; TGF, Transforming Growth Factor; WB, Western blot; ZO, zonula
occludens. Lung tissue was obtained from patients undergoing lung resection for appropriate clinical indications.
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Table 3. In situ evidence for EMT implication in COPD.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

Bronchial biopsy
from non-smokers,

smoker controls
and COPD subjects

IHC Correlation between β-catenin and SNAIL1
expression with both S100A4 and also
airflow obstruction

x x x [169] 2017

Lung tissue of
α1-antitrypsin-

deficiency-related
COPD and non- α

-1 antitrypsin
deficiency COPD

subjects

RT-PCR
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

SNAIL homolog 1 in
α1-antitrypsin-deficiency-related
COPD group

[170] 2012

Lung tissue of
non-smokers,

smoker controls,
mild, moderate
and severe-to-

very-severe COPD

IHC
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin expression
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin in large and small airways
Negative correlation between vimentin and
airway obstruction

x [171] 2015

Lung tissue of
COPD subjects

WB
IHC
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA, N-cadherin and vimentin
Fragmentation and clefts in RBM

x x [172] 2021

Bronchial biopsy
from COPD

patients

IHC Cytokeratin-(s) and S100A4 double staining x [177] 2011

Brushing from
non-smokers,

smoker controls,
COPD subjects

RT-PCR
IHC
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 (protein and mRNA)
Positive correlation between TGF-β1 mRNA
levels and the extent of smoking history

x [180] 2001

Bronchial biopsy IHC RBM fragmentation
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

S100A4 and MMP-9 in RBM and/or
basal epithelium

+inhaled corticosteroids treatment:
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

EGFR
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

%RBM fragmentation
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

S100A4 and MMP-9 in RBM and/or
basal epithelium

x x [185] 2014

Lung tissue of
non-smokers,
smokers and
patients with

COPD (smoker or
ex-smoker)

IHC
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

lamina propria and adventitia thickness
in small airways of COPD subjects
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

α-SMA-positive cells (myofibroblasts) in SA
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

collagen-1 and fibronectin deposition
Negative correlation between increased SA
wall thickening and decrease in airflow in
the COPD groups
Correlation between collagen-1 deposition
in the SA lamina propria and lung function in
the COPD-smokers group

x x [186] 2021

Lung tissue of
non-smokers,

smoker controls,
mild, moderate
and severe-to-

very-severe COPD

IHC and IF
RT-PCR
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 
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Table 3. Cont.
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α-SMA, Alpha Smooth Muscle Actin; AR, airway remodelling; COPD, chronic obstructive pulmonary disease;
EGFR: epithelial growth factor receptor; FEV, forced expiratory volume; IF, immunofluorescence staining; IHC,
immunohistochemistry; Mark, EMT-markers; MMP, matrix metalloproteinase; NOX, nicotinamide adenine
dinucleotide phosphate oxidase; uPAR, urokinase-type plasminogen activator receptor; RBM, reticular basement
membrane; RT-qPCR, quantitative real-time PCR; SA, small airway; Signals, EMT-inducing signals; TFs, EMT
transcription factors; TGF, Transforming Growth Factor; ZO, zonula occludens. Lung tissues were obtained from
patients undergoing lung resection for appropriate clinical indications.

4.3. Potential Effect of Treatment on EMT and Small Airway Fibrosis in COPD

Pharmacological strategies for COPD include the use of bronchodilators and, when
indicated, also ICS. Other drugs used in these patients are antibiotics when indicated, methylx-
anthines, mucolytics and antioxidant agents, and phosphodiesterase-4 (PDE4) inhibitors.

Despite these therapeutic approaches, it is known that COPD continue to worsen over
time with the progression of lung damage and the impairment of lung function. Thus, it
would be very important to develop novel therapeutic strategies addressing targets and
mechanisms involved in the development of the EMT process and the fibrotic alterations in
COPD airways that play a crucial role in airway remodelling and obstruction. However,
few studies have investigated the effects of potential therapeutic strategies so far, either
alone or in combination with other therapies, on these targets, and additional data as well
as preclinical and clinical trials addressing this topic are needed.

Sohal et al. performed a proof-of-concept randomised controlled study with ICS
administered for ≥6 months and showed a regression of typical EMT alterations, such as
epithelial activation, RBM fragmentation and EMT biomarkers in treated patients compared
to the placebo group [185].

As already discussed, it has been suggested that type III EMT may play a role in the
development of cancer in COPD patients. From an analysis of nine prospective cohorts, Fan
Ge et al. suggested a protective effect of ICS against lung cancer in COPD patients [210].
However, further studies on larger numbers of patients are needed to confirm these data.

Recently, Zhu et al. have shown that N-acetylcysteine, an antioxidant and mucolytic
agent, was able to reduce α-SMA levels, collagen volume, wall thickness and bronchioles
diameter in a COPD rat model. Furthermore, the drug was shown to inhibit the EMT
process and promote immune response by acting on the VWF/p38 MAPK axis; the authors
thus suggest that this drug might improve fibrotic changes in COPD [211].
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Roflumilast is a PDE4 inhibitor that may be used in severe COPD associated with
chronic bronchitis and frequent exacerbations. Martorana et al. demonstrated that this
molecule may decrease lung damage and emphysematous changes induced by cigarette
smoking in mice. They also observed a decrease in macrophage density in treated mice,
suggesting that the anti-inflammatory effect of this drug might contribute to the hindering
of EMT in COPD [212]. Milara et al. also showed that PDE4 inhibitors, in particular
Roflumilast N-oxide (RNO), mediated a protective effect against EMT induced by cigarette
smoking in bronchial epithelial cells; interestingly, this effect was also observed in primary
human BECs isolated from the smokers and COPD patients’ small bronchi. Moreover, RNO
induced a reduction in ROS, in NADPH Oxidase 4 expression, in TGF-β1 release, as well
as in SMAD3/ERK1/2 phosphorylation induced by cigarette smoke [213]. It has also been
shown that the addition of statins (simvastatin) seems to enhance in vitro the inhibitory
effect of RNO against cigarette-smoking-induced EMT in human BECs [213]. Several other
molecules and novel therapeutic approaches with potential inhibitory effects on the EMT
process have been recently studied, such as celecoxib, a selective COX2 inhibitor [214,215];
galunisertib, a TGF-β receptor 1 inhibitor [216]; all-trans retinoic acid [217] and N-cadherin
antagonist ADH-1 [218]. Most of these molecules have emerged in the oncological field
over the last years and are in the preclinical or clinical phase for various solid tumours;
however, in the context of their effects on inhibiting or preventing EMT induction, some
of these compounds might also have a potential role in inhibiting EMT development and
fibrotic changes in COPD [11].

Moreover, antifibrotic drugs approved for the treatment of idiopathic pulmonary
fibrosis (pirfenidone and nintedanib) have been reported to have an inhibitory effect on
EMT mainly through the TGF-β pathway [219,220].

Thus, several EMT-targeted therapies have the potential to be effective in preventing
or modulating the pathological changes induced by EMT and the other processes involved
in fibrotic changes in COPD. However, further preclinical and clinical studies are needed to
evaluate and validate the potential benefits of these therapies in COPD.

5. Cystic Fibrosis and NCFB

CF is a rare genetic disease affecting over 100,000 people worldwide [221]. Mutations
in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene lead to a defect in
the expression or function of the CFTR protein involved in the regulation of transepithelial
ions and fluid transports. Although it is a multi-systemic disease, the main cause of mor-
bidity and mortality in patients with CF (pwCF) is lung disease. Airway involvement with
thick mucus obstructing the bronchi and an impairment of mucociliary clearance promote
cycles of inflammation and infection by pathogens, such as Staphylococcus aureus and/or
Pseudomonas aeruginosa [222]. The chronicity of this infectious/inflammatory process results
in progressive lung damage with the development of alterations of the airway walls and
a structural remodelling observed on autopsy studies or CF bronchial biopsies or lung
explants and involving squamous metaplasia [223], subepithelial fibrosis [224], submucosa
mucus gland enlargement [225], hyperplasia of ASM [226] and RBM thickening [227]. The
order of events leading to the structural airway changes in CF and their relationship to
infection and inflammation has long been debated. The observation of an early inflam-
matory response [228] suggests that inflammation develops prior to infection and that
CFTR dysfunction is associated with a dysregulation of inflammation and is involved in
the alterations of airway structure.

5.1. CF Inflammation

CF is characterised by the dehydration and acidification of the airway surface liquid
and the hyperconcentration of mucus in the lungs. CFTR dysfunction or defect severely
compromises the airway microenvironment and ultimately leads to structural lung damage
and obstruction of the airways which favours persistent infection and a chronic inflam-
matory process [229]. The formation of mucus plugs in CF airways can trigger airway
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inflammation per se, even in the absence of bacterial infection and very early in the natural
history of the CF lung disease. In muco-obstructive diseases [228], such as CF, a “vicious”
circle occurs: mucus plugs activate lung-resident macrophages, inducing the release of
IL-1β and producing a hypoxic microenvironment with necrosis of airway epithelial cells
that will release IL-1α. Both IL-1α and β will activate epithelial IL-1 receptors, inducing
mucin biosynthesis and the expression of pro-inflammatory cytokines and chemokines,
such as IL-8, thus further amplifying the inflammatory response.

CF airway inflammation is mainly characterised by a marked and persistent recruit-
ment of neutrophils into the airways; these cells play a crucial role in lung damage in CF.
In fact, they release several noxious mediators, including proteases, such as neutrophil
elastase (NE), ROS, DNA and inflammatory mediators, thus enhancing and perpetuating
the chronic inflammatory process and tissue damage. NE is a serine protease actively
participating in the degradation of lung tissue, and its levels have been associated with
a decline of lung function [230]. It is also a predictive biomarker for the development of
bronchiectasis in children [231]. The addition of NE to cultures of BECs from pwCF results
in a concentration-dependent delayed/inhibited repair process, and it has been shown
that alpha-1-antitrypsin, by inhibiting NE, leads to faster tissue repair [232]. Furthermore,
the high levels of NE released by neutrophils induce a bacteria-killing defect by cleaving
proteins (i.e., elafin and SLPI) that are involved in antimicrobial and anti-inflammatory
responses [233]. A protease/antiprotease imbalance [234] occurs in CF as a consequence of
the high protease burden, mainly due to the release of NE and MMPs. Furthermore, antipro-
teases are degraded by the proteases released by inflammatory cells and pathogens, thus
further reinforcing the imbalance and the subsequent structural damage. Neutrophils also
produce defensins, which activate MMPs, which normally participate in ECM degradation
(collagen, elastin and gelatin) and in cytokines expression [235]. In CF, the overexpression
of MMPs (MMP-8, MMP-9 and MMP-12) correlates with the impairment of lung function;
in particular, MMP-9 expression has been shown to correlate with RBM degradation, the
onset of bronchiectasis and a decline of lung function in pwCF [236–239]. The proteolytic
activity of MMPs is also directed against CFTR [240], affecting its function and which could
further aggravate the lung damage.

Some evidence suggests that the excessive and abnormal inflammatory response in
CF may lead to airway remodelling [241]. In CFTR knock-out mice, chronic P. aeruginosa
LPS exposure induced an enhanced inflammatory response that was associated with an
increased susceptibility to the development of lung remodelling (increase in goblet cells
and fibrosis) [242].

5.2. Future Directions on the Role of EMT in CF

Few papers have investigated the involvement of EMT in CF airway remodelling, while
in other pathologies, a link between CFTR and signalling pathways also implicated in EMT
has been demonstrated (reviewed in [12,243] and described in Table 4). In breast cancer, the
downregulation of CFTR expression seems to favour cancer development and EMT induc-
tion [244–247]. Furthermore, a decreased CFTR expression leads to increased WNT signalling
in mouse lung development [248]. On the contrary, CFTR knockdown in HEK293 cells was as-
sociated with a significant reduction in WNT signalling in the context of haematopoiesis [249].
So far, although the CFTR protein interacts with several actors involved in type II EMT, there
is no clear evidence of its direct involvement in this mechanism [250].
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Table 4. Potential indicators of EMT implication in CF models and CF lung explants.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

Primary HBECs
(from explanted CF
lung or from
control subjects
who underwent
lung surgery)

TEER
IF
RT-qPCR
WB
Wound
healing
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Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

N-cadherin and vimentin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 
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TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 
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     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 
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WB 
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TGF-β1 5 ng/mL: 
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     vimentin and fibronectin (protein) 
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x x  x [93] 2010 
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     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 
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x x  x [93] 2010 
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Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 
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Male C57/BL6 mice (9 
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WB 
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+bone-marrow-derived eosinophils (intratra-
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+TGF-β1 siRNA 

x x  x [98] 2013 

TEER
x x [250] 2020

CFBE41o-wt or
-F508del-CFTR
HEK 293T cells

IF
WB
Wound
healing

Int. J. Mol. Sci. 2023, 24, x  7 of 36 
 

 

α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 
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TFs 
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Mark 
Refs. Year 
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RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 
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     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 
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TGF-β1, IL-4 and IL-17A stimulation (72 h): 
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     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 
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WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 
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x x  x [93] 2010 
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     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 
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epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 
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type I collagen deposition 
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 
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RT-qPCR 
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IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 
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     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 
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proliferation 

WB 
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TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 
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epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 
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     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
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EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 
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16HBE 14o- cell line RT-qPCR 
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proliferation 
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morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 
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WB 
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TGF-β1 5 ng/mL: 
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x x  x [93] 2010 
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genic mice stably express-
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WB 
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+bone-marrow-derived eosinophils (intratra-
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     TGF-β1 in BALF 
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
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EMT 

TFs 

EMT 

Mark 
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HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 
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TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 
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     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 
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epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 
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TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TWIST1 (protein)

+CFTR modulator treatments
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

N-cadherin and vimentin
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TWIST1

+response to TGF-β1:

No difference in response
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

CK18 and
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

N-cadherin (protein)
WT more resistant to EMT induction than CF

TWIST1 shRNA knockdown in
HEK293T cells:
vimentin inhibition

x x x [250] 2020

CF versus control
lung tissues

IF
RT-qPCR
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

occludin, tight junction protein
1/zonula occludens-1, connexin 43,
connexin 26 and cytokeratin 18 (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin (mRNA)
Polygonal flat cells on the CF epithelial
layer surface
Fewer cylindrical-shaped columnar cells
and several cell layers in CF tissue
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TWIST1 and ZEB1 (mRNA)
Positive staining for SNAILl + Slug
and ZEB1

Partial EMT

x x [250] 2020

CF versus control
lung tissue

IHC
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

MUC5AC (protein)

Int. J. Mol. Sci. 2023, 24, x  7 of 36 
 

 

α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

β-tubulin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

vimentin-positive spindle-shaped
Thickening of the RBM

x x [251] 2021

ALI HBECs (CF
and controls lung
tissue 2 weeks)

TEER
WB
ELISA
RT-qPCR
IHC
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

MUC5AC (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

MCIDAS, MYB and FOXJ1 (mRNA)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TEER

Int. J. Mol. Sci. 2023, 24, x  7 of 36 
 

 

α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin and occludin
Spindle-shaped cells and thickness of
epithelium

+CFTR inhibition or Pseudomonas infection
in control culture
No EMT induction

x x

60
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Table 4. Cont.

Models Techniques EMT Program AR EMT
Signal

EMT
TFs

EMT
Mark Refs. Year

IB3-1 cells
F508del/W1282X
C38 cells as control

Cell
migration
assay
WB
IHC
RT-qPCR
ELISA
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

fibronectin, N-cadherin and the
transcription repressor Slug in IB3 cells
compared to the C38 cells
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

migratory phenotype
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 (mRNA and protein)

+TGF-β receptor inhibitor
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

fibronectin (protein)

+TG2 inhibitors in IB3-1 cells
Inhibition of cell migration
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TGF-β1 (protein)

x x x x [252] 2016

ALI HBECs 14
days

WB +TGF-β1 3 ng/mL 48 h:

Int. J. Mol. Sci. 2023, 24, x  7 of 36 
 

 

α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TG2
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

Fibronectin and N-cadherin
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (protein)

+TG2 overexpression:

Int. J. Mol. Sci. 2023, 24, x  7 of 36 
 

 

α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

fibronectin, N-cadherin, Slug (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

E-cadherin (protein)
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α, IL-5, IL-13 and TGF-β [125–127]. Furthermore, it has been shown that repeated airway 

bronchoconstriction leads to a higher expression of TGF-β by epithelial cells, further en-

hancing subepithelial fibrosis and basal membrane thickening [128]. Bronchoconstriction 

may thus represent a trigger for airway remodelling independent of the inflammatory 

process [129]. 

Mucus hypersecretion is observed throughout the conducting airways and occurs at 

any stage of the disease from mild to fatal asthma [130–134]. It may be mediated by goblet 

cells hyperplasia and metaplasia, which is another feature of airway remodelling in 

asthma [68,135]. 

Table 1. Animal and cells culture models suggesting EMT implication in asthma. 

Models Techniques EMT Program AR 
EMT 

Signal 

EMT 

TFs 

EMT 

Mark 
Refs. Year 

HBECs of asthma and con-

trol subjects monolayer 

and ALI culture 

RT-qPCR 

WB 

SDS-PAGE 

IHC and IF 

+TGF-β1 10 -50 ng/mL 72 h: 

spindle-shaped appearance 

     E-cadherin and ZO-1 (protein) 

     fibronectin, vimentin and α-SMA (mRNA 

and protein) 

     collagen-1α1, fibrinogen, connective tissue 

growth factor and TGF-β1 (mRNA) 

Smad3-dependent process 

x x  x [87] 2009 

16HBE 14o- cell line RT-qPCR 

Cell 

proliferation 

WB 

ELISA 

TGF-β1, IL-4 and IL-17A stimulation (72 h): 

proportion with a spindle-shape, fibroblast-like 

morphology with reduced cell–cell contact 

     E-cadherin (mRNA and protein) 

     α-SMA (mRNA and protein) 

     pERK1/2 

x x  x [90] 2013 

16HBE 14o- cell line IF 

WB 

SDS-PAGE 

TGF-β1 5 ng/mL: 

     E-cadherin (protein) 

     vimentin and fibronectin (protein) 

     glycogen synthase kinase-3β (protein) 

x x  x [93] 2010 

ALI normal HBECs WB +TGF-β1 + HDM 50 μg/mL: 

     vimentin (protein) 

     cytokeratin 

     fibroblast-specific protein-1 (protein) 

delocalisation of E-cadherin 

x x  x [93] 2010 

Male and female trans-

genic mice stably express-

ing LacZ in lung epithelial 

cells (SPC-Cre; R26stop-

LacZ) 8–12 weeks 

IF +25 μg/day HDM intranasally (10–15 weeks): 

inflammation 

epithelial damage and thickening of the sub-ep-

ithelial contractile smooth muscle layer tissue 

     occludin and E-cadherin (protein) 

     vimentin, α-SMA and pro-collagen I 

     TGF-β1 in BALF 

Activation of Smad-dependent TGF-β signal-

ling pathways (p-Smad3 and SNAIL1 proteins 

in the nuclei) 

x   x [95] 2011 

Male C57/BL6 mice (9 

weeks) 

RT-qPCR 

WB 

ELISA 

+bone-marrow-derived eosinophils (intratra-

cheal instillation): 

inflammation in BALF 

     TGF-β1 in BALF 

type I collagen deposition 

     E-cadherin 

     α-SMA and vimentin 

 

+TGF-β1 siRNA 

x x  x [98] 2013 

TEER

x [252] 2016

AR, airway remodelling; CF, cystic fibrosis; CFBE, CF Bronchial Epithelial Cell Line; CFTR, cystic fibrosis
transmembrane conductance regulator; EMT, epithelial–mesenchymal transition; FOXJ, Forkhead box J protein;
HEK, human embryonic kidney; IF, immunofluorescence staining; IHC, immunohistochemistry; Mark, EMT-
markers; MCIDAS, Multiciliate Differentiation And DNA Synthesis-associated Cell Cycle Protein; MUC, mucin;
RBM, reticular basement membrane: RT-qPCR, quantitative real-time PCR; Signal, EMT-inducing signals; TEER,
transepithelial electrical resistance; TFs, EMT transcription factors; TG, transglutaminase; TGF, Transforming
Growth Factor; ZEB, Zinc finger E-box binding homeobox; ZO, Zonula occludens. Lung tissues were obtained
from subjects undergoing lung resection for appropriate clinical indications or from CF patients at transplantation.

Collin et al. observed an alteration in cell differentiation in the lung explants of
pwCF, with an increase in mucin 5AC labelling (goblet cells) and a decrease in β-tubulin-
positive cells (ciliated cells). These alterations were associated with an increase in vimentin-
positive cells, suggesting EMT-related remodelling in CF lungs [251]. A transcriptome
meta-analysis also revealed an EMT signature in CF epithelium and the identified protein
tyrosine phosphatase PTP4A1/2 as being potentially involved [253].

Since the identification of the CFTR gene in 1989 [254,255], it has been shown that
genotype alone cannot explain the phenotypic variations in CF [256]. In addition to
the socio-environmental impact [257,258], the presence of modifier genes can indeed
affect the pathophysiological features of pwCF and contribute to the severity of lung
disease [259–265]. TGF-β is one of the major modifier genes and plays a critical role into
myofibroblast differentiation [266]. Harris et al. showed an increase in myofibroblasts in
CF lung explants that correlated with TGF-β [267]. In CF genome, three single-nucleotide
polymorphisms in the TGF-β gene at position −509 (C or T; promoter region), +869 (T
or C; codon 10 leucine or proline) and +915 (G or C; codon 15 arginine or proline) were
identified [268–270]. The presence of proline at both sites induces low TGF-β1 expres-
sion [271], while leucine on codon 10 is associated with a high protein level [271–273].
TGF-β1 overexpression in pwCF has been associated with more a rapid deterioration of
lung function [270]. Similarly, an increase in TGF-β1 in BALF, sputum, serum or plasma is
associated with increased inflammation, some bacterial infections and the severity of pul-
monary manifestations [271,274–279]. CFTR knock-out mice express more TGF-β protein
in their lung tissue compared to wild-type mice [242]. Furthermore, these mice developed a
more pronounced fibrotic signature with expression of ECM proteins in response to chronic
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LPS exposure [242]. All these observations suggest a link between CFTR dysfunction and
TGF-β upregulation. RBM thickness has been shown to be positively correlated with the
levels of TGF-β1 in BALF in children with CF [227].

In addition to TGF-β, other TGF-β-related players are deregulated in CF. Recently
tissue transglutaminase (TG2) was identified in vitro as a regulator of TGF-β1 [252]. TG2 in-
hibition leads indeed to a significant reduction in fibronectin, N-cadherin, SNAIL and TGF-
β1 expression, resulting in a reversal of EMT. In human BEC line (16HBE14o-), miR1343
directly represses the activity of both TGFBR1 and TGFBR2 receptors by binding to the
3’UTR region and leading to the inhibition of canonical TGF-β signalling pathways [280].

FAM13A has been suggested to be a modifier gene for CF lung phenotype; the ex-
pression of FAM13A is downregulated in CF human BEC, and this decrease is associated
with a decrease in E-cadherin [281], suggesting that FAM13A could be involved in EMT
modulation in CF epithelial cells.

Recently, Quaresma et al. studied the presence of EMT features in CF tissue, primary
cultures of human BEC and cells lines expressing mutant CFTR [250]. In CF tissue/cells
defective of CFTR, mesenchymal markers, such as vimentin and N-cadherin, were upreg-
ulated, but most epithelial markers were not repressed, suggesting that partial EMT was
active. Other features of active EMT were observed, including impaired wound healing,
destructured epithelial proteins and defective cell junctions, as well as the upregulation
of EMT-associated transcription factors. This study also shows that the observed EMT
features were mediated by the EMT-associated transcription factor TWIST1. Interestingly,
mutant CFTR has also been associated with increased WNT/β-catenin signalling and an ex-
aggerated TGF-β secretion. Most recently, the same authors identified the Hippo-associated
protein Yes-associated protein 1 as a potential driver of EMT and fibrosis in CF by using
a multi-omics systems biology approach [282]. This transcription factor appears to be
upregulated in CF as opposed to non-CF cells, and it has been shown to impair F508del
CFTR trafficking, through the interaction with this protein. Furthermore, in the same study,
five potential pathways were suggested to be involved in the link between mutant CFTR
and EMT; these pathways (the Hippo, WNT, TGF-β, p53 pathways and MYC signalling)
would need to be further investigated as potential therapeutic targets of EMT in CF.

Sousa et al. studied the protein Kruppel-like factors (KLF4), which is a transcription
factor involved in the regulation of the proliferation, differentiation and wound-healing
processes that are altered in CF [283]. The depletion of KLF4 in wild-type or F508del
BEC had a different impact on epithelial integrity: in wild-type KLF4 KO cells, a decrease
in transepithelial electrical resistance and no effect on wound closure were observed,
while in F508del-KLF4 KO cells, higher levels of transepithelial electrical resistance were
observed associated with a decrease in wound closure. Furthermore, the expression of EMT
biomarkers and EMT-associated TFs were also differently affected. KLF4 depletion induced
a switch of epithelial protein expression with a decrease in E-cadherin and cytokeratin 18
(epithelial markers) and an increase in N-cadherin and vimentin (mesenchymal proteins),
that was associated with a marked decrease in TWIST1 in F508del-CFTR cells, but not in
wild-type cells.

All these observations suggest that the pathways involved in the EMT process in CF
are multiple and complex, and need further investigations.

5.3. Potential Effect of Novel Pharmacological Treatments on EMT and CF Airway Remodelling

Until the introduction of CFTR modulators in 2012 in the USA, the pharmacological
treatment of CF lung disease was symptomatic and based on anti-inflammatory drugs,
antibiotics and mucolytics/airway surface liquid hydrators. These treatments have sig-
nificantly improved the life expectancy and quality of life of pwCF; however, the recent
introduction of CFTR modulators had an impressive impact on clinical outcomes and the
lives of pwCF [284]. This novel pharmacological approach aims at correcting the basic
CFTR defect, in particular at correcting the expression (correctors) and/or improving the
function (potentiators) of the CFTR protein in the respiratory epithelium. Several combi-
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nations of modulators have been developed. Among these, the most recently introduced
in clinical practice was Elexacaftor–Tezacaftor–Ivacaftor (ETI), which led to an impressive
improvement in CF clinical outcomes.

Some recent studies suggest a potential effect of CFTR modulators on CF airway
remodelling, although the data are still scarce and need to be confirmed. Adam et al.,
in an in vitro study, have shown that Lumacaftor–Ivacaftor (the first CFTR modulators
association commercialised) accelerated airway epithelial wound repair and improved
transepithelial electrical resistance in the absence and even in the presence of Pseudomonas
aeruginosa exoproducts [285]. Interestingly, more recently, a similar effect was reported
in vitro in a CF cell line overexpressing CFTR-F508del treated with ETI. In fact, this drug
not only restored F508del CFTR maturation and function but also enhanced wound repair
in these cells [286]. These findings seem to indicate the potential of CFTR modulators in
enhancing reparative and regenerative processes into the airways. Bec et al. studied adult
pwCF treated with ETI for one year and documented that the overall CT score decreased as
a consequence of decreased mucus plugging and peribronchial thickening, while bronchial,
parenchymal, and hyperinflation scores remained unchanged [287]. Although some few
and indirect evidence concerning a potential effect of modulators on mechanisms and
features of airways remodelling in CF seem encouraging, further studies need to address
this topic; longitudinal studies with CFTR modulators could provide further insight into
their effects as well as on mechanisms involved in the EMT process associated with CF.

5.4. Inflammation and EMT in NCFB

NCFB are muco-obstructive diseases, including a heterogenous group of diseases with
a number of underlying conditions, that affect patients of different age. The prevalence
of the disease is increasing worldwide [288,289]; however, in 38.1% of cases of NCFB,
the aetiology is not yet identified [290]. Similarly to CF lung disease, pathophysiology
of bronchiectasis is linked to a vicious vortex of impaired mucociliary clearance, airway
inflammation and infection, ultimately leading to structural damage. In particular, an
aberrant epithelial remodelling with impaired mucociliary escalator architecture is present
in both large and small airways. As in CF, in NCFB patients, their mucus is dehydrated
and more viscous, favouring the development of infections. A marked neutrophilic in-
flammation is observed in the airways of patients with (pw)NCFB, and similarly to CF, a
protease/antiprotease imbalance occurs with the release of NE and the overexpression of
MMPs that correlate with impaired lung function and the increased neutrophilic inflamma-
tion [291]. Furthermore, severe disease was shown to be associated with an upregulation
of neutrophils and NET [292].

Eosinophilic inflammation has also been observed in approximately 20% of NCFB pa-
tients and may be involved in disease exacerbations. Moreover, in pwNCFB polymorphism
at position −1607 (1G or 2G) of the MMP-1 promoter induces the upregulation of MMP-1
activity, which is associated with post-inflammatory lung destruction and fibrogenesis. In a
small cohort of pwNCFB, it has been shown that 1G/1G or 1G/2G genotypes are associated
with a more severe phenotype and higher serum levels of MMP-1 and TGF-β1 [293].

Although airway remodelling and structural damage are key components of NCFB,
so far, there are no data relating these features to the presence of EMT in these diseases, but
this is certainly a field that needs active investigations as it could potentially suggest novel
treatment approaches.

6. Conclusions

Chronic obstructive airway diseases are characterised by an exuberant and persistent
inflammatory process into the airways as the result of repeated aggression by different
triggers and noxious agents, such as cigarette smoking, pollutants, allergens and pathogens.
In the context of this chronic inflammatory environment, tissue repair becomes excessive
and altered, leading to the development of structural alterations, such as remodelling and
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fibrotic changes with different degrees of reversibility over time; these changes ultimately
lead to organ dysfunction and the progressive impairment of lung function.

Although the role of EMT in the pathogenesis of these diseases is not yet well defined,
several studies seem to suggest that this process is involved in pathological changes and
airway remodelling, leading to chronic airflow obstruction and progressive lung function
impairment.

Even if common signalling pathways are implicated in structural changes observed in
these diseases, some specific triggers and a different regulation may be operating. Thus, it
would be important to better define, according to the guidelines for research on EMT [1],
the different mechanisms and pathways involved in the EMT process in these different
airway diseases in order to identify potential specific therapeutic targets to prevent or limit
the remodelling process and the irreversible structural changes.
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Abstract: Proliferative vitreoretinal diseases (PVDs) encompass proliferative vitreoretinopathy (PVR),
epiretinal membranes, and proliferative diabetic retinopathy. These vision-threatening diseases are
characterized by the development of proliferative membranes above, within and/or below the retina
following epithelial-mesenchymal transition (EMT) of the retinal pigment epithelium (RPE) and/or
endothelial-mesenchymal transition of endothelial cells. As surgical peeling of PVD membranes
remains the sole therapeutic option for patients, development of in vitro and in vivo models has
become essential to better understand PVD pathogenesis and identify potential therapeutic targets.
The in vitro models range from immortalized cell lines to human pluripotent stem-cell-derived RPE
and primary cells subjected to various treatments to induce EMT and mimic PVD. In vivo PVR animal
models using rabbit, mouse, rat, and swine have mainly been obtained through surgical means to
mimic ocular trauma and retinal detachment, and through intravitreal injection of cells or enzymes
to induce EMT and investigate cell proliferation and invasion. This review offers a comprehensive
overview of the usefulness, advantages, and limitations of the current models available to investigate
EMT in PVD.

Keywords: proliferative vitreoretinal diseases (PVDs); experimental models; epithelial-mesenchymal
transition (EMT)

1. Introduction

Proliferative vitreoretinal diseases (PVDs) are a vision-threatening group of patholo-
gies that comprise proliferative vitreoretinopathy (PVR), epiretinal membranes (ERM),
and proliferative diabetic retinopathy (PDR). Similarly, membranes found in neovascular
age-related macular degeneration (nAMD) share common pathological pathways with
PVD [1]. PVDs are characterized by avascular or fibrovascular membranes developing
above, inside and/or beneath the retina. While PVR usually occurs after retinal detachment
or ocular trauma, due to an excessive wound healing response, membranes in nAMD and
PDR are triggered by local inflammation or oxidative stress and develop when the diseases
are left unchecked or fail to respond to treatment [2–7]. Clinically, PVD membranes exert a
vitreoretinal traction which may lead to retinal detachment and are responsible for most
of secondary retinal detachments following initial surgical repair. The incidence of PVD
is expected to rise in the coming decades due to the increase of diseases and risk factors
responsible for PVD development [4,6–12]. However, surgical peeling of these membranes
by specialized surgical teams remains the sole therapeutic option to this day, limiting pa-
tients’ access to treatment and burdening healthcare systems. Commonly, peeling of these
membranes involves the use of dyes and drugs to stain the internal limiting membrane
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(ILM) on the neuroretina and/or vitreous to help visualizing these transparent structures
and avoid iatrogenic lesions of the retina. However, compounds frequently used to stain the
ILM and vitreous, such as Brilliant Blue G and triamcinolone acetonide, respectively, may
diffuse through the ILM and exert a cytotoxic effect on the neuroretina and retinal pigment
epithelium (RPE), potentially limiting patients’ post-operative visual prognosis [13,14].

RPE and Müller cells have been identified as the main cell types involved in PVD.
Commonly, following disruption of the blood retinal barrier caused by chronic pathologies,
retinal tear, retinal detachment, or penetrating ocular trauma, RPE cells acquire myofibrob-
last characteristics, allowing them to migrate and form the contractile membranes found
in PVD [3,5,15–19]. This process, named epithelial-to-mesenchymal transition (EMT), can
occur in both physiological conditions such as embryogenesis and wound healing, and
pathological conditions such as cancers and tissue fibrosis. EMT is characterized by a loss of
apical-basal polarity, a switch in the expression of cytokeratins to vimentin, and increased
cellular motility and invasive ability [18–22]. Similarly, endothelial cells can also undergo
a process called endothelial–mesenchymal transition, as seen in embryogenesis, cardiac
fibrosis, and fibrovascular membranes found in PDR and nAMD [5,15,16,20]. Müller cells
also play a significant role in PVD development, mainly through the secretion of cytokines
and growth factors, leading to gliosis and proliferation [23]. The detailed role of EMT in
PVD has been summarized in Figure 1.

Despite sharing similar mechanisms during their development, members of the PVD
spectrum have mainly been investigated separately. Therefore, it is of paramount impor-
tance to study EMT, a process occurring in all PVD, to better understand the pathogenesis
of these diseases. Since proliferative membranes in PVR often develop within a few weeks
following RPE layer disruption, experimental models mimicking acute or subacute devel-
opment of membranes to study EMT as a key process of PVD will be useful to identify
alternative and/or complementary treatments to improve patients’ visual prognostic [2].
A review published in 2017 sorted and described the animal models that have been used
until now to study PVR and to perform pharmaceutical investigations [24]. However, the
use of these in vivo models to study EMT in PVR has not been described. Furthermore, to
the best of our knowledge, no review describing currently used in vitro PVR models has
ever been published.

This review provides an overview of the currently existing in vitro and in vivo PVR
models, as PVR membranes are mainly characterized by EMT of retinal cells. The review
will also highlight the use of PVR models for research purposes as well as their advantages
and limitations to study the EMT process involved in the pathogenesis of PVD.
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gliosis of Müller cells (highlighted in yellow). (B) EMT of RPE cells due to stress, leading to preret-
inal and epiretinal membranes formation: Following disruption of BRB or compromised retinal ar-
chitecture due to stress (ageing, hypoxia, inflammation, or traumatism), normal cobblestone-shaped 
RPE cells lose their tight and adherent junctions, their apical basal polarity, and obtain a mesenchy-
mal phenotype, which increases their migrative and proliferative abilities. These RPE cells under-
going EMT then migrate through the different retinal layers to form preretinal and epiretinal mem-
branes. A: Amacrine cell; AC: Astrocyte; AJ: Adherens Junctions; BC: Bipolar cell; BM: Bruch’s 

Figure 1. Role of EMT in PVR. (A) Depiction of PVR formation after stress factors’ impact on retinal
cells: EMT and migration of RPE cells through retinal cellular layers (highlighted in red) as well
as gliosis of Müller cells (highlighted in yellow). (B) EMT of RPE cells due to stress, leading to
preretinal and epiretinal membranes formation: Following disruption of BRB or compromised retinal
architecture due to stress (ageing, hypoxia, inflammation, or traumatism), normal cobblestone-shaped
RPE cells lose their tight and adherent junctions, their apical basal polarity, and obtain a mesenchymal
phenotype, which increases their migrative and proliferative abilities. These RPE cells undergoing
EMT then migrate through the different retinal layers to form preretinal and epiretinal membranes.
A: Amacrine cell; AC: Astrocyte; AJ: Adherens Junctions; BC: Bipolar cell; BM: Bruch’s Membrane;
CC: Choroidal Capillaries; CP: Cone photoreceptors; EMT: Epithelial–Mesenchymal Transition; GC:
Ganglion Cell; HC: Horizontal Cell; ILM: Inner Limiting Membrane; OLM: Outer Limiting Membrane;
RBV: Retinal Blood Vessels; RP: Rod photoreceptor; RPE: Retinal Pigmented Epithelium; TJ: Tight
Junctions. The Figure was partly generated using Servier Medical Art, provided by Servier, licensed
under a Creative Commons Attribution 3.0 Unported license.

2. In Vitro Models of PVR

Most in vitro models of PVR rely on immortalized cell lines, pluripotent stem cells,
and primary cells, mainly RPE and Müller cells, which represent the most abundant cells
found in PVR membranes. However, only a few published reports have attempted to use
cells directly isolated from PVR membranes.

In vitro models provide several benefits over in vivo models such as the ease of access
to cell lines, a lower cost, and the possibility to obtain highly reproducible models. However,
in vitro models also possess limitations compared to in vivo models, and the most widely
used cell lines often possess abnormal karyotypes, which may restrain the conclusions
drawn from such models.

Research groups studying PVD in vitro have often had recourse to inducing EMT
in cell lines or primary culture by exogenous adjunction of transforming growth factor
β (TGF-β), tumor necrosis factor α (TNF-α) or other cytokines and growth factors. The
proliferative and contractile properties of RPE cells after wound healing or in presence
of animal vitreous have also been evaluated. Hereafter we describe the different in vitro
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models that have been used to this day to study PVR, with an emphasis on their advantages
and drawbacks.

2.1. EMT Induction by Growth Factors or Cytokines

EMT induction by addition of TGF-β to the culture medium of RPE cells, first de-
scribed in 2001, has become the most often used method to study EMT in PVR in vitro
models [25]. Both TGF-β1 and TGF-β2, used in different cell lines and primary cells, seem
to induce EMT mainly through the activation of the Smad signaling pathway [26–28].
The vast majority of studies treating RPE with TGF-β showed increased expression of
EMT markers, modification of cell morphology towards a mesenchymal state as well as
increased migration, proliferative and contractile abilities using wound healing, invasion,
and collagen contraction assays [26–30]. Interestingly, a recent study showed that exosomes
produced by TGF-β2-treated ARPE-19 cells induced EMT in normal ARPE-19 cells, which
underlines the importance of the microenvironment to initiate EMT in RPE cells [31]. How-
ever, TGF-β alone does not suffice to induce EMT efficiently but requires a loss of cell–cell
contact to initiate this process [32].

In 2010, a combination of TGF-β and TNF-α, added for the first time in RPE cell
culture medium, revealed their synergistic effect to induce EMT [33]. Ever since, this
combined treatment has only been used thrice on ARPE-19 and primary human RPE cells
despite showing promising results to induce EMT in RPE cells, leading to the formation of
membranes and fibrotic deposits [34–36].

Other growth factors and cytokines such as epidermal growth factor (EGF), TNF-α,
interleukin 6 (IL-6), fibroblast growth factor 2 (FGF2), Gremlin or Factor Xa have also been
used to induce EMT and study EMT markers, proliferation, migration, and morphology
of RPE cells [29,30,37,38]. These models could provide alternatives to the TGF-β-induced
EMT model but remain to be more extensively studied.

2.2. EMT Induction through Mechanical Stimulation

Few groups have studied the behavior of human induced pluripotent stem cell (hiPSC)-
derived RPE cells, primary RPE cells, and immortalized human RPE cells in reaction to
a wound healing assay mainly to investigate their proliferative ability and the effect of
potential antiproliferative drugs. These models have also been used to investigate the cell
contractile properties using collagen matrix contraction assays [27,39]. Surprisingly, it has
been reported that exposition to normal vitreous fluid during wound healing tends to
increase the fibrotic response of hiPSC-derived RPE cells [40].

Recently, two studies have revealed that low-density cell culture for an extended
period potentiated EMT in TGF-β1-treated ARPE-19 cells and spontaneously induced EMT
in human embryonic stem cell-derived RPE [30,41].

2.3. Advantages and Limitations of In Vitro PVR Models

To establish in vitro PVR models, research groups have mostly used human cell lines
that have spontaneously developed from primary RPE and Müller cells (such as ARPE-19
and MIO-M1, respectively), as well as human, rabbit, mouse, rat, and porcine primary RPE
cells. In the last decade, differentiated RPE cells derived from human pluripotent stem cells
have also been used to explore the EMT process involved in PVD pathogenesis, as they
share functional and mature characteristics of native human RPE cells [27,28,36,42–44].

ARPE-19, a spontaneously arising human RPE cell line, has been most widely used
to investigate EMT in PVR and other retinal disorders. ARPE-19 have been successfully
used in all the aforementioned in vitro PVR models and offer an easily accessible source of
RPE cells [45,46]. However, the use of these cells does not come without any drawback,
as they show an abnormal karyotype and a loss of key characteristics of differentiated
RPE including the cobblestone morphology of RPE cells favoring a mesenchymal cell
morphology, the apicobasal polarity and the expression of some RPE markers [47,48].
Therefore, ARPE-19 may have already undergone partial EMT and do not represent an
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ideal cell line to study the initiation of EMT in PVD models [48,49]. This limitation can
however be overcome by proper differentiation of ARPE-19 into mature RPE cells through
addition of pyruvate in the culture medium for three to four months [50]. Recently, a rapid
differentiation protocol using culture medium supplemented with nicotinamide has been
reported to allow the cells to form a polarized epithelium with cobblestone appearance but
lacking pigmentation within two to four weeks and to regain RPE functions [51]. Therefore,
the use of differentiated ARPE-19 may represent an affordable and easy-to-handle in vitro
model to study EMT induction in mature RPE cells and to mimic PVD pathogenesis.

Other spontaneously immortalized human Müller and RPE cell lines, such as MIO-
M1 and D407, respectively, have also been used to investigate PVR [42,52]. However, they
have been seldom used to study the EMT process in PVD. Furthermore, the D407 cell
line shows similar limitations to the ARPE-19, such as an abnormal karyotype and lack of
differentiated RPE characteristics [49].

Primary RPE cells originating from human, rabbit, mouse, and swine have been iso-
lated from ocular globes and used for in vitro PVR studies. As for the ARPE-19, EMT
induction in primary cells has been achieved by treatment with EGF, TGF-β and/or
TNF-α, by mechanical wound healing or by cultivating the cells in presence of vitre-
ous fluid [27,35,53,54]. The use of primary cells allows researchers to establish RPE sheets
possessing in situ RPE features before inducing EMT, without biases of potential abnor-
mal karyotypes of cell lines. However, all research teams do not have access to human
donors shortly after their death or to animal eyes, nor possess the expertise to perform RPE
isolation, which limits studies relying on primary cells.

Pluripotent stem-cell-derived RPE represents an alternative to obtain fully mature
cells exhibiting all characteristics of native RPE and may therefore be the ideal cell type to
develop in vitro PVR models. Furthermore, hiPSC can be obtained from human with mini-
mally invasive techniques, such as skin biopsy or blood sampling [27,41]. However, hiPSC
culture and differentiation into RPE cells is costly and time-consuming, whether the differ-
entiation is spontaneous or guided, therefore limiting its use in routine research [40,49].

Cells isolated from human PVD membranes have been maintained in culture or
subjected to TNF-α treatment to explore EMT and their proliferative and contractile prop-
erties [55–58]. This model allows to investigate the characteristics of proliferating cells
composing the pathological membranes but has been very scarcely used due to the limited
access to human samples. Furthermore, this model cannot be considered a true in vitro
PVD model since the cells are already in an end-stage EMT prior to being isolated, even
though their invasive properties increased after exposition to TNF-α and/or TGF-β [56,57].

3. Animal Models

Several animal models have been developed to study EMT in PVD. Animals used for
this purpose mainly consist of rabbits, mice, and rats. In vivo animal models are valuable
for PVD evaluation as they can be used to mimic human disease by inducing post-traumatic
PVR or other pathological PVD and investigate novel therapeutics. Nonetheless, animal
PVDs’ pathophysiology and clinical expression can be different from the human disease
which limits the extrapolation of animal studies on human PVR. Table 1 summarizes the
characteristics of animal PVR models.
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3.1. Rabbit PVR Models

Rabbits are some of the most common animals used for in vivo experimental PVR
research. This species presents many advantages, such as its ease of acquisition and
handling, a small lens size and a voluminous posterior chamber close to the human
vitreous’ volume, which allows an easy access to the retina and better visualization of
developing PVR [80].

PVR has been mainly induced in rabbits by intravitreal injections of cells or bio-
logically active compounds and by ocular trauma through surgical means. These PVR
models have been developed to study various components involved in PVR pathogene-
sis. Indeed, the proliferative and inflammatory vitreous reaction following the injection
of cells, cytokines, growth factors and/or other blood components reproduce different
stages of PVR [73,115,116]. In addition, surgical techniques mimicking ocular trauma
reproduce the most frequent cause of PVR, disrupting the blood–retinal barrier (BRB),
and allowing the subsequent activation and recruitment of macrophages, fibroblasts, and
glial cells [37,117]. Interestingly, PVR has also been induced by associating ocular trauma
with intravitreal injections or the simultaneous injection of different cell types and/or
active compounds [52,70,117,118]. Such combination allows a concomitant representation
of various aspects of PVR occurring at different stages, leading to better mimicking the
human disease.

The first described injection model reproducing PVR in rabbits was described in 1984,
based on the induction of a “fibroplasia” by injecting dermal connective tissue into the
vitreous [119]. Since then, the intravitreal injection of cells or other compounds has been
widely used in rabbit PVR models [37,59,61,70].

3.1.1. Cell-Induced Rabbit PVR Models

Homologous or heterologous intravitreal injections of fibroblasts of various ori-
gins [59,60,120], human RPE cells [61–63], transfected ARPE-19 cells [64,121], primary RPE
cultures [66], Müller cells [66], macrophages [67,121], or platelet-rich plasma (PRP) [122]
have been used to develop PVR model. The most frequently studied model is the intrav-
itreal injection of fibroblasts [59,60,120]. Such injections can trigger the development of
epiretinal and intravitreal proliferative membranes within a few days after injection, due
to the host reaction to these exogenous fibroblasts, ultimately leading to retinal detach-
ment [115,123]. The injection of fibroblasts triggers an inflammatory infiltration, migration
of RPE cells from the subretinal space, and loss of the initial RPE hexagonal shape towards
a fibroblast-like appearance [124].

PRP and blood derivatives’ injection stimulates EMT, mainly through the secretion of
growth factors and active mediators provided by platelets, such as platelet-derived growth
factor (PDGF) and vascular endothelial growth factor (VEGF) [122,125]. Retinal blood
vessels’ occlusion by platelets further stimulates neovascularization and proliferation [126].
Furthermore, co-injection of PRP and fibroblasts leads to the development of higher stage
PVR with intense intraocular proliferation and preretinal vascularization [127,128].

3.1.2. Biologically Induced Rabbit PVR Models

Several groups have also performed intravitreal injections of biologically active com-
pounds such as dispase [76,129], TGF-β [70], VEGF [80,81], recombinant human IL-1β [87],
xanthine and xanthine oxidase [82], to induce inflammatory and proliferative reactions and
prompt PVR development. Dispase is an easily accessible enzyme that induces histological
changes in the retina with very few side effects [76]. As a metalloprotease, dispase dissoci-
ates cells from their surrounding matrix, leading to RPE cells’ exposition and disrupting
the vitreoretinal continuity [130]. Leakage and recruitment of endogenous cells such as
fibroblasts, macrophages, and glial cells then follow, driving the expression of growth
factors and cytokines which will stimulate the cells giving rise to PVR [77].
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3.1.3. Cell- and Biologically Induced Rabbit PVR Models

Some of the compounds and cells previously described have also been used in con-
junction to induce PVR. For instance, some cells (RPE cells, human fibroblasts, heterologous
fibroblasts etc.) were injected along with cytokines or other cells (PRP rich in trophic
factors and cytokines) [52,118]. The co-injection of cytokines and PRP leads to dissociation
and migration of RPE cells, mainly stimulating the proliferative process with moderate
inflammation and subsequent development of PVR exhibiting thicker ERM compared to
cytokine injection alone [118].

3.1.4. Surgically Induced Rabbit PVR Models

Since ocular trauma is the main cause of PVR in humans, several research groups have
attempted to mimic trauma through surgical techniques to induce PVR in rabbits. These
models involve performing open-globe injury or vitrectomy followed by retinotomy or
cryopexy [37,83,84]. Multiple features of human PVR can be represented in these models,
such as retinal tear and BRB disruption that follow retinal detachments or traumatisms in
human PVR. Epiretinal scarring as well as proliferation processes involving endogenous
cells’ recruitment reproduce more accurately PVR pathogenesis compared to models where
injections of exogenous cells and agents are performed [131]. Furthermore, PVR onset time
in mechanical models is around 4–12 weeks, similarly to observations made in humans,
which allows the evaluation of drugs and long-run interventions [132]. However, surgi-
cal/traumatic models might exacerbate proliferation by excessive vitreous hemorrhage
related to the experience of the surgeon, which renders these models less reproducible.

3.1.5. Cell- or Biologically Induced Rabbit PVR Models following Surgery

Surgical techniques combined with injection of one or several cell types and/or
cytokine have been used to obtain a more reliable PVR model and to better investigate
the physiopathology of human PVR where a retinal tear is often the main precursor of the
disease [85–87]. Retinal defects, potentialized by the injected cytokines, allow the migration
and proliferation of various cells into the vitreous through the retina or the interaction
of injected cells with leaking cytokines, cells, and growth factors. These cells will then
induce subsequent epiretinal membranes, surface wrinkling retinopathy and star-fold-like
configurations 4 weeks after surgery [87]. Nonetheless, as rabbit retinas are less vascular-
ized compared to human, these models are not ideal to study the actual impact of BRB
disruption and subsequent ERM formation [65,88]. In fact, rabbit retinal vascularization
pattern (merangiotic) is different compared to humans (euangiotic/holangiotic) with PVR
in rabbits beginning on or around the medullary rays where retinal vasculature is present,
the rest of the rabbit retina being avascular [133]. Retinal vasculature in humans plays
an important role in PVR development as the anatomical disturbance of the retina and
BRB disruption play a significant role in subsequent migration of inflammatory cells and
proteins. Furthermore, newly formed retinal vessels following retinal detachment are
common in PVR and may be sources of growth factors and inflammatory cells leading to
ERM formation [134].

Cell injection following gas vitrectomy, using mainly perfluoropropane (C3F8),
leads to PVR development within 7 to 28 days [128]. This technique allows emptying
the vitreous chamber before cell injection, lowering the intraocular pressure, and softening
the ocular globe easing intravitreal manipulations and subsequent injections rendering the
model more reproducible [128]. This model is particularly interesting in rabbits due to the
smaller lens size compared with the eyeball which allows vitreous manipulations to be
performed without damage to the lens or retina [89]. Such a procedure allows the posterior
detachment of vitreous and preretinal membranes development, the latter attributable to
the break of retinal cell-to-cell contact and the disruption of the BRB, happening occasionally
with posterior vitreous detachment, leading to RPE cells, collagen fibers, myofibroblasts,
growth factors and cytokine leakage into the vitreous [61,90].
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3.1.6. Advantages and Limitations of Rabbit PVR Models

Briefly, rabbit injection models can be preferred to traumatic and surgical ones due to
their ease of manipulation and less traumatic application avoiding non-naturally occurring
side lesions [76]. More specifically, intravitreal injection of cells allows the study of the
proliferative stage of PVR due to the reaction of local cells to the injected ones while the
injection of blood derivatives and active inflammatory components mimic the inflamma-
tory reaction that leads to EMT and tractional membrane development [80,115,116,118].
However, the injection of exogenous cells bearing foreign antigens as well as the rapid
disease development must be taken in account before selecting this type of model [76].
Some proliferative retinal diseases such as macular PVR and post-traumatic PVR can have
a rapid onset and be simulated by the injection models [135]. However, other proliferative
retinal diseases linked to chronic pathologies such as proliferative diabetic retinopathy and
exudative age-related macular degeneration can take years for proliferation to be clinically
apparent and thus cannot be accurately reproduced by these models.

On the other hand, traumatic and surgical models offer the advantage to stimulate
locally available cells without foreign agent injection and with an onset time close to clini-
cal PVR [132]. Different manipulations can also be facilitated by the lowered intraocular
pressure and softening of the ocular globe occurring after gas injection [128]. Nonetheless,
surgical techniques performed by different manipulators may not be perfectly reproducible
without proper surgical expertise, leading to variable degrees of cell liberation and lo-
cal reaction [86,117]. Furthermore, such procedures hold a high risk of severe vitreous
hemorrhage that does not reproduce the clinical situation [136].

The use of PVR models combining surgical and injection techniques represents an
alternative to the use of a sole technique. These models offer the advantages to induce PVR
in a timely manner closer to human disease onset with changes in vitreous consistent with
clinical PVR pathogenesis. These phenomena are attributable to the surgical BRB disruption
and its subsequent effect on cell leakage and local reactions, as well as the inflammatory
and proliferative benefits of the injected compounds [87]. Nonetheless, the vascularization
of rabbits’ retina differs from humans, making these results less extrapolatable to human
PVR [88].

3.2. Mouse PVR Models

Mice represent the second most frequently used in vivo PVR models due to their ease
of handling, accessibility, and similarities to human physiology and anatomy. Furthermore,
they offer the possibility to induce the disease by various means such as injections, surgery
or genetic modifications. Most mouse models of PVR are mainly derived from the C57BL/6
strain which has been used for over 50 years and allows the generation of reliable transgenic
models [38,97,104,106,137,138]. Mouse PVR models using intravitreal injections range from
active compounds’ injection such as dispase or coagulation factors to cell injections of ARPE-
19, preceded or not by surgical discontinuation of the RPE layer [37,92,93,103]. Transgenic
models however are capable of developing PVR spontaneously and allow the evaluation of
cell proliferation and ERM formation [105,106].

3.2.1. Biologically Induced Mouse PVR Models

Intravitreal injection of dispase has been mostly used to induce PVR development in
mice. The low cost of dispase and high reproducibility of the model, makes it ideal for
PVR pathophysiological investigations without involving specific immune response [96,98].
In addition, the severity of induced PVR can be tuned by adjusting the concentration
of dispase [94]. PVR severity can also be increased by the simultaneous injection of a
coagulation factor (FXa) [37]. Furthermore, the inflammatory response of RPE cells can be
triggered in such model by the simultaneous intravitreal hemorrhage mixed with vitreous
profibrotic factors [37,99]. The RPE, macrophages, and glial cells enter an inflammatory
phase participating in the creation of a sub- and epi-retinal membrane, with only the
subretinal membrane containing RPE cells [94,99].
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3.2.2. Cell-Induced Mouse PVR Models

To the best of our knowledge, PVR induction by intravitreal injection of cells in mice
has only been performed in two studies using ARPE-19 cells [92,93]. Such PVR model
was characterized by the formation of an ERM resembling those observed in patients
with PVR [92]. Injection of large quantities of exogenous cells may lead to significant
inflammation due to the host reaction, making this model less representative of human PVR.

3.2.3. Surgically Induced Mouse PVR Models

Gentle retinal detachment using forceps or silicon rubber needle has been performed
to induce PVR in mice [26,100–102]. Such methods induce EMT by detaching the retina
without damaging the underlying RPE. PVR development mostly occurs on the Bruch’s
membrane and not on the surface of the detached retina [26,102]. However, released vitre-
ous cytokines and BRB rupture lead to immunological reaction, making the experimental
conditions difficult to control [100].

3.2.4. Cell-Induced Mouse PVR Models following Surgery

ARPE-19 cell injection following intravitreal gas injection has been recently performed
to induce PVR development in mice. Interestingly, intravitreal gas injection leads to
posterior vitreous detachment and increases the severity of subsequent PVR formation
possibly by facilitating cell migration [103]. This model mimics key pathological aspects of
human PVR without compromising retinal integrity and represents a valuable model as
it allows therapeutic and pathophysiological studies. However, injection of human RPE
cells may induce excessive inflammation related to the use of foreign cells, which may bias
results’ interpretations [103].

3.2.5. Transgenic Mouse PVR Models

Transgenic mice models have been generated to spontaneously induce the develop-
ment of PVR [104–106]. The transgenic specific overexpression of Rho-PDGF A and B
in photoreceptor cells results in vascular and glial cell proliferation [104]. Rho-PDGF A
transgenic mice allow glial cell proliferation, formation of an ERM made of astrocytes and
RPE cells, and superficial vascularization of the retina. Rho-PDGF B transgenic mice are
more interesting for studying vascular proliferative retinopathies as they develop deep
retinal vascularization with an epiretinal membrane containing glial cells, endothelial cells,
and pericytes. Considering the involvement of these growth factors in the pathogenesis of
PVR, specific aptamers have been developed and used in therapeutic trials to modulate
PVR [105]. Mice showing mutated Laminin Subunit Alpha 1 (LAMA1) retain a fetal vitre-
ous vascularization and a pre-retinal glial membrane, and the ERM present is very similar
to PVR [106]. Overall, these transgenic mice models present severe proliferative aspects
allowing further study of the pathogenesis of proliferative retinopathies.

3.2.6. Advantages and Limitations of Mouse PVR Models

Mice represent interesting and valuable models to study PVR due to their short repro-
ductive cycle, and ease of handling and housing. However, compared to rabbits, murine
eyes are anatomically smaller and possess a large lens and small vitreous volume, making
them more technically challenging for injection, surgery, and observation [103,139]. Fur-
thermore, mouse retina is not completely comparable to the human’s due to the absence of
macula [140]. Nevertheless, their accessibility and ease of genetic modification make them
a particularly interesting model for studying pathophysiological mechanisms involved in
PVR [38,94,98,104,106].

As in rabbits, PVR can be induced in mice by intravitreal injection of cells or active
compounds, or by inducing trauma, to mimic some of the key steps of PVR development
in humans, such as proliferation and inflammation. These models have been mainly
used to study EMT initiation occurring in PVR [37–39,94–98]. Transgenic mice models are
particularly interesting to study the inflammatory stage of PVR as the pathophysiological
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hypotheses suspected of being involved can be isolated and studied separately [38,94,98].
Since the different modalities of PVR induction do not allow pharmacological study of
ERM and neovascularization, some transgenic models that spontaneously develop PVR are
valuable to study the aggressive proliferative aspects and therefore the late stages of PVR.

Despite technical challenges related to large lens and small vitreous volumes, intravit-
real injections remain interesting models of PVR as they minimize operative complications
compared to PVR model induced by surgery. Nonetheless, caution must be taken dur-
ing cell injections as they may prone an excessive inflammation that does not reproduce
human PVR.

3.3. Rat PVR Models

A wide variety of rat strains (such as Long Evans, Wistar, Sprague Dawley, Brown
Norway) has been used to develop PVR models, which could lead to problems of repro-
ducibility. These models mainly rely on intravitreal injection of cells or active compounds
such as dispase or PRP. Although rats possess large globes and smaller lenses, they have not
been as frequently used as mice and rabbits to study PVR pathogenesis [41,112,141,142].

3.3.1. Cell-Induced Rat PVR Models

Cells such as RPE, macrophages, or a combination of RPE and PRP have been used
to induce PVR in rats [107–111]. PVR induction by intravitreal injection of ARPE19 has
also been shown to induce vitreoretinal fibrosis, similarly to rabbits [107]. During EMT
induction, the key step of RPE migration and proliferation in the intravitreal space can be
enhanced by PRP co-injection with either ARPE-19 or primary RPE cells from 7-day-old
Long-Evans rats (RPE-J) [108,110]. These co-injection models constitute valuable in vivo
PVR models as they adequately mimic human PVR through the involvement of RPE cells,
glial cells, macrophages, and fibroblasts in the fibrocellular membranes [111].

3.3.2. Biologically Induced Rat PVR Model

Intravitreal or subretinal injection of dispase has been performed in rats to induce
PVR [41,112]. Rat PVR models using dispase injection leads to disruption of retinal integrity
and to EMT initiation. These models show similar benefits to mice models as they also
allow investigation of EMT initiation and the testing of different therapeutic agents [41,112].

3.3.3. Advantages and Limitations of Rat PVR Models

Compared to mice, rats possess larger ocular globes with proportionally smaller
lens, a larger vitreous volume and present very similar advantages and disadvantages.
However, the vast heterogeneity of rat strains used to investigate PVR in vivo limits the
reproducibility of these models. Furthermore, rats have not been as extensively used to
investigate PVR pathogenesis when compared to rabbits and mice [41,112,141,142].

3.4. Swine Models

Pigs have not been widely used to investigate the pathophysiology of PVR due to
their heavy housing and maintenance cost, although pigs share several physiological and
anatomical similarities with humans. Indeed, pigs possess a retinal structure characterized
with a high density of photoreceptors, a holangiotic vascularization and a vitreous composi-
tion similar to humans. Moreover, due to the resemblance to human’s anatomy, the results
obtained are the closest to human pathophysiology, making the pigs the best alternative
to non-human primates for PVR studies. Furthermore, the use of pigs to develop PVR
models has been motivated by the failure to translate all results found in other models
to humans [113]. PVR induction in the porcine models is commonly performed through
retinal detachment induced by subretinal balanced salt solution injection during vitrectomy,
followed by an intravitreal injection of RPE associated or not with PRP [54,113,114]. PVR
development in pigs is similar to humans, starting with the development of fibrotic mem-
branes followed by tractional RD at day 14 [113,114]. Recently, a PVR model was obtained
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in minipigs by scraping the endogenous RPE layer following vitrectomy with induction of
bleb retinal detachment [113].

4. Conclusions

This review provides a summary of existing in vitro and in vivo PVR models that
allow investigation of the EMT process occurring in PVD, along with their advantages
and limitations. Most in vitro models rely on the use of immortalized cell lines such as
ARPE-19 cells due to their ease of access and lower cost compared to primary cells and
hiPSCs. However, ARPE-19 cells lack several key features of mature RPE, which may limit
correlation of experimental results to human PVD. A recent simple protocol allowing to
rapidly differentiate ARPE-19 into mature RPE cells using nicotinamide would be very
useful to study EMT initiation in PVD pathogenesis. Other in vitro models using primary
and human pluripotent stem-cell-derived RPE cells offer the benefits of possessing most
characteristics and features of native RPE cells, making them the best in vitro models for
experimental investigation. However, the limited access to primary human RPE cells
as well as the heavy cost and required expertise for primary RPE cells’ isolation and
hiPSCs’ differentiation greatly limit their use in many research laboratories. Therefore,
nicotinamide-induced differentiated ARPE-19 cells subjected to EMT through adjunction of
TGF-β with or without TNF-α in the culture medium represents an attractive and relevant
model to study PVR and PVD pathogenesis.

Among in vivo PVR models, rabbits and mice have been widely used to mimic PVR
pathogenesis, mainly through intravitreal injection of dispase, fibroblasts, or RPE cells, or
through surgical means mimicking penetrating ocular trauma. Mice and rabbits represent
accessible animals to investigate PVD pathogenesis and therapeutic agents in preclinical
models. Furthermore, mice offer the possibility of performing genetic modifications to
study specific pathways that may be involved in PVD and identify potential therapeutic
targets. Despite sharing many similarities with human retinal physiology and anatomy,
making them the ideal in vivo model for PVR pathogenesis investigation, pigs have been
rarely used, mainly due to their heavy housing and maintenance costs. Minipigs may
represent an alternative to classical swine research as they need smaller facilities and offer
similar benefits. However, the use of minipigs to study PVR needs further validation, as
this model has so far only been used once.

Overall, both in vitro and in vivo PVR models present advantages and limitations.
In vitro models provide a controlled environment for analyzing specific cellular and molec-
ular processes involved in PVR pathogenesis. In vivo animal PVR models offer a more
realistic representation of the disease but are limited by the difficulty in controlling variables
and extrapolating findings to humans. These models represent complementary valuable
tools to deepen our current understanding of PVD and to develop effective treatments
for patients. Furthermore, PVR induction in 3D models such as organs-on-a-chip or 3D
bioprinted outer retina may also provide innovating and interesting alternatives to study
molecular mechanisms of PVD.
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Abstract: Lung cancer is the leading cause of cancer-related death worldwide. Its high mortality is
partly due to chronic inflammation that accompanies the disease and stimulates cancer progression.
In this review, we analyzed recent studies and highlighted the role of the epithelial–mesenchymal
transition (EMT) as a link between inflammation and lung cancer. In the inflammatory tumor microen-
vironment (iTME), fibroblasts, macrophages, granulocytes, and lymphocytes produce inflammatory
mediators, some of which can induce EMT. This leads to increased invasiveness of tumor cells and
self-renewal of cancer stem cells (CSCs), which are associated with metastasis and tumor recurrence,
respectively. Based on published data, we propose that inflammation-induced EMT may be a po-
tential therapeutic target for the treatment of lung cancer. This prospect is partially realized in the
development of EMT inhibitors based on pentacyclic triterpenoids (PTs), described in the second
part of our study. PTs reduce the metastatic potential and stemness of tumor cells, making PTs
promising candidates for lung cancer therapy. We emphasize that the high diversity of molecular
mechanisms underlying inflammation-induced EMT far exceeds those that have been implicated in
drug development. Therefore, analysis of information on the relationship between the iTME and
EMT is of great interest and may provide ideas for novel treatment approaches for lung cancer.

Keywords: inflammation; pulmonary malignancy; epithelial-to-mesenchymal transition; natural
products; aggressiveness; tumor stem cells; mechanism of action

1. Introduction

Lung cancer is one of the most commonly diagnosed cancers and the leading cause
of cancer-related deaths worldwide, with an estimated 2,207,000 new cases and 1,796,000
new deaths in 2020 [1]. In Russia, lung cancer ranks second in overall incidence and first in
males, with a 5-year survival rate of 15–20% [2]. Despite significant advances in diagnostic
and surgical techniques, as well as targeted drug development, the mortality of patients
with lung cancer is high and steadily increasing. One of the major reasons for this failure is
the lack of therapeutics that are able to effectively control the crosstalk between cancer and
the tumor microenvironment (TME), leading to the enhancement of tumor aggressiveness
and metastasis.

Numerous studies have shown that stromal and immune cells surrounding tumor
tissue are capable of producing various growth factors and cytokines that induce the
epithelial–mesenchymal transition (EMT) in cancer cells [3]. Malignant cells undergoing
EMT are characterized by the disruption of adherens junctions, the cadherin switch from
E-cadherin to N-cadherin, and cytoskeletal reorganization, leading to the acquisition of
a motile and invasive phenotype [3]. Moreover, a range of evidence has been collected
that suggests that the EMT of lung cancer cells mediates not only the enhancement of their
metastatic potential but also their evasion of the immune system and the development of
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drug resistance [4], clearly indicating an aggravating role of EMT in lung cancer pathology.
Indeed, a significant positive correlation between low E-cadherin/high vimentin expression
(an important EMT feature) and worse overall survival of lung cancer patients has been
reported [5].

It is known that inflammatory airway injury induced by various stressors, including
tobacco smoke, industrial dust, allergens, and pulmonary infections, not only creates a
milieu conducive to lung carcinogenesis and is associated with a high risk of lung cancer [6]
but also promotes the EMT in the lung [7]. For example, an active EMT has been identified in
the airway epithelium of smokers and patients with chronic obstructive pulmonary disease
(COPD) [8] as well as in severe COVID-19 patients [9]. Because of the established links
between chronic lung inflammation, the EMT, and lung cancer aggressiveness, therapeutic
modulation of an inflammation-driven EMT can be considered a promising approach in
the treatment of pulmonary malignancies.

One of the most important sources of bioactive compounds capable of suppressing
tumor progression is pentacyclic triterpenoids (PTs), multitarget plant metabolites that
effectively suppress the proliferative, migratory, and invasive capacities of tumor cells [10].
Moreover, these molecules have been shown to significantly block the EMT of tumor
cells of different origins driven by various EMT inducers, including pro-inflammatory
mediators [11–13]. Given this fact, as well as the demonstrated ability of PTs to amelio-
rate pulmonary inflammation in vivo [14], these compounds can be considered a promis-
ing platform for the development of novel blockers of inflammatory-associated EMT in
lung cancer.

In this review, we summarize recent insights into the relationship between the in-
flammatory background and EMT-driven enhancement of the malignant traits in lung
cancer cells and shed light on the possibility of using PTs as potential inhibitors of this
interconnection. In view of the pandemic spread of SARS-CoV-2 and COVID-19-associated
severe pulmonary pathologies, the knowledge gained in this review will be useful for both
lung oncology and medicinal chemistry researchers.

2. Inflammatory-Driven EMT of Lung Cancer Cells: Key Players and Regulators
2.1. EMT-Associated Changes in Cancer Cells

The epithelial–mesenchymal transition (EMT) is a process of epithelial cell phenotype
switching that plays a crucial role in a plethora of normal physiological processes, including
embryonic development, wound healing, and tissue regeneration, as well as pathological
processes such as fibrosis, neoplastic transformation, and cancer metastasis [15].

Various stimuli from TME, such as growth factors [16], hypoxia [17], low pH [18],
or changes in the extracellular matrix (ECM) [19], upregulate EMT-associated transcrip-
tion factors (EMT-TFs) of the Snail (Snail, Slug), ZEB (ZEB1, ZEB2), and Twist (Twist1,
Twist2) families, which in turn shift the balance of EMT-associated cell markers toward
mesenchymal ones (N-cadherin, vimentin, fibronectin, etc.) [20] (Figure 1).

The main feature of the EMT, an increase in the migratory and invasive abilities
of tumor cells, results from a complex process of transdifferentiation involving many
cellular components. First, E-cadherin, an epithelial cell–cell adhesion protein, is replaced
by N-cadherin, which leads to the formation of relatively weak adhesion junctions [21].
This process leads to the release of β-catenin from the cadherin complex, followed by its
translocation to the nucleus (Figure 1). There, β-catenin triggers the expression of EMT-
TFs through the engagement of LEF/TCF transcription factors, thus forming a positive
feedback loop to maintain the mesenchymal phenotype [21]. In addition to changes in
surface markers, cytoskeletal rearrangements occur during EMT and enhance cell motility.
The replacement of cytokeratin filaments with vimentin filaments increases the mechanical
strength of the cytoskeleton by promoting microtubule polarization, stress fiber formation,
and focal adhesion stabilization [22].
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Figure 1. Key molecular events of EMT. Epithelial tumor cells receive EMT-inducing signals from 
the tumor microenvironment, such as growth factors, low pH, hypoxia, and ECM modifications. 
EMT-inducing factors trigger various intracellular signaling pathways and activate EMT-TFs, 
which then downregulate and upregulate epithelial and mesenchymal markers, respectively. EMT 
is further sustained by autocrine loops: for example, inhibition of E-cadherin leads to its dissocia-
tion from β-catenin, which translocates to the nucleus and transactivates EMT-associated genes. 
Later stages of EMT involve transformation of both intra- and extracellular compartments. The 
formation of actin stress fibers and vimentin intermediate filaments provides the mechanical force 
for migration. The cells that have undergone EMT have multidirectional effects on the ECM: they 
disrupt the basement membrane by degrading collagen IV with matrix metalloproteinases (MMPs) 
2 and 9, but at the same time produce other ECM components such as collagen I and fibronectin, 
which further maintain EMT. Downward (↓) and upward (↑) arrows indicate downregulation and 
upregulation of expression, respectively. 

The main feature of the EMT, an increase in the migratory and invasive abilities of 
tumor cells, results from a complex process of transdifferentiation involving many cel-
lular components. First, E-cadherin, an epithelial cell–cell adhesion protein, is replaced 
by N-cadherin, which leads to the formation of relatively weak adhesion junctions [21]. 
This process leads to the release of β-catenin from the cadherin complex, followed by its 

Figure 1. Key molecular events of EMT. Epithelial tumor cells receive EMT-inducing signals from
the tumor microenvironment, such as growth factors, low pH, hypoxia, and ECM modifications.
EMT-inducing factors trigger various intracellular signaling pathways and activate EMT-TFs, which
then downregulate and upregulate epithelial and mesenchymal markers, respectively. EMT is further
sustained by autocrine loops: for example, inhibition of E-cadherin leads to its dissociation from
β-catenin, which translocates to the nucleus and transactivates EMT-associated genes. Later stages
of EMT involve transformation of both intra- and extracellular compartments. The formation of
actin stress fibers and vimentin intermediate filaments provides the mechanical force for migration.
The cells that have undergone EMT have multidirectional effects on the ECM: they disrupt the
basement membrane by degrading collagen IV with matrix metalloproteinases (MMPs) 2 and 9, but
at the same time produce other ECM components such as collagen I and fibronectin, which further
maintain EMT. Downward (↓) and upward (↑) arrows indicate downregulation and upregulation of
expression, respectively.

Alterations in the cytoskeleton and cell–cell adhesion together lead to a change in cell
morphology: the typical apical-basal polarity of epithelial cells is replaced by a front-rear
polarity of rapidly migrating mesenchymal cells [23]. In addition to changes in the cellular
architecture, the EMT is accompanied by extensive ECM rearrangements, which in turn
provide molecular support to cells to complete their transition. For example, fibronectin
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fibers secreted by mesenchymal-like cells bind EMT-inducing growth factors and facilitate
their delivery to receptors [24]. Collagen I stabilizes Snail by activating the discoidin domain
receptor 2 (DDR2) and the downstream Src/ERK2 signaling pathway [25]. Simultaneous to
the formation of the new ECM composed of fibronectin and collagen I, cells undergoing an
EMT cleave collagen IV and laminin of the basal lamina by secreting proteolytic enzymes
such as matrix metalloproteinases 2 and 9 (MMP-2 and MMP-9, respectively) and thus
invade surrounding tissues [26] (Figure 1).

Altogether, the EMT leads to the disruption of cell–cell interactions, loss of apical-
basal cell polarity, cytoskeletal rearrangements, and the acquisition of a motile invasive
phenotype by tumor cells. These changes ultimately cause cells to migrate from the
epithelium, enter the circulation, and disseminate to distant sites, where they can undergo
a reverse transition, giving rise to micro- and macrometastases [27].

2.2. Inflammatory TME and Its Role in EMT Induction in Lung Cancer Cells

Inflammation is known to play a crucial role in the initiation and maintenance of tumor
growth by providing pro-tumorigenic components to the TME [28]. Given that patients
with diseases such as COPD and pulmonary fibrosis that progress to chronic inflammatory
conditions have a higher risk of developing lung cancer [29,30], pulmonary inflammation
can be considered an important participant in the malignant transformation of lung tissue.
Moreover, pro-inflammatory cytokines produced in the microenvironment of established
lung tumors have a pronounced pro-metastatic effect, including the stimulation of EMT [31].
To better understand the key aspects of inflammation-driven lung cancer progression, in
this section, we focus on the cellular landscape that forms the inflammatory TME (iTME)
and its impact on EMT induction in lung cancer cells (Figure 2).
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Figure 2. iTME as a driving source of EMT in lung cancer. A number of cell types from iTME, in-
cluding cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAMs), neutrophils, 
eosinophils, mast cells, T cells (T helper 17 (Th17) and regulatory T (Tregs) cells), and B cells, in-
duce EMT in lung cancer cells by producing various cytokines. Among them, transforming growth 
factor (TGF-β) is the most studied, but EMT-inducing activity has also been reported for an-
ti-inflammatory cytokines (interleukin 4 (IL-4), IL-10), pro-inflammatory cytokines (IL-1β, IL-6, 
IL-17, tumor necrosis factor α (TNF-α)), chemokines (C-C Motif Chemokine Ligand 2 (CCL2), 
C-X-C Motif Chemokine Ligand 12 (CXCL12), IL-8), prostaglandins D2 and E2 (PGD2, PGE2), and 
neutrophil extracellular traps (NETs). Along with secretion, some EMT-inducing factors are 
transported to tumor cells via extracellular vesicles (TGF-β, Snail, microRNA-210 (miR-210)). In 
addition, lung tumor cells produce PGE2 to stimulate their EMT in an autocrine manner. 
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eosinophils, mast cells, T cells (T helper 17 (Th17) and regulatory T (Tregs) cells), and B cells, induce
EMT in lung cancer cells by producing various cytokines. Among them, transforming growth factor
(TGF-β) is the most studied, but EMT-inducing activity has also been reported for anti-inflammatory
cytokines (interleukin 4 (IL-4), IL-10), pro-inflammatory cytokines (IL-1β, IL-6, IL-17, tumor necrosis
factor α (TNF-α)), chemokines (C-C Motif Chemokine Ligand 2 (CCL2), C-X-C Motif Chemokine
Ligand 12 (CXCL12), IL-8), prostaglandins D2 and E2 (PGD2, PGE2), and neutrophil extracellular
traps (NETs). Along with secretion, some EMT-inducing factors are transported to tumor cells via
extracellular vesicles (TGF-β, Snail, microRNA-210 (miR-210)). In addition, lung tumor cells produce
PGE2 to stimulate their EMT in an autocrine manner.

2.2.1. Cancer-Associated Fibroblasts

There are two complementary pathways contributing to the formation of iTME, in-
cluding the intrinsic pathway, when genetical changes in neoplastic cells drive the overpro-
duction of pro-inflammatory mediators, and the extrinsic pathway, when iTME is induced
by persistent infection, autoimmune disorders, or chronic exposure to an irritant [32].
Along with tumor cells, cancer-associated fibroblasts (CAFs), a heterogenous cell popula-
tion originating from normal fibroblasts, adipocytes, epithelial and endothelial cells, bone
marrow-derived mesenchymal stem cells, and some other cell types, play a key role in
tumor stroma formation [33]. CAFs are able to produce ECM components and various
growth factors, creating favorable conditions for the proliferation and survival of tumor
cells, as well as cancer invasion and neoangiogenesis [34] (Figure 3).

To date, a large number of data have been accumulated confirming the ability of CAFs
to induce the EMT of lung cancer cells [35–42]. TGF-β secreted by CAFs plays an important
role in this process: co-incubation of lung adenocarcinoma A549 and NCI-H358 cells with
CAF-derived conditioned medium and the selective TGF-β inhibitor SB431542 significantly
suppressed CAFs-induced EMT progression [35]. In addition to TGF-β, the hepatocyte
growth factor (HGF) and insulin-like growth factor 1 (IGF-1) secreted by CAFs participate
in the control of EMT initiation in lung cancer cells by synergistically inducing ANXA2
expression and phosphorylation in tumor cells with subsequent cadherin switching and
stimulation of vimentin expression, cell migration, and invasion [36].

In addition to growth factors, CAFs secrete a number of pro-inflammatory proteins
with pronounced EMT-stimulating activity against lung cancer cells [37,38]. Shintani et al.
found that the conditioned medium of CAFs is enriched in interleukin 6 (IL6), which
induces the development of the EMT phenotype of non-small cell lung cancer (NSCLC)
cells and mediates the development of cell resistance to cisplatin [37]. In an independent
study by scientists from Tianjin Medical University General Hospital, the EMT-stimulating
effect of IL6 produced by CAFs was shown to be based on the activation of the JAK2/STAT3
signaling pathway: it was found that the pretreatment of lung cancer cells with JAK2- and
STAT3-specific inhibitors, AG490 and Stattic, respectively, significantly reversed the effect of
the CAF-conditioned medium on the regulation of EMT- and metastasis-related genes and
cell motility [38]. In addition to IL6, the promoting effect of CAFs on EMT programming in
lung cancer cells is also mediated by the secretion of CXCL12 and high mobility group box
1 (HMGB1), which activate the CXCR4/β-catenin/PPARδ [39] and NFκB [40] signaling
pathways, respectively.

A number of recent studies have demonstrated that CAFs are able to deliver EMT-
stimulating signals to lung cancer cells via exosomes [41,42]. You et al. reported that the
exosome-mediated secretion of Snail by CAFs resulted in the suppression of E-cadherin
expression and upregulation of vimentin, accompanied by increased motility and inva-
siveness of A549 and H1299 cells [41]. Yang et al. found that CAFs isolated from patients
with lung adenocarcinoma secreted exosomes containing miR-210, which significantly
enhanced the migration and invasion abilities of NSCLC cells via the activation of the
PTEN/PI3K/AKT signaling pathway [42]. Since both Snail and miR-210 are known to be
associated not only with EMT but also with immune regulation [43,44], these molecules
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can also be considered important components of iTME that enhance the malignancy of
lung cancer cells.
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ylation. Autophagy-induced secretion of HMGB1 by CAFs induces EMT via the nuclear factor 
kappa B (NF-κB) pathway. CXCL12 triggers CXCR4/β-catenin to upregulate EMT-associated genes, 
among which peroxisome proliferator activated receptor delta (PPARδ) plays a specific role. 
CAF-derived EVs carry the EMT-TF Snail and miR-210, which induces the PTEN/PI3K/AKT 
pathway through UPF1 inhibition. 
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Figure 3. Contribution of CAFs to inflammation-induced EMT in lung cancer CAFs secrete a variety
of EMT-inducing factors, including insulin-like growth factor 1 (IGF-1), hepatocyte growth factor
(HGF), high mobility group box 1 (HMGB1), CXCL12, TGF-β, and extracellular vesicles (EVs).
The IGF-1 and HGF signaling pathways are dependent on annexin A2 (ANXA2) phosphorylation.
Autophagy-induced secretion of HMGB1 by CAFs induces EMT via the nuclear factor kappa B
(NF-κB) pathway. CXCL12 triggers CXCR4/β-catenin to upregulate EMT-associated genes, among
which peroxisome proliferator activated receptor delta (PPARδ) plays a specific role. CAF-derived
EVs carry the EMT-TF Snail and miR-210, which induces the PTEN/PI3K/AKT pathway through
UPF1 inhibition.

2.2.2. Immune Cells

Immune cells of both innate and adaptive immunity are another cellular compo-
nent of the tumor stroma that has a multidirectional influence on cancer progression
(Figure 2). Chae et al. analyzed the immune landscape of tissue samples from patients with
lung adenocarcinoma and lung squamous cell carcinoma according to the “epithelial” or
“mesenchymal” tumor phenotype, which differed in the expression of 16 EMT-associated
genes [45]. The tissues with a “mesenchymal” phenotype, i.e., containing cells that have
undergone EMT activation, show a lower infiltration of CD4+/CD8+ T cells and dendritic
cells, which play a key role in immune surveillance against cancer, as well as increased
infiltration of B cells and regulatory T cells (Tregs). The secretion of immunosuppressive
cytokines such as IL-10, IL-4, and TGF-β by B cells and Tregs, in addition to those pro-
duced by tumor cells, allows them to escape immune surveillance and leads to subsequent
tumor progression and metastasis [45]. These data agree well with the results of in vitro
experiments using a co-culture system consisting of peripheral blood mononuclear cells
from healthy donors with A549 cells treated with a combination of inflammation-related
cytokines (TGF-β, TNF-α, and interferon γ (IFN-γ)) or the supernatant derived from a
mixed lymphocyte reaction. A549 cells that have undergone EMT activation under these
stimuli have been shown to acquire immunomodulatory properties, such as the ability to
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increase or decrease the proliferation of B cells and T cells, respectively, which is in good
agreement with the levels of these cell types in “mesenchymal” type lung tumors [45,46].

Granulocytes

Some of the aforementioned immunomodulatory molecules exhibit pleiotropic effects,
and in addition to their immunomodulatory activity, they directly or indirectly induce
EMT in tumor cells (Figure 2). TGF-β is an anti-inflammatory cytokine with this mode
of action. On the one hand, it induces the formation of a tumor-associated N2 neutrophil
phenotype, which plays a role in supporting tumor growth and suppressing the antitumor
immune response [47]. On the other hand, TGF-β triggers the EMT in lung cancer cells [48].
Interactions between these cell types have been demonstrated in co-culture experiments,
revealing that N2 neutrophils contribute to the induction of EMT in A549 cells through the
activation of the TGF-β/Smad signaling pathway [49] (Figure 4A). This signaling cascade
is also activated in human bronchial epithelial BEAS-2B cells after incubation with primary
human eosinophils or human eosinophilic leukemia Eol-1 cells [50,51]. Furthermore, cys-
teinyl leukotrienes (CysLTs), pro-inflammatory mediators contributing to the pathogenesis
of chronic asthma [52], also play a crucial role in eosinophil-induced EMT. Treatment of
BEAS-2B cells co-cultured with eosinophils using a selective CysLT inhibitor significantly
suppressed TGF-β production, resulting in the blockade of the TGF-β/Smad3 signaling
axis and, consequently, the inhibition of the expression of EMT markers and EMT-mediated
changes in the morphology of BEAS-2B cells [51] (Figure 4A).

Tumor-Associated Macrophages

In addition to the previously discussed neutrophils and eosinophils, tumor-associated
macrophages (TAMs) have been implicated in the formation of iTME. Macrophages are
conventionally associated with tissue development and healing due to their capacity to
remodel the extracellular matrix (ECM), generate growth and angiogenesis factors, and en-
gulf apoptotic cells [53]. However, within the tumor microenvironment, these macrophage
properties take on a pathological role, supporting cancer invasion and metastasis [54].
Several cytokines secreted by macrophages, including TNF-α, IL-6, and IL-8, have the
potential to induce EMT in tumor cells (Figure 4B), thereby promoting metastasis [55,56].

Using a co-culture of human lung adenocarcinoma A549 and H1299 cells with THP-
1-derived macrophages, Dehai et al. demonstrated a bidirectional interaction between
neoplastic epithelial cells and macrophages [57]. Tumor cells stimulate macrophage differ-
entiation toward the M2 phenotype, which is involved in immunosuppression, angiogene-
sis, and cancer invasion. Macrophages, in turn, enhance the invasive ability of tumor cells
and induce an EMT, as evidenced by the switch in cadherin abundance (from E-cadherin
to N-cadherin). The co-culture of THP-1-derived macrophages with A549 or H1299 cells
resulted in the upregulation of IL-6 in co-cultured cell lines, and IL-6 was also found to
induce the EMT in A549 and H1299 cells (Figure 4B). However, the blockade of the EMT by
neutralizing anti-IL-6 antibody was less pronounced in the co-culture system compared to
that observed in cells treated with recombinant IL-6, suggesting that some other molecules
in the TME are involved in the EMT [57]. These results are in good agreement with a
recent study by Qin et al., which showed that the treatment of co-cultured A549 and THP-1
cells with E. coli lipopolysaccharide (LPS) shifted the expression profile of EMT markers in
tumor cells toward the mesenchymal state and increased the secretion of IL-6 and TGF-β
by both cell types [58]. Furthermore, the IL-6-related JAK2/STAT3 pathway was shown
to be involved in EMT induction in this experimental model, indirectly confirming the
EMT-inducing effect of IL-6 in the co-culture system [58]. The EMT-inducing effect of IL-6
was also confirmed in the human bronchial epithelial BEAS-2B cell model, as cell treatment
with IL-6 shifted the expression profile of EMT markers toward the mesenchymal state,
increased the expression of EMT-TFs Snail, Twist, and ZEB1, and enhanced cell migration
and invasion in BEAS-2B cells [58]. Chen et al. further demonstrated that another TME fac-
tor, monocyte chemoattractant protein 1 (MCP-1/CCL2), can enhance IL-6-mediated EMT
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by exerting a synergistic effect with IL-6 on STAT3 signaling, which causes the subsequent
activation of Twist (Figure 4B). In addition, IL-6 and CCL2 have been shown to upregulate
each other, forming positive feedback loops to maintain STAT3 signaling activity [56]. These
findings are in good agreement with clinical data showing that in patients with NSCLC,
serum IL-6 is negatively correlated with E-cadherin and positively correlated with the
levels of N-cadherin and vimentin in tumor tissues and, consequently, with lymph node
and distant metastasis [59].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 8 of 37 
 

 

pression of EMT markers and EMT-mediated changes in the morphology of BEAS-2B 
cells [51] (Figure 4A). 

 
Figure 4. Immune component of inflammation-induced EMT in lung cancer. (A) Granulocytes, 
namely neutrophils and eosinophils, induce EMT through TGF-β/Smad signaling. CysLTs increase 
TGF-β production in eosinophils in an autocrine manner. (B) TAMs induce EMT in lung cancer by 
releasing IL-6, CCL2, and TGF-β. IL-6 and CCL2 share the same downstream JAK2/STAT3 signal-
ing and mutually upregulate each other to induce EMT. (C) Mast cells release chymase, which re-
duces cell–cell adhesion by cleaving E-cadherin. Inhibition of the p52 tumor suppressor can be 
mentioned as another process induced by chymase in lung cancer cells. Mast cells secrete 
TGF-β-coated EVs that induce the classical Smad-dependent pathway. However, EVs contain other 
EMT-inducing molecules as they activate the phosphorylation of many proteins in lung cancer cells 
involved in PI3K/AKT, JAK/STAT, NF-κB, and HIF-1 signaling pathways, as well as the formation 
of focal adhesions and tight junctions. 

Tumor-Associated Macrophages 
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namely neutrophils and eosinophils, induce EMT through TGF-β/Smad signaling. CysLTs increase
TGF-β production in eosinophils in an autocrine manner. (B) TAMs induce EMT in lung cancer by
releasing IL-6, CCL2, and TGF-β. IL-6 and CCL2 share the same downstream JAK2/STAT3 signaling
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cell–cell adhesion by cleaving E-cadherin. Inhibition of the p52 tumor suppressor can be mentioned
as another process induced by chymase in lung cancer cells. Mast cells secrete TGF-β-coated EVs that
induce the classical Smad-dependent pathway. However, EVs contain other EMT-inducing molecules
as they activate the phosphorylation of many proteins in lung cancer cells involved in PI3K/AKT,
JAK/STAT, NF-κB, and HIF-1 signaling pathways, as well as the formation of focal adhesions and
tight junctions.

Mast Cells

Mast cells are another iTME component involved in EMT induction and the stimulation
of metastasis (Figure 4C). Mast cells communicate with lung epithelial cells by extracellular
vesicles (EVs) transporting proteins, RNA, and DNA. Yin et al. have shown that HMC-1
mast cell-derived EVs carry TGF-β1 on their surface and are able to induce EMT in A549
cells through the Smad pathway. However, the mechanism of EVs-induced EMT may
involve some other signaling pathways, as incubation with mast cell-derived EVs induced
the phosphorylation of proteins involved in PI3K/Akt, HIF-1, NF-κB, and JAK/STAT
pathways, as well as proteins regulating focal adhesion and tight junctions in A549 cells [60]
(Figure 4C). The migration of lung adenocarcinoma A549 and H520 cells induced by
mast cells can be further enhanced by chymase secreted by mast cells. Chymase cleaves
E-cadherin, attenuates cell–cell adhesion in the lung epithelium, and increases MMP-9
expression in the cells [61].

2.2.3. Other Pro-Inflammatory EMT-Inducing Mediators in iTME

In addition to the aforementioned TGF-β, IL-6, and IL-8, several other immunomod-
ulatory proteins, such as TNF-α, IL-1β, IFN-γ, and IL-17, are capable of either directly
inducing EMT or enhancing its induction by other cytokines [62,63]. For example, a mix-
ture of TNF-α, IL-1β, and IFN-γ was shown to significantly enhance TGF-β-induced EMT
induction in A549 cells via the upregulation of TGF-β receptor type I (TβRI) expression [64].
Recently, Li et al. conducted a thorough study on the mechanism of IL-1β-dependent EMT
stimulation: they demonstrated a gradual change in the EMT-associated phenotype of
A549 cells during long-term exposure to IL-1β, resulting in the retention of mesenchymal
characteristics of tumor cells after removal of the inflammatory stimulus (a phenomenon
called “EMT memory”) [62]. It was shown that the initial step of EMT induction, which
is dependent on the EMT-TF Slug, is transformed into a Slug-independent chronic step
during which E-cadherin expression is controlled by epigenetic modifications, including
DNA methylation and the repressive histone modifications H3K27Me3 and H3K9Me2/3,
resulting in a prolonged mesenchymal phenotype in the absence of IL-1β. EMT memory
has also been demonstrated when A549 are chronically treated with TGF-β or TNF-α [62].

IL-17 is a pro-inflammatory cytokine mainly produced by activated CD4+ T cells
(Th17), which has been shown to stimulate lung cancer metastasis [65]. The analysis
of human lung adenocarcinoma tissues performed by Huang et al. showed that IL-17
expression was positively correlated with the expression of N-cadherin, vimentin, Snail1,
Snail2, and Twist1 and negatively correlated with E-cadherin expression [63]. This may
indicate that IL-17 is involved in EMT induction in lung adenocarcinoma cells, which
was further confirmed by in vitro studies. IL-17 induces EMT in A549 and Lewis lung
carcinoma (LCC) cells through STAT3 signaling [63]. In addition, the NF-κB pathway
also regulates IL-17-mediated EMT through the upregulation of ZEB1, as blocking NF-κB
activity with a selective inhibitor abrogates EMT-associated changes in cancer cells [66].

TGF-β and TNF-α also implicate NF-κB in the induction of EMT: mesenchymal-
related A549 spheroid cultures induced by these inflammatory cytokines showed high
levels of phosphorylation of IKK and its downstream targets IκBα and RelA, as well as
overexpression of the NF-κB-dependent genes IL-8 and BIRC3. Furthermore, the inhibition
of NF-κB resulted in the suppression of Twist, Slug, and ZEB expression and reduced the
invasive activity of A549 cells, as well as their ability to metastasize to the lung in a mouse
xenograft model [67].

105



Int. J. Mol. Sci. 2023, 24, 17325

Prostaglandin E2 (PGE2), produced from arachidonic acid, is another EMT-stimulating
factor in the iTME [68,69]. Cyclooxygenase 2 (COX-2), the rate-limiting enzyme in PGE2
synthesis, is constitutively expressed in many tumor types, including lung adenocarci-
noma [68]. PGE2 was shown to suppress E-cadherin expression via the upregulation
of ZEB-1 and Snail in COX-2-overexpressing A549 cells. Consistent with this, immuno-
histochemical staining of human lung adenocarcinoma sections showed that COX-2 was
positively and negatively correlated with ZEB2 and E-cadherin expression, respectively [69].
Interestingly, PGE2 had an opposite effect on TGF-β-treated A549 cells, as PGE2 or the PGE2
receptor agonists EP4 and EP2 have been shown to suppress TGF-β-mediated actin reorga-
nization, cell migration, and fibronectin and collagen I expression in A549 cells, although
they did not affect the switch from E-cadherin to N-cadherin [70]. Thus, the effect of PGE2
on EMT seems to be determined by interactions with other EMT-associated pathways.

Interestingly, prostaglandin D2 (PGD2), also a COX metabolite like PGE2, induced
EMT in A549 cells by stimulating TGF-β expression, and this cytokine was found to be a
key master regulator of PGD2-driven EMT. The inhibition of TβRI by selective inhibitor
SB431542 or short hairpin RNA-mediated gene silencing effectively abrogated the EMT-
stimulating effect of PGD2 in A549 cells [71].

2.2.4. ECM Components as EMT Regulators

Hyaluronan (HA), a polysaccharide component of the ECM, maintains tissue integrity
due to its viscoelastic properties, but also regulates inflammation in a size-dependent
manner: high-molecular-weight HA (~104 kDa) inhibits, whereas low-molecular-weight
HA (~200 kDa) induces inflammation [72]. HA has been shown to be overproduced by
tumor and stromal cells under inflammatory conditions [73].

TGF-β1 and IL-1β induce HA production by upregulating hyaluronan synthases
(HAS) in lung adenocarcinoma cells [74]. The overexpression of HAS3 causes morphologi-
cal changes, invasiveness, E-cadherin suppression, and vimentin induction in H358 cells,
suggesting the role of HA as an autocrine factor in maintaining EMT [74]. When grown
as 3D spheroids on HA-grafted chitosan membranes, A549 and H1299 cells exhibit higher
levels of EMT markers and migration and invasion potential than their 2D counterparts [75].
Han et al. introduced mesenchymal stem cells (MSCs) into this system and demonstrated
that HA provides structural support for their interaction with lung cancer cells. MSCs
form a spheroid core and produce the EMT-inducing factors IL-10, TGF-β1, and CXCL12,
which are thought to induce A549 cells from the spheroid margin to undergo EMT, as
evidenced by molecular markers and increased motility in a zebrafish xenograft model [76].
HA interacts with hyaluronan mediated motility receptor (RHAMM) and CD44, and the
inhibition of either of these proteins causes lung cancer cells to switch to an epithelial phe-
notype [77,78]. Furthermore, CD44+ primary lung adenocarcinoma cells show a clear EMT
induction and have higher tumorigenic potential in nude mouse xenografts compared to
CD44- cells [79]. Two molecular mechanisms of CD44-mediated EMT have been identified:
(1) CD44 triggers the Wnt/β-catenin pathway, which causes FoxM1 to bind to the promoter
and induce Twist [79]; (2) upon activation, CD44 colocalizes with epidermal growth factor
receptor (EGFR) at the membrane and promotes the downstream activation of AKT and
ERK pathways [80]. Interestingly, the disruption of CD44 expression inhibits EMT when
A549 cells are treated with TGF-β1 alone, but not in combination with TNF-α, suggesting a
close link between the HA/CD44 and TGF-β1 pathways [80,81]. The analysis of samples
from patients with lung adenocarcinoma shows that CD44 levels are higher in tumors
than in normal lung tissue [79], correlate with the expression of EMT markers (inversely
with E-cadherin and directly with Snail and Twist) [77,82], and predict the likelihood of
metastasis [79].

Collagens play an integrative role in both normal and tumor tissues, connecting
different cell types [83,84]. In addition to their structural function, collagens I and XVII
have been found to be induced during inflammation and induce EMT in lung cancer
cells [85–88].
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Collagen I provides structural stability to the bronchi, alveoli, and interstitium, but its
abnormal deposition is associated with respiratory diseases, including asthma, pulmonary
fibrosis, and lung cancer [89]. TGF-β upregulates type I collagen in lung tumor cells by
inhibiting miR-200 and derepressing ZEB1, and collagen I then induces EMT through the
integrin β1/FAK/Src pathway [85,88]. Only mature collagen fibers can induce EMT, as
knockdown of the collagen cross-linking enzyme LOXL2, which is also regulated by ZEB1,
abolishes FAK and Src activation and the metastasis of mouse lung cancer 344SQ cells
in vitro and in vivo [85]. Another key player in this pathway is v-crk sarcoma virus CT10
oncogene homologue (avian)-like (CRKL), which serves as a scaffolding protein in integrin-
based focal adhesions. Although CRKL knockdown does not affect EMT markers, it alters
cell morphology to round-shaped, decreases migration and invasion, and dysregulates
FAK and Src localization in human H157 lung cancer cells [88]. Shintani et al. showed that
plating A549 cells on collagen I-coated dishes induces TGF-β3 expression via the PI3K/AKT
pathway, thereby forming an autocrine loop to maintain EMT, as evidenced by the reversal
of changes in morphology and molecular markers by neutralization with anti-TGF-β3
antibody or PI3K/ERK inhibitors [86]. The analysis of immunohistochemistry (IHC) data
from 490 lung cancer samples by Peng et al. showed increased levels of collagen I in poorly
differentiated tumors and its correlation with Zeb1 expression, which is consistent with
the aforementioned in vitro results. In addition, increased collagen I (COL1A1) and LOXL2
mRNA levels were associated with worse survival in lung adenocarcinoma patients from
The Cancer Genome Atlas (TCGA) cohort [85].

Collagen XVII facilitates epithelial cell adhesion to the basement membrane but has
also been associated with invasiveness, particularly in lung cancer [90]. The role of collagen
XVII in cancer-associated lung inflammation is not fully understood. Autoantibodies to
collagen XVII are elevated in the serum of lung cancer patients receiving anti-PD1/PD-
L1 therapy and correlate with better responses to therapy and survival, suggesting an
important role of collagen XVII expression for T cell effector function in the tumor [91]. On
the other hand, collagen XVII induces EMT in lung cancer cells by inhibiting ubiquitin-
mediated Snail degradation through the FAK/AKT/GSK3β pathway [87]. Important
features of this pathway are the ADAM9/10-mediated shedding of collagen XVII and
the subsequent stabilization of laminin-5, which was confirmed by the inhibition of EMT
in A549 and CL1-1 cells by short hairpin RNA (shRNA)-mediated knockdown of the
corresponding genes [87]. IHC analysis of surgically resected lung tumors from 98 patients
showed a negative correlation between survival and positive staining for collagen XVII
and laminin-5 [87].

2.2.5. Reactive Oxygen Species in the Regulation of EMT in Lung Cells

The production of reactive oxygen species (ROS) is induced in immune and epithelial
cells during the inflammatory response as a defense mechanism against foreign cells such
as bacteria or tumor cells. However, oxidative stress has been identified as another factor
contributing to inflammation-induced EMT (Figure 2).

MSCs are an established cell type from the iTME that promotes the EMT in lung
cancer cells by inducing ROS production. Luo et al. used a co-culture system to show
that MSCs increase intracellular ROS in A549 cells, and this induces the EMT through an
autophagy-dependent mechanism, as evidenced by autophagosome formation, increases
in the autophagic markers Beclin-1 and LC3-II, and the sensitivity of EMT to autophagy
modulators (rapamycin, 3-methyladenine, and bafilomycin) [92].

ROS have been recognized as important mediators of TGF-β-induced EMT. TGF-β
triggers ROS production in lung cancer cells through the NF-κB-dependent induction
of NADPH oxidase 4 (NOX4) expression [93,94] Interestingly, in vitro studies suggest
that this pathway is required for the induction of EMT by TGF-β, as pharmacological
inhibition of NOX4 or NF-κB suppresses ROS production and reverses changes in motility
and EMT markers in A549 cells [93,94]. ShRNA-mediated knockdown of the antioxidant
transcription factor NRF2 enhances the response of A549 cells to TGF-β, increasing cell
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motility, p-SMAD2/3 and NOX4 expression, and intracellular ROS levels, identifying NRF2
as a negative regulator of the TGF-β/NF-κB/NOX4/ROS axis [94]. Another pathway
associated with TGF-β-induced ROS production involves increasing the cellular pool of
labile iron through ferritin heavy chain (FHS) suppression by transmembrane prostate
androgen-induced protein (TMEPAI). ROS then inhibit the EMT suppressor insulin receptor
substrate-1 (IRS-1) [95]. Hu et al. showed that TGF-β-induced EMT was inhibited by
TMEPAI depletion in A549 cells and could be rescued by either hydrogen peroxide (H2O2)
treatment or small-interfering RNA (siRNA)-mediated knockdown of insulin receptor
substrate 1 (IRS-1). Increased expression of TMEPAI in tumors compared to adjacent lung
tissue found in 30 patients with squamous cell lung cancer supports the clinical relevance
of the above mechanism [95].

2.2.6. COVID-19-Associated Inducers of EMT in Lung Tissue

Given the unprecedented spread and severe consequences of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection on global public health, the relationship
between COVID-19, lung cancer progression, and the EMT requires brief discussion. To
date, available clinical studies have clearly demonstrated the high susceptibility of lung
cancer patients to SARS-CoV-2 infection [96]. This effect may be related to the overexpres-
sion of angiotensin converting enzyme 2 (ACE2) in lung cancer compared to normal tissue,
which is a key target for SARS-CoV-2 cell entry [97], and the suppressed immunity of cancer
patients [98]. In turn, viral infection may create a microenvironment that enhances the
aggressive properties of lung cancer cells, including the induction of the EMT. For example,
recent work by Saygideger et al. found that serum samples from COVID-19 patients in-
creased the motility of A549 cells, their loss of intercellular junctions, and the switch in the
expression of EMT-related markers to mesenchymal-type markers [99], which is consistent
with significant EMT-associated changes in lung lesions in COVID-19 patients who died of
the disease reported by Falleni et al. [100]. In addition, a retrospective analysis showed that
cancer patients had increased pulmonary metastatic lesions 6 months after SARS-CoV-2
infection [99], while no direct oncogenic effect of this virus has been reported to date [101].
The major inducers of EMT produced by COVID-19 are TGF-β, pro-inflammatory cytokines
including IL-6 and IL-1β [102], and the urokinase plasminogen activator (uPA), the latter of
which is involved in the production of plasmin, which degrades components of the ECM
and activates TGF-β [103]. Furthermore, neutrophil extracellular traps (NETs) produced by
neutrophils recruited into SARS-CoV-2-infected lungs have also been implicated in EMT
induction in lung cancer cells [9]. Thus, the inflammatory background caused by viral
infection may also be involved in the induction of the EMT in lung cancer. More details on
the relationship between SARS-CoV-2 infection, tumor progression, and the EMT can be
found in recent comprehensive reviews [31,103–105].

3. Inflammation-Induced EMT as a Source of Cancer Stem Cells

The efficacy of current chemotherapy in the treatment of lung cancer is limited by the
acquisition of drug resistance by cancer cells. According to the latest concept, a key role in
this process is played by cancer stem cells (CSCs), a population of cancer cells that survive
cytotoxic exposure in a quiescent state and then differentiate into heterogeneous types of
tumor cells, leading to tumor relapse [106]. The origin of CSCs is still debated, but it is most
likely that they arise from proliferating lung epithelial cells capable of transdifferentiation,
i.e., the facultative stem cells (alveolar epithelial type II cells (AEC2s) and club cells in the
distal lung regions and basal cells in the proximal lung regions) [107].

Cells from the tumor microenvironment, such as CAFs and TAMs, have been shown
to provide a supportive niche for CSCs. Chronic inflammation that develops during tumor
progression upregulates the stemness of CSCs through activation of the EMT by cytokines
produced by inflammatory cells infiltrating the tumor stroma [107]. Macrophages with the
M2 phenotype have been shown to play an important role in supporting CSCs through
the secretion of anti-inflammatory cytokines TGF-β1 [108,109] and IL-10 [110], but the
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same activity has also been demonstrated for some pro-inflammatory cytokines such as
TNF-α [111], IFN-γ [112], IL-6 [113,114], and IL-17 [115].

M1 and M2 macrophages stimulate the stemness of human H1299 and mouse D121
lung cancer cells by inducing the expression of the deubiquitinase ubiquitin-specific pep-
tidase 17 (USP17), which disrupts the TNFR-associated factor (TRAF)2/TRAF3 complex
and thereby inhibits the degradation of its downstream targets NIK, c-Rel, and IRF5, which
are involved in the regulation of stemness-related genes [116]. Furthermore, the bind-
ing of USP17 to TRAF2/TRAF3 activates the NF-κB signaling pathway [116], which, in
addition to regulating the inflammatory response, is involved in the induction of EMT
and the acquisition of stem-like properties in NSCLC cells [117]. M2 macrophage-derived
IL-10 has been shown to induce stemness in A549 and H460 NSCLC cell lines via the
JAK1/STAT1/NF-κB/Notch1 pathway [110], and IL-10 expression by TAMs correlates
closely with the NSCLC stage and survival of NSCLC patients [110,118]. Another cytokine
secreted by M2 macrophages, TGF-β1, induces EMT in primary lung cancer cells through
the downregulation of miR-138 with a subsequent increase in the colony-forming abil-
ity and expression of stem cell markers CD44 and CD90 in lung cancer cells [108]. The
interaction between TGF-β receptor type II (TβRII) and epithelial membrane protein 3
(EMP3) plays a critical role in the TGF-β1-mediated induction of the EMT and stem-like
properties, as evidenced by the reduced migratory ability and resistance to irradiation in
EMP3 knockdown A549 cells and the positive correlation between high EMP3 levels and
poor survival rates in patients with NSCLC [109].

IL-6 has been reported to increase proliferation and induce EMT in CSC-like A549
and H157 cells expressing the stem cell marker CD133 (CD133+ cells), but not in CD133-
cells [113]. Increased CSC proliferation observed upon activation of the IL-6/JAK2/STAT3
signaling axis is associated with the upregulation of DNA methyltransferase I (DNMT1),
which decreases the expression of p53 and p21 due to DNA hypermethylation [114]. IL-17
produced by Th17 cells has been shown to increase the migration, invasion, spheroid
forming potential, and expression of mesenchymal and stem cell markers in A549 and H460
cells via the STAT3/NF-κB/Notch1 pathway [115]. The effect of IFN-γ on NSCLC cells
is dose-dependent: low-dose IFN-γ induces the EMT and enhances the stemness of A549
and H460 cells both In vitro and in vivo by activating the intercellular adhesion molecule 1
(ICAM1)/PI3K/Akt/Notch1 signaling axis; high-dose IFN-γ induces apoptosis of NSCLC
cells through the JAK1/STAT1/caspase-3,7 pathway. Analysis of tumor samples from
NSCLC patients has shown that low, but not high, levels of IFN-γ and high expression
of ICAM1 in the tumor microenvironment are positively correlated with enrichment in
CD133+ cells and the highest expression of stemness-related genes [112].

Primary induction of the EMT by inflammatory cytokines stimulates NSCLC cells
to secrete soluble factors that act in an autocrine manner to maintain tumor stemness.
Wamsley et al. reported that the stimulation of A549 cells with TGF-β and TNF-α induces
NF-κB-mediated production of inhibin subunit beta A (INHBA)/Activin, a member of
the TGF-β superfamily of growth factors, which further maintains the expression of the
EMT TFs Snail, Slug, and ZEB2, as well as the CSC markers N-Myc, SRY-box transcrip-
tion factor 2 (SOX2), Krüppel-like factor 4 (KLF4), and high mobility group AT-hook 2
(HMGA2) [111]. Furthermore, Activin expression is elevated in tissue samples from pa-
tients with primary NSCLC tumors, including adenocarcinoma, squamous cell carcinoma,
and large cell carcinoma, further supporting its role as an autocrine factor in maintain-
ing CSC phenotypes [111]. In addition to Activin, the observed effect of TGF-β on the
stemness of lung cancer cells appears to be dependent on chemokine (C-X-C motif) ligand
12 (CXCL12), as the upregulation of CXCL12 and its receptor chemokine (C-X-C motif)
receptor 7 (CXCR7) is positively correlated with the increase in spheroid-forming potential
and CSC marker expression in A549 cells treated with TGF-β. In clinical samples, the
co-expression of TGF-β1 and CXCR7 positively correlates with CD44 levels in advanced
lung adenocarcinoma, confirming the involvement of CXCL12 in maintaining stem-like
properties of NSCLC cells [119]. Wnt3A is another key player in the autocrine/paracrine
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regulation of cancer cell stemness upon EMT activation. Interestingly, EMT induction alters
the set of genes regulated by the Wnt3A/β-catenin pathway by switching from β-catenin/E-
cadherin/Sox15 to β-catenin/Twist1/TCF4 complex formation [120]. In mesenchymal-like
A549 cells, Twist1 stabilizes β-catenin and enhances the transcriptional activity of the
β-catenin/TCF4 complex, leading to an increase in the spheroid-forming capacity and
expression of CSC markers. The clinical significance of the Wnt/β-catenin pathway in
promoting the CSC phenotype is supported by the analysis of human lung cancer sam-
ples, which shows that high-grade primary and metastatic cancers have higher levels of
CD133 and nuclear fractions of β-catenin and Twist1, while E-cadherin and Sox15 levels
are significantly decreased compared to low-grade primary cancers [120].

4. Clinical Trials of Drugs Targeting Key Regulators of Inflammation-Driven EMT

Rigorous study of the relationship between inflammation and tumor progression has
led to the development of a wide range of drug candidates targeting key regulators of
inflammation-driven EMT, some of which are now in various stages of clinical trials. Sur-
prisingly, despite the encouraging tumor suppressive effects of TGF-β-targeted compounds
in vitro and in vivo, their antitumor efficacy in oncology patients is mainly controversial
with a small survival benefit [121]. For example, trabedersen (an antisense oligonucleotide
targeting TGF-β2), Lucanix (a non-viral gene-based allogenic tumor cell vaccine targeting
TGF-β2), and the combination of galunisertib (TβRI kinase inhibitor) and lomustine showed
no significant antitumor activity in clinical trials in patients with brain tumors (phase IIb,
NCT00431561) [122], NSCLC (phase III, NCT00676507) [123], and recurrent glioblastoma
(phase II, NCT01582269) [124], respectively. Nevertheless, a number of studies still showed
favorable survival outcomes in cancer patients after anti-TGF-β therapy, suggesting a
possible relationship between the efficacy of TGF-β-targeting drugs and the tumor context
and the level of their bioavailability. For example, galunisertib was shown to significantly
enhance the antitumor effect of sorafenib in patients with hepatocellular carcinoma (phase
II, NCT01246986) [125], and its combination with temozolomide-based chemoradiation
improved overall survival in patients with glioblastoma (phase I/II, NCT01220271) [126].
In addition, the phase III clinical trial (NCT00761280) showed that trabedersen increased
the two-year survival in patients with secondary glioblastoma and anaplastic astrocytoma
to 35.7% compared with 23.1% for conventional chemotherapy [126]. The anti-TGF-β1-3
monoclonal antibody called fresolimumab (also known as GC1008) at 10 mg/kg in combi-
nation with radiation was found to cause a significantly longer median overall survival
with better immunologic parameters in patients with metastatic breast cancer compared to
fresolimumab administration at 1 mg/kg (Phase II, NCT01401062) [127].

In addition to anti-TGF-β therapy, the inhibition of a number of pro-inflammatory
mediators has also conferred a favorable survival benefit in cancer patients. For exam-
ple, the use of celecoxib (a selective COX-2 inhibitor) as an adjuvant to chemotherapy
significantly improved the overall survival and disease-free survival in COX-2-positive
gastric cancer patients [128], and its oral administration significantly improved responses
in patients with recurrent ovarian cancer characterized by platinum-based drug resis-
tance (phase II, NCT01124435) [129]. Another COX-2 inhibitor, rofecoxib, in combina-
tion with cyclophosphamide and vinblastine, showed a 30% clinical benefit in patients
with advanced solid tumors [130], and low-dose aspirin prevented colorectal cancer in
patients with familial adenomatous polyposis by suppressing the recurrence of colorec-
tal polyps (UMIN000018736) [131], a process associated with EMT [132]. These results
are consistent with the recent retrospective analysis by Cai et al. demonstrating that
the use of non-steroidal anti-inflammatory drugs during radical resection in NSCLC pa-
tients correlates with outcomes [133]. In addition, the blockade of IL-1 signaling has
demonstrated significant antitumor efficacy in clinical trials. Treatment of patients with
advanced colorectal cancer with bermekimab (a monoclonal antibody against IL-1α) was
found to significantly improve the clinical response rate (phase III, NCT01767857), and
nadunolimab (a monoclonal antibody against IL-1 receptor accessory protein (IL1RAP))
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in combination with nab-paclitaxel and gemcitabine demonstrated a clinical benefit rate
of 74% (phase I/IIa, NCT03267316) [134]. Consistent with this, an additional analysis of
the Canakinumab Anti-Inflammatory Thrombosis Outcomes Study (CANTOS) trial in
10,061 patients showed that the administration of canakinumab (a monoclonal antibody
against IL-1β) dose-dependently reduced the incidence of lung cancer and lung cancer
mortality (phase III, NCT01327846) [135].

Taken together, the described clinical data, although not directly indicative of blockade
of inflammation-driven EMT in cancer patients, clearly confirm the stimulatory effect of
iTME on tumor progression and metastasis. The demonstrated clinical benefit for cancer
patients in response to anti-TGF-β and anti-inflammatory drugs suggests the prospect of
further investigation of the “inflammation—tumor growth” relationship, including the
induction of EMT in tumor cells by an inflammatory background.

5. Inhibitory Effect of Triterpenoids on Inflammation-Induced EMT in Lung
Cancer Cells

Natural metabolites represent an important source of drug candidates with pro-
nounced anti-inflammatory and anti-tumor properties [10]. These compounds can be
considered effective inhibitors of the EMT in lung cancer cells, as has already been shown
for lignans (arctigenin [136]), alkaloids (berberine [137]), flavonoids (luteolin [138]), phe-
nolic compounds (eugenol [139]), resveratrol [140], curcumin [141]), and other molecules
(more details on this topic can be found in the following recently published comprehensive
reviews [142–144]). Given the lack of reviews analyzing in detail the bioactivity of penta-
cyclic triterpenoids (PTs) against the links between inflammation and EMT, this chapter
will focus on this class of natural compounds.

PTs are terpenes whose carbon backbone consists of six isoprene units. They can
be isolated from various sources such as fungi and marine organisms, but most bioac-
tive PTs have been obtained from plants. In plants, the mevalonate and methylerythritol
phosphate pathways synthesize isopentenyl pyrophosphate (IPP), some of which is isomer-
ized to dimethylallyl pyrophosphate (DMAPP). Two IPP units are then added to DMAPP
to form farnesyl pyrophosphate (FPP), which is dimerized to form squalene. Squalene
epoxidase oxidizes squalene to 2,3-oxidosqualene, the common precursor of all PTs, after
which the metabolic pathways diverge to produce different types of triterpenoid scaffolds
(Figure 5) [145].

From a biological point of view, the most important types of PTs are lupane, oleanane,
ursane, and friedelane. Lupane-type PTs have a five-carbon E-ring. In contrast, oleanane
and ursane E-rings are six-membered and can be distinguished by the position of the methyl
group attached to the C-20 and C-19 atoms, respectively. The friedelane-type backbone is
derived from the oleanane type by methyl translocation [145] (Figure 5). Representative
sources of PTs are Betula pubescens (white birch) for lupane [146], Malus domestica (apple), Cof-
fea arabica (arabic coffee), and Origanum vulgare (oregano) for ursane [147], Glycyrrhiza glabra
(licorice), Olea europaea (olive), and Evodia rutaecarpa (evodia) for oleanane [148–150], and
Tripterygium wilfordii and Celastrus orbiculatus (oriental bittersweet) for friedelane [151,152].
However, the diversity of PTs is not limited to these species; they can be found in many
food and medicinal plants.

PTs have a variety of biological activities, including lipid-lowering [153], anti-diabetic [154],
antidepressant [155], antinociceptive [156], anti-inflammatory [157], and antitumor [158]
effects. PTs inhibit the immune response by reducing the production of ROS, nitric oxide
(NO), and proinflammatory cytokines by macrophages [157]. In tumors, PTs induce cell
death via autophagy and apoptosis and inhibit metastasis and neoangiogenesis [158,159].
The ability to inhibit EMT has been reported for all types of PTs [160–163], but these studies
have not paid special attention to inflammation-driven EMT. Therefore, the next part of
our study focuses on the analysis of available published data dedicated to the modulating
effect of PTs on EMT induced by inflammatory background in lung cancer. The results of
this analysis are summarized in Figure 6 and Table 1.
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methylallyl pyrophosphate (DMAPP), which are used as building blocks for the production of 
squalene. Oxidation of squalene yields 2,3-oxidosqualene, which serves as a precursor for the 
synthesis of all types of PT scaffolds, including lupane, ursane, oleanane, and friedelane. For sim-
plicity, enzymes and most synthesis steps are omitted. 
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taecarpa (evodia) for oleanane [148–150], and Tripterygium wilfordii and Celastrus orbicu-

Figure 5. Biosynthetic pathway of PTs. In plant cells, the mevalonate and methylerythritol phosphate
pathways provide isoprene units in the form of isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP), which are used as building blocks for the production of squalene. Oxida-
tion of squalene yields 2,3-oxidosqualene, which serves as a precursor for the synthesis of all types of
PT scaffolds, including lupane, ursane, oleanane, and friedelane. For simplicity, enzymes and most
synthesis steps are omitted.
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and AKT (BA, SYK023). The blockade of F-actin polymerization by the lupane-type PTs BA and 
SYK023 is mediated by the downregulation of Synpo, which presumably activates 
Smurf1-dependent ubiquitination of RhoA. In contrast, BA disrupts the Skp2-SCF E3 ligase com-
plex, thereby protecting E-cadherin from degradation. The ursane-type PTs UA and AA inhibit 
β-catenin through a GSK-β-dependent mechanism. The effect of UA on EMT is also associated with 
repression of the AEG-1 oncogene, which regulates several steps in the NF-κB signaling pathway, 

Figure 6. Inhibition of inflammation-induced EMT by PTs. Lupane-, oleanane-, and ursane-type PTs
exhibit a variety of EMT inhibition mechanisms. PTs inhibit TGF-β signaling pathways (UA, AA,
celastrol, pristimerin, C DDO-Me) and the downstream SMAD (UA, AA, celastrol, β-peltoboykinolic
acid, glycyrrhizin) and ERK (UA, UNA, OA) signaling axes. PT-induced disruption of integrin
signaling involves integrin αVβ5 expression inhibition (UA) and activation of FAK and AKT (BA,
SYK023). The blockade of F-actin polymerization by the lupane-type PTs BA and SYK023 is mediated
by the downregulation of Synpo, which presumably activates Smurf1-dependent ubiquitination
of RhoA. In contrast, BA disrupts the Skp2-SCF E3 ligase complex, thereby protecting E-cadherin
from degradation. The ursane-type PTs UA and AA inhibit β-catenin through a GSK-β-dependent
mechanism. The effect of UA on EMT is also associated with repression of the AEG-1 oncogene, which
regulates several steps in the NF-κB signaling pathway, and inhibition of the EGFR signaling pathway.
Glycyrrhizin inhibits EMT induced by HMGB1, a nuclear protein released from tumor cells (TLR4
and RAGE are shown as possible HMGB1 receptors due to uncertainty in the downstream pathway).
Some triterpenoids have an unknown mechanism of action but regulate EMT-associated genes (SM,
evoditrilone A, pristimerin). Downward (↓) and upward (↑) arrows indicate downregulation and
upregulation of expression, respectively.
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5.1. Ursane-Type Triterpenoids

Ursolic acid (UA), a compound synthesized in a variety of plants, has been shown
to inhibit basement membrane adhesion, migration, invasion, and EMT of A549 cells via
NF-κB-dependent downregulation of astrocyte-elevated gene-1 (AEG-1) [166]. A study by
Ruan et al. demonstrated that UA inhibited TGF-β-induced EMT in H1875 cells through
the downregulation of the Smad-independent integrin αVβ5 pathway [167]. However,
the canonical Smad-dependent pathway is also responsive to UA treatment, as evidenced
by the correlation between reduced levels of TGF-β and phosphorylated Smad3 and the
attenuation of EMT and airway-vessel remodeling in the lungs of UA-treated Wistar rats
with cigarette smoke-induced emphysema. In addition, UA induced the expression of
insulin-like growth factor 1 (IGF-1) [168], which has been suggested to play a key role in
the regeneration of epithelial and muscle cells in patients with COPD [181]. Lin et al. also
demonstrated that UA effectively blocks the unfolded protein response (UPR) signaling
cascades that cause the alleviation of emphysema and airway remodeling in the lungs of
Sprague–Dawley rats induced by the administration of cigarette smoke extract [169].

Another ursane-type triterpenoid, asiatic acid (AA), extracted from Centella asiatica (L.),
also inhibited TGF-β-induced EMT of A549 cells [164]. This effect was further confirmed in
a bleomycin-induced pulmonary fibrosis model in C57BL/6 mice; the administration of
AA for 21 days resulted in the alleviation of pulmonary fibrosis by blocking EMT through
the downregulation of TGF-β1/Smad2/3 and ERK1/2 pathways. Interestingly, along
with the reversal of EMT, AA suppressed lung inflammation by reducing inflammatory
cell infiltration in bronchoalveolar lavage fluid and the expression of pro-inflammatory
cytokines (IL-1β, IL-18, IL-6, and TNF-α) in lung tissue as well as inhibiting IL-1β and
IL-18 secretion via the inactivation of NLRP3 inflammasome [165]. Considering the above-
mentioned EMT-inducing activity of these cytokines, AA-mediated inhibition of EMT in
the lungs of mice with pulmonary fibrosis may be associated with the inhibition of TGF-β
signaling pathways, but also with the inhibition of some other signaling axes susceptible to
EMT-inducing cytokines.

5.2. Oleanane- and Friedelane-Type Triterpenoids

Oleanolic acid, a plant oleanane-type triterpenoid, can inhibit EMT in the human
NSCLC cell lines A549 and PC-9 through the ERK pathway [175]. A number of other
oleanane-type triterpenoids have been reported to inhibit the EMT in lung epithelial cells,
primarily through the inhibition of the TGF-β1/Smad2/3 pathway. Celastrol isolated from
Tripterygium wilfordii Hook F. inhibited TGF-β1-induced EMT in A549 cells [152]. These
results are supported by in vivo studies showing that celastrol treatment suppressed the
activation of the TGF-β1/Smad2/3 pathway in the lungs of Wistar rats with bleomycin-
induced pulmonary fibrosis. As a result, the EMT was inhibited as evidenced by an increase
in the expression of epithelial markers (E-cadherin and claudin) and suppression of the
expression of mesenchymal markers (N-cadherin, β-catenin, Snail, and Slug) in rat lung
tissues, respectively. These effects of celastrol were partly due to the downregulation of
Hsp90 expression [174], which is a negative regulator of E-cadherin expression [182]. Like
celastrol, β-peltoboykinolic acid isolated from Astilbe rubra also inhibits the EMT in A549
cells through the TGF-β1/Smad2/3 pathway [178].

Gui et al. reported that HMGB1 downregulation underlies glycyrrhizin-mediated
reversal of the EMT in TGF-β1-treated A549 and BEAS-2B cells, as HMGB1 has been shown
to promote TGF-β1-induced Smad2/3 phosphorylation [149]. Additionally, Ren et al.
found that the HMGB1-blocking effect of glycyrrhizin determines its suppressive effect on
the CAF-driven highly motile and invasive phenotype of A549 and H661 cells [40].

Glycyrrhizin is the parent compound in the synthesis of soloxolone methyl (SM), a
triterpenoid with a cyano-enone pharmacophore group in its structure [183], which reduced
migratory and invasive abilities and inhibited the EMT in TGF-β1-stimulated A549 cells.
The analysis of the gene association network consisting of previously established EMT-
associated genes and in silico-predicted molecular targets of SM with further verification
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by molecular docking approach revealed that SM-mediated EMT inhibition could be due
to its interactions with MMP-2, MMP-9, and mitogen-activated protein kinase 8 (MAPK8),
but further experimental verification is needed to prove the interaction between SM and its
targets [176]. 2-cyano-3, 12-dioxooleana-1, 9-dien-28-oic acid (CDDO), a structural analog
of SM synthesized from oleanolic acid, has been shown to attenuate radiation-induced lung
inflammation and fibrosis in C57BL/6 mice. CDDO inhibited inflammatory cell infiltration,
thereby reducing the levels of the EMT-inducing cytokines TGF-β and IL-6 produced by
these cells in the lungs of X-ray-treated mice. In addition, CDDO inhibited the expression
of the mesenchymal markers fibronectin, α-SMA, and collagen I, as well as the deposition
of collagen fibers in the lungs of irradiated mice, suggesting that CDDO inhibits the EMT
in lung epithelial cells in mice with radiation-induced lung fibrosis [173]. Pristimerin
isolated from Celastraceae plants and evoditrilone A isolated from Evodia rutaecarpa were
reported to inhibit migration ability and regulate EMT-associated markers in H1299 and
A549 cells, respectively [148,151]. The exact mechanisms of the EMT-inhibitory activity of
cyanoenone-bearing PTs, as well as pristimerin and evoditrilone A, remain to be elucidated.

5.3. Lupane-Type Triterpenoids

Among the lupane triterpenoids, betulinic acid (BA) inhibited TGF-β1-induced EMT
in H1299 and A549 cells in vitro and metastasis in a variety of mouse models in vivo. He
et al. demonstrated that BA inhibits NSCLC metastasis by direct interaction with Skp2,
thereby blocking the assembly of the Skp2-SCF E3 ligase complex, which causes impairment
of the ubiquitin-dependent degradation of its downstream target E-cadherin [179]. The
introduction of a 4-methoxyphenylacetic group at the C-3 position of BA (a derivative
named SYK023) significantly improved its inhibitory effect on the migration and invasive
ability of H1299 in vitro and lung metastasis in nude mice bearing CL1-5 human lung
cancer xenografts in vivo. An additional mechanism contributing to the antimetastatic
activity of BA and SYK023 was reported by Hsu et al. It was shown that these compounds
effectively blocked F-actin polymerization by inhibiting the Src/FAK and Akt/mTOR
pathways and suppressing the expression of many actin polymerization genes, among
which synaptopodin (Synpo) plays a key role, as its knockdown prevented the inhibitory
effect of BA and SYK023 on cell motility and F-actin polymerization [180]. These effects may
be related to the established role of Synpo in blocking Smurf1-mediated ubiquitination and
degradation of RhoA, a key regulator of the actin cytoskeleton [184]. In addition, both BA
and SYK023 were shown to inhibit the expression of N-cadherin, vimentin, and β-catenin
in H1299 cells, which is in good agreement with their anti-EMT effect demonstrated by He
et al. [179,180].

6. Inhibitory Effect of Triterpenoids on Stem-like Properties of Lung Cancer Cells

As previously described, chronic inflammation that develops during cancer progres-
sion induces the transformation of normal tissue stem cells into cancer stem cells (CSCs),
which have the ability to self-renew and differentiate into cancer cells, thus contributing
to tumor recurrence and drug resistance. Because EMT plays a critical role in maintain-
ing the stem-like properties of CSCs, targeting EMT pathways could potentially alter
the response of CSCs to anticancer drugs and reduce the probability of tumor relapse
after chemotherapy.

UA has been shown to inhibit tumorsphere formation and expression of the CSCs
markers NANOG, OCT4, and SOX2 in A549 and H460 cells by targeting the activation
of EGFR and its downstream JAK2/STAT3 pathway [170] (Figure 7). A similar effect
on the sphere-forming potential of A549 and H1299 cells was demonstrated for BA, but
the mechanism of its inhibitory effect on the stem-like properties of NSCLC cells differs
from that of UA and seems to be related to the above-mentioned direct interaction of
BA with Skp2 and blocking the assembly of the Skp2-SCF complex, which inhibits the
degradation of the cyclin-dependent kinase inhibitor p27 and thus compromises CSCs
proliferation [179,185].
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(↑) arrows indicate downregulation and upregulation of expression, respectively.

Aldehyde dehydrogenase 1A1 (ALDH1A1) has been shown to promote the stemness of
CSCs by catalyzing the conversion of retinol to retinoic acid, which induces the expression
of stem cell-related genes either through the classical pathway, in which retinoic acid binds
to the nuclear retinoic acid receptor α (RARα)/retinoid X receptor (RXR) heterodimer,
or through the alternative pathways, including activation of the PI3K/Akt pathway via
binding to cytosolic RARα [186]. β-Escin, a triterpenoid saponin isolated from Aesculus
hippocastanum, was shown to decrease ALDH activity and ALDH1A1 expression in H460
cells in vitro and eradicate the population of ALDH1A1+ cells in lung adenocarcinomas
induced by the tobacco carcinogen 4-(methyl nitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
in A/J mice in vivo. As a result, there was a marked decrease in Akt activation in the
lung tumors of β-Escin-treated mice, confirming the relationship between the inhibitory
effect of BA on CSCs proliferation and the suppression of retinoic acid-activated signaling
pathways [177].

7. Future Prospective and Limitations

An increasing number of studies indicate that the inflammatory microenvironment
established during tumor progression promotes lung cancer metastasis through the in-
duction of EMT in tumor cells. A number of inflammation-related cytokines produced by
various cells in iTME have pleiotropic effects and, in addition to their immunomodulatory
potency, are able to stimulate EMT in lung cancer cells. The invasive capacity of cancer cells
increases as they undergo EMT due to cytoskeletal rearrangements and the production
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of enzymes that degrade ECM components. In addition, recent studies have shown a
link between EMT induction and the formation of lung CSCs, a population of stem-like
cancer cells involved in the acquisition of chemoresistance and tumor recurrence. There-
fore, targeting iTME-mediated induction of EMT with chemotherapeutic agents may be a
promising strategy to suppress metastasis and drug resistance in lung cancer, as evidenced
by the clinical benefit for cancer patients in response to drugs targeting iTME components
in clinical trials.

PTs of the oleanane-, ursane-, and lupane-type exhibit suppressive potency against
inflammation-induced EMT in lung cancer cells. It should be emphasized that in the
majority of published studies on this topic, researchers have described the effect of PTs
mainly on the TGF-β signaling pathway, while pathways sensitive to other EMT-associated
regulators remained outside their attention and require further detailed investigation.
The demonstrated ability of some PTs to markedly inhibit the expression of inflammation-
related cytokines in the lungs of mice with pulmonary fibrosis, accompanied by modulation
of the expression of EMT markers, suggests the prospect of further, more detailed studies
of the effect of PTs on cytokine-driven EMT in lung cancer cells.

Since the inflammatory process is characterized by the production of a large pool
of cytokines acting synergistically, co-culture models of lung cancer cells with activated
immune cells are of great interest in this direction. It should be noted that the majority of
published in vitro experiments on the anti-EMT potency of PTs have been performed using
very simple cell models activated by EMT inducers only in a monotherapy regimen. Co-
culture studies would allow a more thorough comparison of the data obtained from in vitro
and in vivo experiments and allow more objective conclusions about the mechanism of
anti-EMT action of the studied compounds.

Despite the currently active research on the relationship between EMT and CSCs, there
are only fragmentary data on the effect of PTs on the population of lung CSCs enriched
in inflammatory conditions due to EMT induction, and therefore it is not possible to fully
describe the molecular mechanism underlying stemness inhibition by PTs. However, the
paucity of studies on this topic may not be due to the lack of CSC-inhibitory activity
of PTs, but to the fact that researchers have overwhelmingly focused on the effect of
compounds on the motility and invasiveness of EMT-derived lung cancer cells in the
context of their antimetastatic activity, overlooking their effect on stem-like properties.
Thus, the study of the effect of PTs with previously confirmed anti-EMT activity, as well as
newly developed triterpenoids, on the stemness of lung cancer cells is of great interest for
further characterization of the molecular mechanism of their antitumor activity.

8. Conclusions

Taken together, the data presented in this review suggest a clear link between inflam-
mation and the induction of the EMT in tumor cells and, as a consequence, the enhancement
of their malignancy, which opens new opportunities for the development of antitumor
agents. PTs exhibiting pronounced anti-inflammatory and antitumor potential can be
considered a promising source of effective blockers of inflammation-driven EMT in lung
cancer cells, but research in this direction is currently at an early stage and requires further
development. The information on key inflammation-related signaling pathways associ-
ated with the EMT in lung cells described in this work can be used as a kind of roadmap
for researchers developing new phytochemical compounds targeting processes closely
associated with the EMT, such as cancer and fibrosis.
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a devastating lung disease of unknown cause, and
the involvement of fibroblasts in its pathogenesis is well recognized. However, a comprehensive
understanding of fibroblasts’ heterogeneity, their molecular characteristics, and their clinical relevance
in IPF is lacking. In this study, we aimed to systematically classify fibroblast populations, uncover the
molecular and biological features of fibroblast subtypes in fibrotic lung tissue, and establish an IPF-
associated, fibroblast-related predictive model for IPF. Herein, a meticulous analysis of scRNA-seq
data obtained from lung tissues of both normal and IPF patients was conducted to identify fibroblast
subpopulations in fibrotic lung tissues. In addition, hdWGCNA was utilized to identify co-expressed
gene modules associated with IPF-related fibroblasts. Furthermore, we explored the prognostic utility
of signature genes for these IPF-related fibroblast subtypes using a machine learning-based approach.
Two predominant fibroblast subpopulations, termed IPF-related fibroblasts, were identified in fibrotic
lung tissues. Additionally, we identified co-expressed gene modules that are closely associated with
IPF-fibroblasts by utilizing hdWGCNA. We identified gene signatures that hold promise as prognostic
markers in IPF. Moreover, we constructed a predictive model specifically focused on IPF-fibroblasts
which can be utilized to assess disease prognosis in IPF patients. These findings have the potential to
improve disease prediction and facilitate targeted interventions for patients with IPF.

Keywords: idiopathic pulmonary fibrosis; fibroblast; bioinformatics; heterogeneity; predictive model

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a parenchymal lung disease characterized by
fibroblast proliferation and excessive accumulation of extracellular matrix (ECM) [1,2].
Unfortunately, the prognosis for patients with IPF is poor, with a median survival of
approximately 3 years after diagnosis and limited treatment options available [3,4]. The
underlying causes and mechanisms of fibrotic lung diseases, including IPF, are still not
fully understood, and effective radical therapies are yet to be developed.

Numerous cell types, including alveolar epithelial cells, endothelial cells, immune
cells, and fibroblasts, have been identified as contributors to fibrosis [2,5,6]. Among these,
fibroblasts play a central role in the process of fibrogenesis, leading to the accumulation of
extracellular matrix (ECM) and compromising lung structure and function [7]. In fibrotic
lung tissue, fibroblasts demonstrate enhanced proliferative potential, increased migration,
resistance to apoptosis, and invasive capacity, as well as leading to heightened deposition
of ECM [8–10]. These characteristics significantly contribute to the pathogenesis of fibrosis,
highlighting their potential value as both prognostic factors and therapeutic targets [11].
Pulmonary fibroblasts exhibit functional heterogeneity in lung homeostasis and disease [12].
Growing evidence suggests that specific subsets of fibroblasts actively contribute to lung
pathophysiology by modulating the local immune microenvironment and producing ECM
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proteins [13–15]. The identification of these pathogenic fibroblast subsets presents new
therapeutic possibilities for various fibrotic diseases.

In recent years, the application of single-cell RNA-sequencing (scRNA-seq) technol-
ogy has significantly advanced our understanding of cellular heterogeneity in various
pathological tissues [16,17]. Through this high-throughput analysis technique, the tran-
scriptomic characteristics of fibroblasts in both normal and fibrotic lung tissues have been
described [18]. However, there is still a lack of comprehensive understanding regarding
the composition of fibroblast subsets, their gene expression profiling, and their specific
functions in fibrotic lung tissue. In addition, the clinical association of fibroblast subtypes
and their prognostic value for fibrogenesis remains to be illustrated. Here, we hypothesize
that an integrated scRNA-seq analysis of lung fibroblasts can offer a more thorough char-
acterization of fibroblast subtypes, novel insights into their biological characteristics, and
signaling pathways they may activate in fibrotic lung tissue, which in turn may have an
impact on clinical outcome.

Machine learning, a data analysis method that automatically constructs analytical
models, has been widely utilized in clinical medicine [19]. Previous studies have demon-
strated its potential in designing drugs, identifying pathologies, and developing predictive
models [20–22]. In recent years, machine learning has been applied to diagnose and treat
various diseases, including pulmonary fibrosis [23–25]. In these applications, least absolute
shrinkage and selection operator (LASSO) logistic regression analysis, a linear regression
method with regularization, is commonly utilized for high-dimensional analysis. Addition-
ally, support vector machine–recursive feature elimination (SVM-RFE) can be employed
to select optimal combinations of variables by leveraging its non-linear discrimination
capabilities and ability to model different variable quantities [26]. Hence, the identification
of biomarkers for idiopathic pulmonary fibrosis and the construction of prediction models
using machine learning algorithms are of significant importance.

In the present study, we systematically classified fibroblast populations and revealed
the molecular and biological characteristics of fibroblast subtypes in fibrotic lung tissue.
Using hdWGCNA, we further identified the co-expressed gene modules associated with
IPF-fibroblasts and addressed the valuable prognostic utility of signature genes for these
IPF-related subtypes through a machine learning-based approach, providing valuable
assistance for disease prediction and intervention.

2. Results
2.1. Single-Cell RNA Sequencing Reveals the Cellular Heterogeneity of Fibroblasts in Normal and
Fibrotic Lung Tissues

To explore the cellular composition and diversity of fibroblasts in both normal and
fibrotic lung tissues, we collected and analyzed scRNA-seq data from patients with IPF.
Specifically, we selected sequencing data from both normal and lower lobe samples, as
pulmonary fibrosis often initiates in the lower lobe in clinical practice. Uniform manifold
approximation and projection (UMAP) analyses identified eight major cell populations,
including endothelial cells, epithelial cells, macrophages, monocytes, NK cells, fibroblasts,
T cells, and tissue stem cells (Figure 1A,B). Figure 1C illustrates the expression of known
lineage markers in the eight major cell clusters in both the normal and IPF groups. We next
investigated the proportion of each cell population in the different sample sets (Figure 1D).
As expected, we observed a significant increase in the fraction of the fibroblast cluster in
the IPF group compared with the normal group.
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Figure 1. Integrated scRNA-seq analysis reveals heterogeneity of normal and fibrotic lung tissues, 
according to dataset GSE128033. (A) Cells on the UMAP plot of all 10 samples were colored as orig-
inating from normal and IPF patients. (B) Unbiased clustering of 26,129 cells reveals eight cellular 
clusters. Clusters are distinguished by different colors. (C) Heatmap showing representative differ-
entially expressed genes between each cell population. (D) Cell proportions of eight cell types orig-
inating from normal and fibrotic lung tissues. 

Then, we repeated the UMAP analysis to hierarchically cluster the fibroblasts. As 
shown in Figure S1, subclustering of fibrotic and normal lung fibroblasts further identified 
10 distinct subtypes. We demonstrated that fibroblasts of cluster 4 and cluster 5 were sig-
nificantly increased in fibrotic samples compared to normal lung samples, which were 
defined as IPF-fibroblast (Figure 2A,B). To more precisely characterize the distinctive pat-
terns of differentially expressed gene signatures in these cell subtypes, a score was as-
signed to each gene based on its relative expression in each individual cell. These genes 
were then subjected to unsupervised clustering, resulting in the formation of distinct gene 
clusters (Figure 2C). In addition, we grouped genes with similar expression trends, result-
ing in the identification of nine distinct trends with implications in various biological func-
tions, as revealed by the clustering results. It is noteworthy that genes in cluster 4, which 
exhibited high expression levels in IPF-fibroblasts, were found to be highly enriched for 
biological processes related to fibrogenesis, including extracellular matrix (ECM) organi-
zation, extracellular structure organization, and cellular response to transforming growth 
factor beta stimulus. (Figure 2C). Consistently, gene set enrichment analysis (GSEA) also 
suggested that IPF-fibroblasts expressed high levels of genes involved in the deposition 
of ECM, such as collagen fibril organization, collagen metabolic process, and collagen 
binding (Figure 2D). Moreover, the GSEA result showed a negative correlation between 
IPF-fibroblasts and pathways involving activation of immune response (Figure 2E). These 
findings suggest that IPF-fibroblasts play a critical role in the synthesis and production of 
extracellular matrix components within alveolar structures, indicating their potential cul-
pability in the development and progression of IPF. 

Figure 1. Integrated scRNA-seq analysis reveals heterogeneity of normal and fibrotic lung tissues,
according to dataset GSE128033. (A) Cells on the UMAP plot of all 10 samples were colored as
originating from normal and IPF patients. (B) Unbiased clustering of 26,129 cells reveals eight
cellular clusters. Clusters are distinguished by different colors. (C) Heatmap showing representative
differentially expressed genes between each cell population. (D) Cell proportions of eight cell types
originating from normal and fibrotic lung tissues.

Then, we repeated the UMAP analysis to hierarchically cluster the fibroblasts. As
shown in Figure S1, subclustering of fibrotic and normal lung fibroblasts further identified
10 distinct subtypes. We demonstrated that fibroblasts of cluster 4 and cluster 5 were signifi-
cantly increased in fibrotic samples compared to normal lung samples, which were defined
as IPF-fibroblast (Figure 2A,B). To more precisely characterize the distinctive patterns of
differentially expressed gene signatures in these cell subtypes, a score was assigned to
each gene based on its relative expression in each individual cell. These genes were then
subjected to unsupervised clustering, resulting in the formation of distinct gene clusters
(Figure 2C). In addition, we grouped genes with similar expression trends, resulting in the
identification of nine distinct trends with implications in various biological functions, as
revealed by the clustering results. It is noteworthy that genes in cluster 4, which exhibited
high expression levels in IPF-fibroblasts, were found to be highly enriched for biological
processes related to fibrogenesis, including extracellular matrix (ECM) organization, extra-
cellular structure organization, and cellular response to transforming growth factor beta
stimulus. (Figure 2C). Consistently, gene set enrichment analysis (GSEA) also suggested
that IPF-fibroblasts expressed high levels of genes involved in the deposition of ECM, such
as collagen fibril organization, collagen metabolic process, and collagen binding (Figure 2D).
Moreover, the GSEA result showed a negative correlation between IPF-fibroblasts and
pathways involving activation of immune response (Figure 2E). These findings suggest
that IPF-fibroblasts play a critical role in the synthesis and production of extracellular
matrix components within alveolar structures, indicating their potential culpability in the
development and progression of IPF.
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ulated (E) in IPF-related fibroblasts compared to other fibroblasts. 

  

Figure 2. scRNA-seq analysis reveals heterogeneity of fibroblast subtypes in lung fibrosis.
(A) Subclustering of fibrotic and normal lung fibroblasts further identified nine distinct subtypes.
Each fibroblast subcluster is visualized via a color-coded UMAP plot. (B) Cell proportions of fi-
broblast subclusters in the lung tissues of normal and IPF patients. (C) Left panels: The series of
diagrams illustrates the patterns of dynamic changes in representative differentially expressed genes
(DEGs) in each fibroblast population. Middle panels: heatmap showing representative DEGs between
each cell population. Right panels: representative enriched gene ontology (GO) terms for each
cluster. (D,E) GSEA enrichment plots for representative signaling pathways upregulated (D) and
downregulated (E) in IPF-related fibroblasts compared to other fibroblasts.

2.2. The Pseudotime Trajectory Analysis of Pathogenic Fibroblast Subtypes during Fibrogenesis

To investigate the origins of IPF-fibroblasts in the development of IPF, pseudotime
trajectory analysis of fibroblasts was further performed. Fibroblast clusters 5 and 7 were
observed at the start of the trajectory, whereas IPF-fibroblasts were found at both ends
of trajectory branches 1 and 2 (Figure 3A–C). We conducted further analysis of the dy-
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namic expression changes of genes along the trajectory to identify genes that are critical
for fibrogenesis. We identified several genes that exhibited the most significant changes in
expression during pseudotime progression in IPF-fibroblasts, including collagen triple helix
repeat-containing protein 1 (CTHRC1), dermatopontin (DPT), inhibitor beta A chain (IN-
HBA), and latent-transforming growth factor beta-binding protein 1 (LTBP1) (Figure 3D–F).
Furthermore, we conducted clustering of the top 100 genes based on their pseudotemporal
expression patterns and subsequently analyzed the functional enrichments of each resulting
cluster. As a result, we identified five distinct patterns of gene expression changes over
pseudotime (Figure 3G). The genes assigned to cluster 2 exhibited high expression levels
during the end stage and were primarily associated with extracellular matrix (ECM) organi-
zation. Conversely, genes assigned to cluster 4 displayed high expression levels during the
beginning stage and were mainly enriched in processes related to mesenchymal migration
and differentiation of glomerular mesangial cells (Figure S2A). Subsequently, we attempted
to uncover the molecular mechanisms that distinguished the two branches. Our analysis of
the gene expression dynamics revealed that, in conjunction with the fate 2 branch, the genes
assigned to cluster 2 that were activated towards the end of the transition were primarily
associated with the gene ontology (GO) terms “response to cytokine”, “negative regulation
of apoptotic process”, and “cell proliferation”, all of which align with the characteristics of
fibrotic differentiation (Figure S2B). Thus, these distinct gene expression patterns defined
a successful IPF-fibroblast transition trajectory and highlighted a functional discrepancy
within the pre-IPF-fibroblast subcluster.

2.3. Cell–Cell Communications Analyses in Lung Fibroblast Subpopulations

The availability of a single-cell dataset presented us with an exceptional opportunity to
investigate cell–cell communication facilitated by ligand-receptor interactions. In order to
elucidate the cell–cell communication network between fibroblast subpopulations and other
cell types in fibrotic and normal lung tissues, we performed an analysis using CellChat,
which was based on known ligand–receptor pairs and their cofactors [21]. Overall, IPF-
fibroblasts exhibited strong communication abilities with other non-fibrotic cell types during
the fibrogenesis process (Figure 4A). The results suggested that IPF-related fibroblasts ex-
hibit a stronger secretory ability, as indicated by their higher levels of outgoing interaction
strength compared to other fibroblasts (Figures 4B,C and S3). Notably, our study revealed
that IPF-fibroblasts are capable of directly interacting with other fibroblasts through the
adhesive ligand–receptor pairs CCL11/ACKR4 and CTGF/ITGA5 (Figure 4D,E). We further
demonstrated at the single-cell level that NK cells transmit PARs and ADGRE5-dependent
signaling to IPF-fibroblasts (Figure 4F,G). Additionally, our CellChat analysis revealed an
upregulation of pro-fibrosis signaling (such as COLLAGEN and ANGPTL) in the communi-
cation between IPF-fibroblasts and other fibroblasts, as well as an increase in GDF signaling
in the communication between epithelial cells and IPF-fibroblasts (Figure 4H–J). Collectively,
our findings suggest that IPF-fibroblasts and other cell types establish an interaction network
that supports each other’s maintenance and function.

2.4. Identification of the Co-Expressed Gene Modules Associated with IPF-Fibroblasts by
Using hdWGCNA

We utilized high-dimensional weighted gene co-expression network analysis (hdWGCNA),
a comprehensive framework for co-expression network analysis in single-cell RNA sequencing
data [22], to identify co-expressed gene modules and elucidate their functional roles within
IPF-related fibroblasts. A scale-free co-expression network was established using an optimal
soft thresholding power of 8 (Figure 5A). We identified a total of 12 distinct gene co-expression
modules, among which the blue, purple, and magenta modules were highly activated, primar-
ily in IPF-fibroblasts (clusters 3 and 4, as shown in Figure 5B,C). The correlation between each
module was further investigated (Figure 5D–F). Figures 5G and S4 presented the top 10 hub
genes of the 12 modules and the protein-protein interaction (PPI) network of the identified
hub genes in each module, respectively.

136



Int. J. Mol. Sci. 2024, 25, 94Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 3. Trajectory analysis of fibroblast populations. (A–C) Monocle analysis for trajectory infer-
ence of the fibroblast subclusters, colored by cell cluster. The developmental trajectory of fibroblasts, 
color-coded by states (A), the associated cell subpopulations (B), and pseudotime (C). Sca er plots 
(D), violin plots (E), and pseudotime trajectories (F) show the expression of selected genes in differ-
ent cell states as the pseudotime progresses. (G) A heatmap showing the dynamic changes in gene 
expression of the different cell clusters (H) The pseudotime heatmap shows the changes in selected 
genes after the changes in pseudotime. 

2.3. Cell–Cell Communications Analyses in Lung Fibroblast Subpopulations 
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Figure 3. Trajectory analysis of fibroblast populations. (A–C) Monocle analysis for trajectory inference
of the fibroblast subclusters, colored by cell cluster. The developmental trajectory of fibroblasts, color-
coded by states (A), the associated cell subpopulations (B), and pseudotime (C). Scatter plots (D),
violin plots (E), and pseudotime trajectories (F) show the expression of selected genes in different cell
states as the pseudotime progresses. (G) A heatmap showing the dynamic changes in gene expression
of the different cell clusters (H) The pseudotime heatmap shows the changes in selected genes after
the changes in pseudotime.

2.5. Machine Learning-Based Construction of the IPF-Fibroblast-Related Predictive Model for IPF

Then, we focused on predicting the onset and progression of IPF using a predictive
model based on hub genes from three IPF-fibroblast-related modules, which could differ-
entiate IPF-related fibroblasts from other fibroblasts due to their gene significance. We
utilized two bulk RNA-seq datasets for further analysis.
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The GSE32537 dataset served as the training cohort, while the GSE14407 dataset was
used to evaluate the predictive power of the final model developed. Initially, we conducted
an analysis on the GSE32537 dataset, which consisted of 119 IPF patients. By employing the
LASSO regression algorithm, we were able to identify 24 critical genes that exhibited a strong
association with prognosis (Figure 6A,B). Subsequently, these identified genes underwent step-
wise Cox proportional hazards regression, resulting in the final selection of 14 genes (Figure 6C).
Next, we employed seven distinct machine learning algorithms and performed parameter
optimization for each model using five repetitions of tenfold cross-validation. Subsequently,
we evaluated the area under the curve (AUC) values of these models in the validation cohort.
Through these rigorous mathematical procedures, we ultimately selected the “svm” machine
learning algorithm model, which exhibited the highest AUC of 0.93 (Figure 6D,E). In addition,
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we constructed linear regression models to investigate the relationship between the expression
levels of the 14 identified genes and lung function. Notably, Figure 6F demonstrates a signifi-
cant negative correlation between the increased expression of CCDC80, COL6A1, CTHRC1,
FBLN2, FSTL1, and GSN and a decline in the percent predicted diffusing capacity for lung
carbon monoxide (% DLCO). The above results indicated the ideal predictive value of the
IPF-fibroblast-related predictive model for IPF patients.
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Figure 5. Identification of potential IPF-fibroblast-related genes associated with IPF by high-dimensional
weighted gene co-expression network analysis (hdWGCNA). (A) The selection of soft-thresholding
powers; left panels: the impact of soft-threshold power on the scale-free topology fit index; right panels:
average network connectivity under different weighting coefficients. (B) Module activities in different
fibroblast clusters. The hdWGCNA algorithm was used to estimate the module score. (C) UMAP plots as
in Figure 2A, colored by MEs for the 12 co-expression gene modules. (D) An UMAP diagram Illustrating
the co-expression network in fibroblasts. The edges show co-expression connections between genes and
module hub genes, while each node represents a single gene. Point size is scaled by kME. Nodes are
colored by co-expression module assignment. The top two hub genes per module are labeled. Network
edges were downsampled for visual clarity. (E) Gene overlap within different modules (* p < 0.05,
** p < 0.01, *** p < 0.001). (F) The matrix plot visually represents the inter-module relationships by
depicting the correlation between module eigengenes. (G) Three IPF-fibroblast-related gene modules
were obtained, and the top hub gene was presented according to the hdWGCNA pipeline.
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Figure 6. Construction of a machine learning model using bulk transcriptomic data. (A,B). LASSO
regression was used to narrow down the IPF-fibroblast-related genes associated with IPF. (A) LASSO
algorithm for selection features for IPF-fibroblasts. (B) Selection of genes with a non-zero coefficient
for the construction of a model. (C) Coefficients of the identified genes within the prediction model.
(D) Construction of the IPF-related fibroblast model through seven machine learning algorithms.
(E) ROC values of all seven algorithms were shown in the training cohort. (F) ROC curve of the “svm”
machine learning algorithm model in the validation cohort. (G) Correlation of IPF-fibroblast-related
genes and diffusion lung capacity for CO (% DLCO) in control and IPF patients.

2.6. External Validation of an IPF-Fibroblast-Related Prognostic Signature

To gain a deeper understanding of the correlation between the gene signature of IPF-
fibroblasts and the process of fibrogenesis, we conducted an analysis of the IPF-fibroblast-
related gene (IFRG) scores in both normal and fibrotic lung tissue. The results revealed
a noteworthy increase in the IFRG scores within IPF lung tissue, indicating a potential
association between the IFRGs and fibrogenesis (Figures 7A and S5). We employed NMF
clustering to classify IPF patients into two subtypes, namely, subtype 1 and subtype 2, using
the clustering criteria derived from the differentially expressed IFRGs (Figure 7B). After
comparing the two subtypes, we observed that patients with type 2 had a higher DLCO
index, indicating better lung function in this group (Figure 7C). Given that fibroblasts
associated with IPF may play a role in initiating and progressing the disease by releasing
secretory proteins, we conducted a screening process using the IFRGs to identify these IPF-
fibroblast-associated secretory proteins. Then, we evaluated the risk ratio for each secretory
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protein and identified five stable essential prognostic genes through multivariate Cox
regression (Figure 7D). We displayed the distribution of risk scores based on pseudogenes,
overall survival of IPF patients, and corresponding pseudogene expression profiles in
another GEO dataset (GSE70866) to intuitively understand the prognostic effect of identified
secretory protein-encoding genes. The results indicated that SPON2, FSTL1, CCDC80,
COL8A1, and FBLN2 demonstrated high expressions in the high-risk group (Figure 7E).
The patients in the high-risk group with the five-gene signature had a poor prognosis
(Figure 7F). Furthermore, patients with IPF who exhibited elevated levels of these five gene
expressions had shorter survival times (Figure 7J,K).
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Figure 7. External validation of an IPF-fibroblast-related prognostic signature. (A) Boxplots depict
the IPF-fibroblast-related genes (IFRGs) score levels in lung tissue of patients with IPF (n = 131) and
normal controls (n = 39). Results are expressed as means ± SD (*** p < 0.001 vs. control). (B) A The
heatmap of gene expression clusters for 131 IPF samples by unsupervised NMF illustrates two distinct
expression patterns. (C) Box plots show the differences in diffusion lung capacity for CO (% DLCO)
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between two clusters (means ± SD; *** p < 0.001 vs. IPF_subtype 1). (D) Univariate Cox analysis of
11 IFRGs encoding secretory proteins associated with overall survival. (E) The risk score distribution,
patient status, and mRNA expression heatmaps of the prognostic five-gene risk signature. (F) Kaplan–
Meier curves for patients with high- or low-risk scores. (G–K) Kaplan–Meier survival analyses of IPF
patients based on the expression of the identified genes.

3. Discussion

Despite extensive research on human idiopathic pulmonary fibrosis (IPF), the un-
derlying mechanisms responsible for the development of these diseases remain poorly
understood. In addition, the available treatments for preventing or treating IPF are limited
and often ineffective [27,28]. Fibrotic lung tissues comprise various cell subpopulations
exhibiting diverse genetic and phenotypic traits. However, the precise mechanisms un-
derlying the emergence of this heterogeneity during fibrosis development remain unclear.
Herein, we conducted a thorough analysis of the fibroblast landscape in human idiopathic
pulmonary fibrosis (IPF) and successfully identified two predominant subpopulations
primarily found within fibrotic lung tissues, which have been designated as IPF-fibroblasts.
Subsequently, we extensively investigated the distinctive characteristics and key regulatory
pathways of distinct fibroblast subtypes. This in-depth exploration not only enhances
our understanding of the pathogenesis of pulmonary fibrosis but also identifies potential
targets for clinical therapies aimed at treating these conditions.

Previous single-cell RNA sequencing (scRNA-seq) studies that examined the hetero-
geneity of various lung-resident cell populations in pulmonary fibrosis have provided
valuable insights but have only provided a limited snapshot of the overall landscape [29,30].
Through our extensive characterization of fibroblast heterogeneity, we have successfully
identified a distinct fibroblast subtype, known as IPF-fibroblast, which exhibits a predomi-
nant presence in fibrotic lung tissue. We characterize the molecular features and identify
novel markers of these fibroblast subpopulations related to IPF. We identify LTBP1, DPT,
INHBA, and CTHRC1 as core enriched genes for IPF-fibroblasts in fibrotic lung tissues;
however, their role in fibrogenesis remains largely elusive and requires further exploration.
In addition, our findings revealed that IPF-fibroblasts exhibit elevated expression levels
of genes associated with profibrotic processes, such as cellular response to transforming
growth factor beta and collagen fibril organization [31,32]. Remarkably, our observations
unveiled intriguing immunosuppressive characteristics in IPF-fibroblasts, implying their
potential role in immunoregulation within the microenvironment of fibrotic pulmonary tis-
sue. Consistent with this, previous studies have demonstrated that lung-resident fibroblasts
play a crucial role in reshaping the local immune landscape, thereby facilitating the pro-
gression of the disease [14]. These scRNA-seq data reveal the dynamic molecular features
of IPF-fibroblasts during development and provide a valuable resource for further studies.

The interactions between fibroblasts and other cell types in the lung are dynamic and
multifaceted, playing a vital role in maintaining lung homeostasis and facilitating tissue
repair processes. scRNA-seq analysis enables the identification of cell-surface receptors
and their ligands that mediate the communication between fibroblasts and other cell types
in the lung tissue. Through cell–cell communication analysis, it has been observed that
IPF-fibroblasts have the potential to promote the differentiation of normal fibroblasts into
fibrotic fibroblasts through CTGF/ITGA5 interaction [33]. In addition, we predicted that
the PARs and GDF signaling pathways, which are mediated by NK cells and epithelial cells,
respectively, would support the maintenance of the IPF-fibroblast phenotype. Furthermore,
the trajectory study of IPF-fibroblasts changing from state 1 to state 2 further supports
earlier findings and suggests that the majority of IPF-fibroblasts are probably derived from
the activation of resident normal fibroblasts [7]. These results suggest that the identified
IPF-fibroblast subpopulation might have an important role in fibrogenesis and may serve
as target cells for a fibrosis treatment.

In this work, high–dimensional weighted gene co–expression network analysis (hd-
WGCNA), which is an advanced bioinformatics strategy for cell-associated gene module
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detection [34], and LASSO analysis combined with univariate analysis were further applied
to develop a prognostic IPF-fibroblast-related gene (IFRG) signature. One of the charac-
teristics of the IPF-fibroblasts in fibrotic lung tissue is their high expression of secretory
proteins such as CCDC80, CTHRC1, COL6A1, FBLN2, FSTL1, and GSN. Previous stud-
ies suggested that some of these proteins, such as FSTL1, increased and could promote
epithelial–mesenchymal transition in the lung [35,36]. Gelsolin (GSN), a protein that severs
and caps actin filaments and plays a pivotal role in regulating actin assembly, has been
reported to be involved in fibroblast activation during the development of myocardial
fibrosis [37]. While there is currently a lack of reported evidence linking GSN to IPF, our
research indicates that it plays a significant role in the activation process of fibroblasts
associated with IPF. Furthermore, in line with our research findings, studies have revealed
that the specific subset of cells with elevated CTHCR1 expression within fibrotic lung
tissue demonstrates the highest level of collagen expression [38]. Notably, our findings
showed that the aforementioned proteins were inversely linked with the percent antici-
pated diffusing capacity for lung carbon monoxide (% DLCO), emphasizing the clinical
importance of IFRGs in pulmonary fibrosis. Based on the above findings, we first employed
seven machine learning algorithms to construct an IPF-fibroblast-related predictive model
for IPF. Then, we applied cross-validation and ROC curve analysis to assess the model’s
performance. After comparing the algorithms’ performance on the validation set, we finally
selected the algorithm with the best performance as our final model. Recently, a study
utilized machine learning to develop an IPF prediction model focused on the midkine
gene [39]. Similar to our research, this study employed three different algorithmic models
(SVM, Adaboost, and random forest) and determined, through ROC curve analysis, that the
SVM algorithm exhibited the highest accuracy. These findings align with our own research,
indicating that the SVM algorithm possesses a considerable advantage and accuracy in
constructing predictive models.

Overall, the model can effectively predict the prognosis of IPF patients, providing
valuable assistance for disease prediction and intervention.

Despite the importance of these data for advancing knowledge, we should acknowl-
edge some limitations. First, despite our best efforts to ensure the robustness of our
clustering analysis of fibroblasts in fibrotic lung tissue, larger datasets could further im-
prove and refine our clustering results. Second, being computational and omic in nature,
our work requires experimental validation of the IPF-fibroblast markers derived from our
findings for identifying and characterizing fibroblast subtypes in fibrotic lung tissues.

4. Materials and Methods
4.1. Data Acquisition

In total, four independent public datasets were downloaded from the NCBI GEO
databases (http://www.ncbi.nlm.nih.gov/geo/, accessed on 2 September 2023). Specifi-
cally, the single-cell RNA-seq dataset GSE128033 was utilized to analyze the heterogeneity
of fibroblasts in normal and fibrotic lung tissues [40]. We selected the lower lobe sam-
ples from the dataset, including normal and fibrotic lung tissues, as pulmonary fibrosis
often originates in the lower lobe in clinical practice [41]. Three bulk RNA-seq datasets
(GSE32537, GSE110147, and GSE70866) were employed for the construction and validation
of our predictive model. Essential information about the samples of the four given datasets
is displayed in Table 1. For analyses of data from a public database, patient consent and
ethics committee approval were not required.

4.2. scRNA-seq Data Processing

ScRNA-seq data processing was performed using the R ‘Seurat’ package (version:
4.3.0) as previously described [42]. Briefly, cells with gene expression levels below 300 genes
or above 6500 genes, as well as those with mitochondrial gene expression exceeding 10%,
were excluded, ensuring the inclusion of the majority of cells in the utilized datasets. The
SCTransform function was then applied to normalize and scale raw counts, followed by
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principal component analysis (PCA). To mitigate batch effects across dissociated scRNA-seq
raw data, the R ‘Harmony’ package (version: 0.1.1) was employed. Clustering analysis was
performed based on the edge weights between any two cells, and a shared nearest-neighbor
graph was generated using the Louvain algorithm, implemented in the FindNeighbors and
FindClusters functions. The resulting cells were visualized using the uniform manifold
approximation and projection (UMAP) algorithm. A similar procedure was applied for sub-
clustering analysis. The Seurat “FindMarkers” function was used to identify preferentially
expressed genes within clusters as well as differentially expressed genes (DEGs) between
fibrotic- and normal-derived cells. Each cell cluster was subsequently annotated using
known cell-type marker genes. The specific expression patterns of the identified genes at
the single-cell level were visualized using the “scRNAtoolVis” package (version 0.0.5).

Table 1. Overview of the information of analyzed datasets.

Dataset Year Area Species Platform Data Type Number of Samples

Normal IPF

GSE128033 2019 United States Homo GPL18573 scRNA-seq 10 8

GSE32537 2011 United States Homo GPL6244 Bulk RNA-seq 39 131

GSE110147 2018 Canada Homo GPL6244 Bulk RNA-seq 11 22

GSE70866 2015 Germany Homo GPL14550 Bulk RNA-seq 20 212

4.3. Trajectory and Cell–Cell Communication Analysis

Unsupervised pseudotemporal analysis was conducted using the “Monocle” package
(version 2.26.0) with the DDR-Tree algorithm and default parameters to investigate the tra-
jectory of fibroblasts. Subsequently, the ‘plot_pseudotime_heatmap’ function was utilized
to generate a heatmap, visually representing the dynamic expression of module genes along
the pseudotime trajectories of fibroblasts in fibrotic lung tissues. To identify potential inter-
actions between and within fibroblasts and other cell populations, the “CellChat” package
(version 1.6.1) was employed with the default settings of the recommended pipelines [43].

4.4. Enrichment Analysis

The Seurat “FindMarkers” function was used to identify the DEGs of each cell sub-
cluster. A fold change (|FC|) greater than 2 and an adjusted p-value less than 0.05 were
used as the cut-off criteria. Based on the DEGs, the gene set enrichment analysis (ssGSEA)
and gene ontology (GO) enrichment analyses between the cell subgroups were performed
using the “clusterProfiler” package (version 4.7.1003). The functional enrichment result
was shown using the “GseaVis” package (version 0.0.8).

4.5. High Dimensional Weighted Gene Co-Expression Network Analysis (hdWGCNA)

To identify potential IPF-fibroblast-related genes associated with IPF, we performed
hdWGCNA by using the “hdWGCNA” package (version 0.1.1.9010) [34]. Briefly, metacells
were constructed separately for each sample and each cell cluster with the hdWGCNA
function MetacellsByGroups, aggregating 50 cells per metacell. For each cell population,
we first subset the Seurat object for the cell population of interest and then performed the
standard hdWGCNA pipeline by sequentially running the following functions with default
parameters: TestSoftPowers, ConstructNetwork, ModuleEigengenes, ModuleConnectivity,
and RunModuleUMAP.

4.6. Machine Learning-Based Construction of an IPF-Fibroblast-Related Predictive Model

In order to assess the predictive potential of IPF-fibroblast-related genes (IFRGs) iden-
tified by hdWGCNA in the development of IPF, we collected two transcriptome sequencing
datasets, namely, GSE32537 and GSE110147. These datasets were systematically collected
and utilized as the training and testing cohorts, respectively. The identified IFRG signature
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was utilized to build a prediction model in the training set. This was accomplished by
employing seven machine learning algorithms through the “mlr3” package (version 0.16.0).
The machine learning algorithms included in our analysis are as follows: log_reg (logistic
regression), Ida (iterative dichotomizer 3), ranger (random forest), SVM (support vector
machines), nave_bayes (naive Bayes classifier), rpart (recursive partitioning and regression
trees), and kknn (k nearest neighbors). The model generation procedure was as follows:
(a) Prognostic IFRGs (immune-related functional genes) were identified in the training
cohort using least absolute shrinkage and selection operator (LASSO) and univariate Cox
regression analyses [44]. (b) Seven machine learning algorithms were then applied to
the prognostic IFRGs to create prediction models. Each algorithm was validated using
5-times-repeated tenfold cross-validation. (c) For each model, the “timeROC” R-package
(version: 0.4) was utilized to generate ROC curves and evaluate the predictive capacity of
the model. The model with the highest accuracy was selected as the final predictive model.
(d) The predictive ability of the final model was evaluated using independent testing sets.

4.7. Non–Negative Matrix Factorization (NMF) of IPF by IFRGs and Survival Analysis

To delve deeper into the subtypes of IPF, we employed the non-negative matrix fac-
torization (NMF) algorithm from the “NMF” package (version 0.20.6) to gain additional
insights. Firstly, we chose 30 IFRGs (identified by hdWGCNA) from the GSE32537 dataset.
Following that, we employed the expression matrix of these selected genes in the NMF
analysis to identify unique subtypes of IPF. Survival analysis of the identified secretory
protein-encoding genes was conducted using the “survival” package (version 2.1.2). Sur-
vival status and risk scores of IPF patients in the high- and low-risk groups were analyzed
through the “ggrisk” package (version 1.3). Statistical significance was set at p value < 0.05.

4.8. Statistical Analysis

All statistical analyses and data visualizations were performed using the R software
(version 4.2.1). Pearson’s correlation coefficients were used to assess the correlations
between two continuous variables. For quantitative data, either a two-tailed, unpaired
Student t-test or a one-way analysis of variance (ANOVA) with Tukey’s multiple compar-
isons test was used to compare values between subgroups. p < 0.05 was considered to be
statistically significant.

5. Conclusions

Overall, our study contributes to a better understanding of the heterogeneity within
the fibroblast population in fibrotic lung tissue. The identification of distinct molecular
and biological characteristics of fibroblast subtypes, along with the prognostic utility of
signature genes, provides valuable insights into the pathogenesis of IPF. These findings
have the potential to improve disease prediction and facilitate targeted interventions for
patients with IPF.
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hub genes in IPF-related fibroblasts.
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Abstract: Our goal was to investigate the effects of epidermal growth factor (EGF) and interferons
(IFNs) on signal transducer and activator of transcription STAT1 and STAT4 mRNA and active
phosphorylated protein expression in Sjögren’s syndrome cell culture models. iSGECs (immortalized
salivary gland epithelial cells) and A253 cells were treated with EGF, IFN-alpha, -beta, -gamma, or
mitogen-activated protein kinase p38 alpha (p38-MAPK) inhibitor for 0–24–48–72 h. STAT1 and
STAT4 mRNA expression was quantified by qRT-PCR. Untreated and treated cells were compared
using the delta-delta-CT method based on glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
normalized relative fold changes. phospho-tyrosine-701-STAT1 and phospho-serine-721-STAT4 were
detected by Western blot analysis. STAT4 mRNA expression decreased 48 h after EGF treatment
in A253 cells, immortalized salivary gland epithelial cells iSGECs nSS2 (sicca patient origin), and
iSGECs pSS1 (anti-SSA negative Sjögren’s Syndrome patient origin). EGF and p38-MAPK inhibitor
decreased A253 STAT4 mRNA levels. EGF combined with IFN-gamma increased phospho-STAT4
and phospho-STAT1 after 72 h in all cell lines, suggesting additive effects for phospho-STAT4 and
a major effect from IFN-gamma for phospho-STAT1. pSS1 and nSS2 cells responded differently to
type I and type II interferons, confirming unique functional characteristics between iSGEC cell lines.
EGF/Interferon related pathways might be targeted to regulate STAT1 and STAT4 expression in
salivary gland epithelial cells. Further investigation is required learn how to better target the Janus
kinases/signal transducer and activator of transcription proteins (JAK/STAT) pathway-mediated
inflammatory response in Sjögren’s syndrome.

Keywords: STAT4; STAT1; cytokine regulation; interferons; EGF

1. Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disease impacting over 200,000 peo-
ple in united states annually, targeting mucous membranes and glands of the eyes and
mouth which can lead to other problems, such as dental cavities, oral thrush, and vision
problems [1]. Salivary glands affected by SS commonly exhibit an epithelitis implying
independent regulation of the immune response beyond reactivity to immune cell infiltra-
tion [2]. Epithelitis is marked by increased cytokine expression, limited Fas cell surface
death receptor-mediated apoptosis, and p38-MAPK pathway activation promoting cluster
of differentiation 40-mediated epithelial cell death [3–5]. In previous studies, the p38-
MAPK pathway was demonstrated to be an upstream activator for phosphorylation and
full transcriptional activity of STAT4 [6].

Determining the interactions between these pathways may allow for improved drug
intervention treatment for SS patients. STAT4, involved in the JAK/STAT signaling pathway,
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is a confirmed SS susceptibility gene with active roles in cytokine expression and secretion,
such as interferons (IFNs) and tumor necrosis factor-alpha in peripheral blood mononuclear
cells (PBMCs) [7–10]. It is, however, unclear, the extent to which STAT4 and associated
polymorphisms relate to immune cells and/or salivary gland epithelial cells during SS
development.

The JAK/STAT pathway mediates a variety of immune responses in both epithelial
and immune related cell types [9]. Among the STAT proteins, there is little information de-
scribing how STAT4 specifically interacts with other STAT proteins within this pathway [11].
Moreover, this family of proteins interacts after phosphorylation, in which the proteins
often dimerize and translocate to the nucleus where they regulate gene expression [12].
The JAK/STAT pathway, involving phospho-STAT4 activity, plays an important role in
autoimmune mediated pathways and may facilitate aberrant inflammatory responses [13].
Additionally, cytokines such as IFNs bind and activate JAK-1/JAK-2, activating STAT pro-
teins through phosphorylation, possibly propagating aberrant inflammatory responses in
disease [14]. Targeting these factors or downstream targets in an appropriate manner within
the salivary gland epithelia might serve to reduce the local inflammation and infiltration.
Inhibition of JAK-1 has been studied for its potential as a possible treatment for SS [3,15].
JAK-1 inhibition may suppress both IFN type I and type II activities which can lead to
downregulation of factors that promote infiltration of immune cells in salivary glands of SS
patients [15].

Based on cross talk between pathways and potential effects on EGF, Wnt, and trans-
forming growth factor-beta signaling pathways, it is inferred that small molecule inhibitors
targeting JAK/STAT4 pathway may tamper with salivary gland epithelial cell homeosta-
sis [16]. Therefore, this pathway needs to be better targeted to resolve inflammation and
to preserve salivary gland function in SS [16]. EGF has been associated with the severity
of intraoral manifestations in SS [17]. In addition, abnormal neovascularization in SS was
shown to involve vascular endothelial growth factor receptor 2 (VEGFR2)/nuclear factor-
kappa B (NF-κB) pathway leading to exacerbation of autoimmunity [18,19]. Also, there is
an increased risk of cerebrovascular events and myocardial infarction in SS patients [20].
Although EGF and VEGF levels in saliva are not specific to the disease, SS patients exhibit
a dysregulation of response to growth factors in addition to interferons [21].

The relationship between STAT4 and STAT1 and the response to growth factors and
interferons are unclear. Therefore, since modulation of STAT signaling may provide new
therapeutic avenues in general, our objective was to understand how this dysregulation
affects expression of STAT4 and STAT1 at the mRNA level and phosphorylated protein
levels using iSGECs and A253 cells line [22]. Additionally, since p38-MAPK and JAK/STAT
pathways can act in concert in inflammation in multiple disease models, we tested the
effects of p38 inhibitor on STAT1 and STAT4 expression in these cell lines [6,23,24].

2. Results

The overall experimental design is presented in Figure 1.

2.1. Regulation of STAT4 Expression by EGF and p38 Inhibitor

The mRNA expression of STAT4 was initially determined in A253 and nSS2 cells
(Figure 2). The cells were cultured and treated with p38 inhibitor (20 µM) and EGF
(10 ng/mL), and a combination of both. STAT4 expression was reduced in both cell lines
in response to all three treatments of p38 inhibitor or EGF alone and the combination
of both. In A253 cells the largest reduction resulted from EGF supplementation with an
approximately two-fold reduction (Figure 2A). STAT4 expression in nSS2 ISGECs was
similarly downregulated by EGF supplementation, but the combination of EGF and p38
inhibitor yielded an enhanced effect resulting in an approximately three-fold reduction
(Figure 2B). The overall results indicate p38 inhibitor effects might be more pronounced on
nSS2 cells.
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Figure 1. Determination of STAT1 and STAT4 expression and their phosphorylated forms in growth
factors and interferon stimulated salivary gland cell line models for Sjögren’s Syndrome. Legend.
(1) Experimental strategy used to determine regulatory effects of interferon proteins and growth
factor supplementation on the expression of STAT4 and STAT1 is shown. (2) In this study, the
A253 mucoepidermoid carcinoma of the salivary gland cell line was compared as a control to the
iSGEC-pSS1 (primary Sjögren’s syndrome) and iSGEC-nSS2 (sicca) cell lines derived from primary
salivary gland epithelial cells (SGECs) previously established in our laboratory. Previous studies
have shown that interferons activate the JAK/STAT pathway resulting in the phosphorylation of
STAT proteins and activating them as transcription factors. In Sjögren’s syndrome, STAT4 is known
to contain susceptibility polymorphisms and to mediate cytokines (IFN, TNF-α) production. This led
us to directly compare three cell lines: pSS1, an immortalized salivary gland cell line derived from
a Sjögren’s patient (anti-SSA negative but focus score = 1.8); nSS2, an immortalized salivary gland
cell line derived from a sicca patient (focus score = 0.16); A253, a mucoepidermoid salivary gland
control cell line. (3) The pSS1 and nSS2 cell lines were directly compared to better understand their
commonalities and differences (4) We investigated the effects of EGF, p38 inhibitor, and IFN-γ on
STAT1 and STAT4 mRNA and active protein expressions, in all three cell lines. (5) Since the effects of
IFN-γ on the pSS1 cell line were prominent for phospho-STAT1, we determined whether this effect was
unique to IFN-γ, or if it was a more general response to interferons. (6) Protein and gene expressions
following supplementation with IFN-α, IFN-β and IFN-γ were determined in each cell line.
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Figure 2. Effects of EGF and p38-inhibitor on STAT4 expression in salivary gland cell lines. Legend.
(A) Expression of STAT4 mRNA following treatment of A253 cells with EGF and p38-I alone or in
combination, is shown. (B) Results from supplementation with EGF and p38-I alone or in combination
for nSS2 cells are shown. EFG is epidermal growth factor; p38-I is p38 inhibitor (SB203580); NTC is
non-treated control. Error bars represent mean (+/−) standard error (SE) based on 3 independent
replicates. Unpaired t-test was used to determine significance (** p < 0.01).
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2.2. Effects of EGF and IFN-γ on Protein Expression of Phospho-STAT4 and Phospho-STAT1

To better understand the effects of EGF and IFN-γ supplementations in A253 and
iSGECs on phospho-STAT4 and phospho-STAT1 protein production, the presence of both
proteins was determined by Western blot. In all three cell lines, phospho-STAT4 presence
was slightly increased by EGF (p = 0.11262)) and further increased by the combination of
EGF and IFN-γ (p = 0.003906) (Figure 3A). Notably, A253 and pSS1 cells demonstrated an
approximate average of 8- and 4-fold increase in phospho-STAT4 levels, respectively, after
supplementation with both EGF and IFN-γ (Figure 3B). These effects are in the opposite
direction compared to our described mRNA expression results for A253 and nSS2 cells in
which STAT4 mRNA was downregulated in response to the addition of EGF (Figure 2).
Phospho-STAT1 was expressed at lower levels in both A253 and nSS2 cells compared
to pSS iSGECs (p < 0.05, paired t-test) (Figure 3C). All three cell lines displayed a large
increase in phospho-STAT1 relative expression with supplementation of both EGF and
IFN-γ combined, this effect being solely attributed to IFN-γ (Figure 3D). Of these, pSS1
iSGECs showed the largest presence of phospho-STAT1 compared to A253 cells and nSS2
iSGECs (Figure 3D).
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Figure 3. Western blot analysis of salivary gland cell lines treated with EGF and gamma-interferon.
Legend. Representative Western blots and semi-quantitative Western blot analysis (from 3–4 inde-
pendent experimental replicates) of cells treated with EGF and EGF combined with IFN-γ are shown.
(A) Phospho-STAT4 (P-STAT4) and (C) Phospho-STAT1 (P-STAT1) protein levels were determined
72 h post-dosing with EGF and combined EGF and IFN-γ relative to untreated control, in A253, pSS1
and nSS2 whole cell lysates. (B,D) P-STAT4 and P-STAT1 presence was determined by semiquantita-
tive analysis based on relative band intensity. Equal protein amounts were loaded in each lane and
target bands were normalized to protein expression of cofilin or GAPDH. Loading controls and target
proteins of the same blot were individually optimized for exposure requirements and reconstituted
for imaging While incremental differences were observed for P-STAT4 across the three treatments, no
changes were observed for interferon regulatory factor 1 (IRF1) (A). Effects from combined treatment
with EGF and IGF were overall significant across the three cell lines compared to control and EGF
treatment alone for both P-STAT1 and P-STAT4 (p < 0.01, Wilcoxon signed-rank test with Bonferroni
correction).

2.3. Regulation of STAT1 and STAT4 mRNA and Active Protein Expression by Interferons α, β
and γ

To further investigate the large effect of IFN-γ on STAT1 and STAT4 mRNA and protein
expression, the effects of IFN-α and IFN-β protein supplementation were also assessed.
The effects of IFN-α, IFN-β and IFN-γ on STAT4 and STAT1 mRNA expression in A253
cells, pSS1 and nSS2 ISGECs were determined. STAT4 expression was upregulated in all
cell lines by IFN-α and IFN-β but was not changed by IFN-γ in pSS1 iSGECs (Figure 4A).

While comparisons of STAT4 levels between cell lines did not show significant dif-
ferences, there was a noticeable difference in expression between pSS1 cells and the other
two cell lines when treated with IFN-γ (Figure 4B). In contrast, STAT1 expression was
found to be upregulated in all three cell lines with supplementation of type I and type II
IFNs (Figure 4C). There was a significant difference between pSS1 and nSS2 cells in STAT1
expression with type I IFN treatment (IFN-α and IFN-β), where nSS2 cells displayed higher
expression (Figure 4D). This trend was also observed in the IFN-γ treatment group but was
not found to be statistically significant. These data show that nSS2 cells respond to IFN
proteins in a unique manner.

Following observation of an increase in STAT1 mRNA expression with type I and type
II IFNs, expression changes of phospho-STAT1 and phospho-STAT4 were determined by
Western blot analysis. Each cell line was grown with supplementation of IFN-α, IFN-β and
IFN-γ and was harvested for protein after 72 h. Type I interferon IFN-β supplementation
showed low relative expression in nSS2 cells and pSS1 cells for phospho-STAT1, whereas
IFN-γ supplementation yielded a statistically significant increase in phospho-STAT1 in
both pSS1 and nSS2 cells (Figure 5A). A253 cells were not significantly responsive to both
type I and type II IFNs (p < 0.05). The relative expression of phospho-STAT1 based on the
normalized control Cyclophilin A, is shown is Figure 5C. Western blots of phospho-STAT4
protein expression for the three cell lines are shown in Figure 5D,E. The relative protein
expression for phospho-STAT4 is shown in Figure 5F. The data show a slight marginal
effect of IFN-γ on pSS1 cells.
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Figure 4. mRNA expression analysis of salivary gland cell lines A253, nSS2, and pSS1 treated with
interferons α, β and γ. Legend. mRNA expression of STAT4 and STAT1 determined by RT-PCR
was normalized to GAPDH. (A) Bar graph representing STAT4 mRNA relative expression in all
cell lines treated with type I (IFN-alpha and -beta) and type II (IFN-gamma) interferons. (B) Plot
showing differences in effects from type I and type II IFNs. (C,D) Bar graph representing STAT4
and STAT1 mRNA relative expression in all cell lines treated with type I (IFN-alpha and -beta) and
type II (IFN-gamma) interferons and plot showing differences in effects of type I and type II IFNs.
Error bars represent mean (+/−) standard error (SE) based on 9 independent experimental replicates.
Mann–Whitney U-test was used to determine significance (** p < 0.01; * p < 0.05).
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Figure 5. Active protein expression analysis of salivary gland cell lines treated with interferons α, β 

and γ. Legend. Representative Western blots and semi-quantitative Western blot analysis (from 3–4 

independent experimental replicates) of IFN treated cells are shown. (A,B) Phospho-STAT1 protein 

levels were determined 72 h post dosing with IFN-α, IFN-β, and IFN-γ in A253, pSS1 and nSS2 

whole cell lysates. (C) phospho-STAT1 (P-STAT1) presence was measured by semiquantitative anal-

ysis based on relative band intensity. (D,E) phospho-STAT4 (P-STAT4) protein levels were deter-

mined 72 h post dosing with IFN-α, IFN-β, and IFN-γ in A253, pSS1 and nSS2 whole cell lysates. (F) 
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Figure 5. Active protein expression analysis of salivary gland cell lines treated with interferons α,
β and γ. Legend. Representative Western blots and semi-quantitative Western blot analysis (from
3–4 independent experimental replicates) of IFN treated cells are shown. (A,B) Phospho-STAT1 protein
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levels were determined 72 h post dosing with IFN-α, IFN-β, and IFN-γ in A253, pSS1 and nSS2 whole
cell lysates. (C) phospho-STAT1 (P-STAT1) presence was measured by semiquantitative analysis
based on relative band intensity. (D,E) phospho-STAT4 (P-STAT4) protein levels were determined 72 h
post dosing with IFN-α, IFN-β, and IFN-γ in A253, pSS1 and nSS2 whole cell lysates. (F) P-STAT4
expression was measured by semiquantitative analysis measuring relative band intensity. Equal
protein amounts were loaded in each lane and target bands were normalized to protein expression of
cyclophilin A. Error bars represent the mean (+/−) standard error (SE). However, the Control value
was set to 1 by default without error bar for better representation of the differences between cell
lines. Loading controls and target proteins of the same blot were individually optimized for exposure
requirements and reconstituted for imaging. IFN-γ had a significant effect on P-STAT1 expression for
pSS1 and nSS2 cell lines (p < 0.05, paired t-test with Bonferroni correction). There was a marginal
effect of IFN-γ on P-STAT4 expression in pSS1 cells (p = 0.049). ND is not detected.

3. Discussion

In this study, for the first time, we have shown differences in responses to EGF and
interferons regarding the expression of STAT1 and STAT4 between sicca and SS patients’
derived iSGECs at both mRNA and active protein levels. Multiple genetic polymorphisms
in the STAT1-STAT4 risk locus located on chromosome 2 have been confirmed for their
association with Sjögren’s syndrome [25]. While both STAT1 and STAT4 have been as-
sociated with SS, it is unclear how polymorphisms affect these adjacent genes, whether
in PBMCs or in salivary gland epithelial cells that are no longer considered as passive
bystanders [26–29].

While we demonstrated differential reactivity to interferons and EGF between pSS1
and nSS2 iSGEC cell lines (more prominent for pSS1), we recognize that the SS-related biol-
ogy of the cells will need to be confirmed in in vivo and ex vivo models for SS. In addition,
Theander et al. 2015 [30] showed that SS autoantibodies may be present 20 years before
SS diagnosis, which raises the question as to whether genetic polymorphisms, somatic
mutations, or epigenetic changes may have occurred in these patients’ salivary glands that
would promote autoimmunity. Ideally, single cell analysis would help the field to develop
iSGECs that are representative of defined categories of sicca and SS patient categories,
carrying recently confirmed/identified single nucleotide polymorphisms (SNPs) [25], or
would have been engineered to carry such SNPs by clustered regularly interspaced short
palindromic repeats (CRISPR) gene editing. Thus, an appropriate panel of iSGECs carrying
SS-associated SNPs might be suitable for initial drug screening assays or assays which will
contribute to the understanding of onset and progression of the disease. Moreover, the
role of interferons in SS pathogenesis and clinical trials testing inhibitors of IFN-related
pathways have been extensively reviewed by Del Papa et al. 2021 [31]. Whether polymor-
phisms impact immune cells or SGECs in patients, testing IFN reactivity of iSGECs from
different sources might contribute to the understanding of inefficacy of drugs tested so far
in clinical trials.

3.1. STAT4 mRNA Expression Downregulation by EGF and p38 Inhibitor

Previous studies in mice models for Sjögren’s syndrome have shown that treatment
with p38 inhibitors have positive effects on the pathology of the disease [32–34]. In addition,
there is an inverse correlation between EGF salivary levels and SS progression. Our results
show downregulation of STAT4 at the mRNA level whether A253 or nSS2 cells were
treated with EGF or p38 inhibitor alone or in combination, and to a greater extent for
nSS2 cells. The significance of this result is unclear but might reflect an imbalance in
JAK/STAT pathway [26]. Indeed, salivary gland epithelium homeostasis is maintained
by numerous signaling pathways. EGF receptors are known to be involved in signaling
pathways necessary for the TDL-4-mediated activation of downstream NF-κB pathway [26].
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3.2. Effects of EGF and IFN-γ on Protein Expression of Phospho-STAT4 and Phospho-STAT1

The role of type I and type II interferons in the development of Sjögren’s syndrome may
not be understated [31]. However, their effects on the production of active forms of STAT1
and STAT have been mainly investigated in PBMCs and infiltrating immune cells within
the salivary gland [31]. In this study, EGF increased phospho-STAT4 in all three cell lines
A253, nSS2, and pSS1, and to a larger extent when EGF was combined with IFN-γ, suggests
an additive effect. Since, EGF was shown to reduce STAT4 at the mRNA levels (Figure 2),
there is a possibility of regulation of the production of phosphorylated STAT4 protein. Such
regulation might involve microRNA stabilization process or increased phosphorylation due
to an unknown mechanism. It remains also unclear how the p38-MAPK pathway is tied to
this mechanism. In addition, phospho-STAT1 was remarkably overexpressed in all three
cell lines when EGF and IFN-γ were used in combination, although such effect was most
likely due to IFN-γ. In this case, pSS1 showed the highest induction which was higher than
in nSS2. The results suggest more prominent deregulation of the JAK/STAT pathway in
pSS cells compared to nSS2 cells. This result, overall, warrants further investigation of the
multi-protein transcriptional complex involved on chromosome 2 in absence or presence
of polymorphisms. The effect of polymorphisms in STAT1 and STAT4 associated with
Sjögren’s syndrome in cell culture models is currently under investigation in our laboratory.

3.3. Regulation of STAT1 and STAT4 mRNA and Active Protein Expression by Interferons α, β
and γ

We further investigated the interferon type I and type II responses in the three cell lines
A253, nSS2, and pSS1 to determine whether there were significant differences in STAT1 and
STAT4 mRNA expression. As shown in results, there were two noticeable differences. IFN-
γ induced an opposite trend in STAT4 mRNAS expression in pSS1 cells compared to A253
and nSS2 cells, suggesting a fundamental difference in reactivity. Additionally, the results
of 9 replicates showed variability in response to IFN-γ in pSS1 cells. Assuming minimal
technical error, this result might reflect an intrinsic feature in pSS1 possibly associated with
epigenetic changes upon cell passaging, as processing of outliers did not improve statistical
significance. Furthermore, type I and type II interferons induced similar responses in all
three cell lines regarding STAT1 mRNA expression. However, nSS2 and pSS1 cells behaved
differently, with lower STAT1 mRNA expression in pSS1 compared to nSS2. The results
suggest unique properties of pSS1 cells compared to nSS2, possibly reflecting Sjögren’s
syndrome specific pathological features.

At the active protein level, IFN-γ had the largest effect on the expression of phospho-
STAT1 in pSS1 cells, confirming intrinsic differences between pSS1 and nSS2 cells. In
contrast, there was a small effect by type I and II IFNs on the expression of phospho-STAT4,
for which a trend of greater effect in pSS1 was observed. Overall, results show consistency
among the differences observed at both mRNA and active protein expression levels for the
two genes.

3.4. Limitations

This study used two immortalized cell lines derived from one sicca and one anti-SSA
negative Sjögren patients’ salivary gland epithelial cells. Also, the study could have further
benefitted from iSGECs derived from an anti-SSA positive Sjögren patient. Efforts in our lab
are underway to circumvent these limitations. Interpretation of our data is in part limited
due to insufficient data in animal models relevant to interferon and JAK/STAT related
pathways in salivary gland epithelial cells. Additional experimentation using for instance
siRNA and CRISPR knockdown technologies will be required to better understand the
interaction between EGF, interferons, and the p38-MAPK pathway in regulating STAT1 and
STAT4 and to characterize the impact of such interaction on JAK/STAT pathway in vitro
and in vivo.
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4. Materials and Methods
4.1. Reagents

Reagents used included: Epilife media with HKGS (Human Keratinocyte Growth
Serum; medium K) (ThermoFisher Scientific, Waltham, MA, USA), McCoys 5A Medium;
medium 5A) (Cytiva, Marlborough, MA, USA), FBS (VWR International, Radnor, PA, USA),
LB Agar with AMP, Human immortalized salivary gland epithelial cells (iSGECs) (estab-
lished in our laboratory), salivary gland cell line A253 (ATCC—American Type Culture
Collection, Manassas, VA, USA), EGF (ThermoFisher Scientific, MA, USA), p38 Inhibitor
(SB203580) (Cell Signaling Technology, Danvers, MA, USA), Quick-RNA Miniprep Kit
(Zymo Research, Irvine, CA, USA), HEX random primers (IDT—Integrated DNA Technolo-
gies, Coralville, IA, USA), DTT, SmartScribe reverse transcriptase kit (Takara Bio, San Jose,
CA, USA), dNTPs (NEB—New England Biolabs, Ipswich, MA, USA), SYBR green master
mix (Qiagen, Germantown, MD, USA), primer (IDT—Integrated DNA Technologies, IA,
USA), Western blot transfer membrane (Cytiva, MA, USA), and antibodies (Supplementary
Table S1).

4.2. Cell Culture

Human iSGECs, and A253 (ATCC) were inoculated into media K and 5A (10% FBS), re-
spectively, and treated with IFN-gamma (10 ng/mL) (Cell Signaling Technology), IFN-alpha
(10 ng/mL) (Cell Signaling Technology), IFN-beta (10 ng/mL) (Proteintech, Rosemont,
IL, USA), EGF (10 ng/mL) (ThermoFisher), and/or p38 inhibitor (20 µM) (Cell Signaling
Technology) for 24 and 48 h. Cells were cultured in CO2 incubator (37 ◦C; 5% CO2). After
24 and 48 h incubation, the cells adhered to the well surface indicating successful recovery.
Cells were then used for RNA extraction, conversion to cDNA for further qRT-PCR.

4.3. Quantitative Real-Time RT-PCR

Total RNA was isolated from cells using the Quick-RNA Miniprep kit (Zymo) follow-
ing the manufacturer protocol. RNA (500 ng) was reverse transcribed from each sample
using SmartScribe reverse transcriptase kit (Takara) following the provided instructions.
Random hexamers (IDT) and dNTP mix (NEB) were used. Expression levels of STAT4 and
STAT1 were determined relative to GAPDH based on the ∆∆CT method using SYBR Green
mix (Qiagen). qRT-PCR primers are listed in Supplementary Table S2.

4.4. Western Blot

Cells were grown in 6-well plates and were serum starved for 24 h. Treated and
untreated cells were grown for 72 h before harvesting whole cell lysates for nuclear protein
using MPER (Mammalian Protein Extraction Reagent) (ThermoFisher). Levels of target
proteins, phospho-tyrosine-701-STAT1 and phospho-serine-721-STAT4 in whole cell lysates
of treated and untreated iSGECs and A253 cells, were determined by Western blot. Primary
antibodies were used at appropriate dilutions (Supplementary Table S1). Secondary an-
tibodies anti-mouse IgG-HRP and anti-rabbit IgG-HRP were used according to primary
antibodies. Supersignal West Pico and Femto solutions were used for signal detection
(ThermoFisher). ImageQuant LAS4000 (GE) was used for imaging and Image StudioTM

Lite v2.5 (Li-COR Biosciences – U.S.) for data processing.

4.5. Statistical Analysis

Differences of expression in the cell lines of qRT-PCR results relative to the control
or between cell lines were analyzed by Mann–Whitney U-test (9 replicates for interferons
treatments) or t-test (3 replicates for p38 and EGF treatments) (alpha = 0.05). Wilcoxon
signed-rank test with Bonferroni correction was used on Western blot data normalized to
the loading control to compare treatments with EGF alone and EGF and IFN-γ combined.
Paired t-test with Bonferroni correction was used on Western blot data normalized to
the loading control to compare treatments with IFN-α, IFN-β and IFN-γ relative to the
experimental control.
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5. Conclusions

Immortalized salivary gland epithelial cells derived from sicca and Sjögren syndrome
patients may constitute useful tools to pinpoint and investigate specific disease mechanisms
and genetic abnormalities. Indeed, sicca and Sjögren syndrome patients represent a broad
spectrum of disease etiologies. Thus, future genomic single cell analysis may provide
further clues as to how better target the JAK/STAT pathway to modulate the immune
response to improve clinical outcomes in Sjögren’s syndrome patients.
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Abstract: Liver fibrosis is reversible when treated in its early stages and when liver inflammatory
factors are inhibited. Limited studies have investigated the therapeutic effects of corylin, a flavonoid
extracted from Psoralea corylifolia L. (Fabaceae), on liver fibrosis. Therefore, we evaluated the anti-
inflammatory activity of corylin and investigated its efficacy and mechanism of action in ameliorating
liver fibrosis. Corylin significantly inhibited inflammatory responses by inhibiting the activation of
mitogen-activated protein kinase signaling pathways and the expression of interleukin (IL)-1β, IL-6,
and tumor necrosis factor-alpha in human THP-1 and mouse RAW264.7 macrophages. Furthermore,
corylin inhibited the expression of growth arrest-specific gene 6 in human hepatic stellate cells (HSCs)
and the activation of the downstream phosphoinositide 3-kinase/protein kinase B pathway. This in-
hibited the activation of HSCs and the expression of extracellular matrix proteins, including α-smooth
muscle actin and type I collagen. Additionally, corylin induced caspase 9 and caspase 3 activation,
which promoted apoptosis in HSCs. Moreover, in vivo experiments confirmed the regulatory effects
of corylin on these proteins, and corylin alleviated the symptoms of carbon tetrachloride-induced
liver fibrosis in mice. These findings revealed that corylin has anti-inflammatory activity and inhibits
HSC activation; thus, it presents as a potential adjuvant in the treatment of liver fibrosis.

Keywords: corylin; anti-inflammation; liver fibrosis; hepatic stellate cell; growth arrest-specific gene
6/AXL signaling pathway

1. Introduction

Liver fibrosis, caused by viral or metabolic chronic liver diseases, is a major challenge
of global health [1,2]. In Taiwan, approximately 60% of patients with liver cancer have
previously suffered from viral hepatitis B and C infections [3–5]. Chronic hepatitis causes
repeated liver inflammation and activates hepatic stellate cells (HSCs) to secrete collagen for
tissue repair. Consequently, the extracellular matrix (ECM) accumulates during repeated
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inflammation and repair, leading to liver fibrosis and liver cirrhosis. Patients with cirrhosis
are 60–250 times more likely to develop liver cancer than those without liver disease [6].

Liver fibrosis can be reversed by administering treatment at an early stage and in-
hibiting the factors that cause liver inflammation [7]. Current treatment options for liver
fibrosis can be classified based on three strategies: the inhibition of liver inflammation,
the inhibition of HSC activation, and the acceleration of ECM breakdown. In the clinical
setting, the administration of antiviral drugs alone, such as entecavir or lamivudine, or
interferon (IFN) alone, may help ameliorate liver fibrosis caused by viral hepatitis; however,
these treatments show low efficacy [8,9]. The treatment outcomes of liver fibrosis can be
effectively improved if an appropriate adjuvant is administered to suppress inflammation
or inhibit HSC activation. However, no clinically effective drugs are currently available
for treating liver fibrosis with low side effects; thus, continuous research and development
are required.

HSCs play a key role in the progression of liver fibrosis. When liver tissues are injured
or stimulated by oxidative stress or inflammatory cytokines, HSCs are activated followed by
proliferation and transformation into fibrogenic cells, thereby synthesizing large amounts
of ECM. HSC activation is regulated by various pathways, with the growth arrest-specific
6 (GAS6)/AXL receptor tyrosine kinase (AXL) being a key regulatory pathway [10–12].
AXL, a member of the TYRO-AXL-MER (TAM) receptor tyrosine kinase (RTK) family, is
mainly expressed in neural, vascular, immune, and stellate cells and is involved in the regu-
lation of cellular physiological processes, such as growth, survival, differentiation, adhesion,
and migration [13]. The binding of AXL to its ligand protein, GAS6, initiates autophosphory-
lation, which further activates the downstream phosphoinositide 3-kinase/protein kinase B
(PI3K/AKT), rat sarcoma/rapidly accelerated fibrosarcoma kinase/mitogen-activated pro-
tein kinase (MAPK) kinase/extracellular signal-regulated kinase (RAS/RAF/MEK/ERK),
and wingless-related integration site (Wnt) signaling pathways, thereby promoting cell
growth, migration, and angiogenesis and inhibiting apoptosis [14]. The GAS6/AXL signal-
ing pathway regulates HSC proliferation and activation, which play an important role in
liver fibrosis development. The treatment of carbon tetrachloride (CCl4)-exposed mice with
an AXL inhibitor effectively alleviates fibrosis symptoms [10]. Therefore, at present, TAM
receptors, including AXL, are considered as key targets for treating liver fibrosis [15,16].

Natural products contain diverse pharmacophores and highly complex stereochem-
istry, and most of them have low physiological toxicity. Therefore, natural products have
always represented important sources for new drug development [17,18]. Compounds,
such as paclitaxel, curcumin, camptothecin, and their derivatives, have been used to
treat various cancers, such as breast cancer, lung cancer, colorectal cancer, and melanoma,
as they significantly prolong patient survival time [19–23]. Other natural compounds,
such as resveratrol, metformin, magnolol, sulforaphane, and diallyl disulfide, exhibit anti-
inflammatory activity and have the potential to be used in the treatment of inflammatory
diseases [24–28].

Psoralea corylifolia L. (cullen corylifolium; Fabaceae) is an herb widely used for treat-
ing bacterial infections, inflammation, and cancers in many Asian countries [29–31]. Its
polyphenolic extracts, such as psoralen, isopsoralen, and psoralidin; flavonoid extracts,
such as bavachin, isobavachalcone, and neobavaisoflavone; and the phenolic extract backu-
chiol have all been identified as biologically active with different therapeutic effects [32].
Corylin, a flavonoid isolated from the fruits of P. corylifolia L., exerts an anti-inflammatory
effect by inhibiting the expression of inducible nitric oxide synthase and cyclooxygenase
which is increased during bacterial infections [33,34]. In addition, the antioxidant, anti-
aging, and anti-tumor activities of corylin have also been reported recently [35–38], and
have also shown the therapeutic potential of corylin in hyperlipidemia, insulin resistance,
atherosclerosis, hepatocellular carcinoma, and neurological diseases [39–41]. We previously
showed that corylin ameliorates obesity by activating adipocyte browning and reduces
hepatic steatosis and hepatic fibrosis in high-fat diet (HFD)-fed mice [38]. However, the
molecular mechanism of corylin’s anti-inflammation and anti-hepatic fibrosis effects have
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not yet been fully clarified. Therefore, in this study, we investigated the anti-inflammatory
and therapeutic effects of corylin on liver fibrosis and further clarified its downstream
regulatory mechanisms. Our findings showed that corylin has anti-inflammatory activity
and inhibits HSC activation; thus, it can be used as a potential adjuvant in the treatment of
liver fibrosis.

2. Results
2.1. Corylin Treatment Suppressed Lipopolysaccharide-Induced Pro-Inflammatory Cytokine
Production in THP-1 and RAW264.7 Cells

To determine whether corylin exhibits anti-inflammatory activity, we treated human
monocyte THP-1 cells and RAW 264.7 mouse macrophage cells with different concentra-
tions of corylin for 2 h followed by lipopolysaccharide (LPS) treatment for 24 h to induce an
inflammatory response. The culture media were collected to perform an enzyme-linked im-
munosorbent assay (ELISA) to analyze the expression of pro-inflammatory cytokines. LPS
treatment significantly increased the expression of cytokines, such as interleukin (IL)-1β,
IL-6, and tumor necrosis factor alpha (TNF-α), in THP-1 and RAW264.7 cells. The ex-
pression of these pro-inflammatory cytokines was significantly reduced in corylin-treated
cells compared to that in the control group (dimethyl sulfoxide (DMSO)-treated), indi-
cating that corylin exhibited anti-inflammatory activity and inhibited the expression of
pro-inflammatory cytokines (Figure 1).
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 Figure 1. Corylin significantly inhibits IL-1β, IL-6, and TNF-α expression in THP-1 and RAW264.7
cells. Expression of pro-inflammatory cytokines, according to enzyme-linked immunosorbent assays,
in (A–C) THP-1 and (D–F) RAW264.7 cells that were treated with different concentrations of corylin
or vehicle for 2 h and then treated with 200 ng/mL LPS to induce an inflammatory response for
24 h. All data are expressed as the mean ± standard deviations of three independent experiments.
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). LPS, lipopolysaccharide; IL-1β, interleukin 1 beta; TNF-α,
tumor necrosis factor alpha; TGF-β, transforming growth factor beta.
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2.2. Corylin Treatment Inhibited the Activation of MAPK Signaling Pathways in LPS-Stimulated
THP1 and RAW264.7 Cells

To further determine whether the anti-inflammatory effect of corylin was associated
with MAPK signaling pathways, THP-1 and RAW264.7 cells were pre-treated with corylin
and stimulated with LPS. Subsequently, the phosphorylation levels of c-Jun N-terminal
kinase, ERK, and p38 proteins were analyzed using Western blotting. LPS treatment
activated the aforementioned MAPKs, which subsequently upregulated pro-inflammatory
cytokines. However, in corylin-treated cells, the activation of these kinases was significantly
inhibited (Figure 2), leading to the decreased expression of pro-inflammatory cytokines.
Therefore, the anti-inflammatory activity of corylin was mediated by blocking the activation
of MAPK signaling pathways.
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Figure 2. Corylin inhibits mitogen-activated protein kinase activation in THP-1 and RAW264.7 cells.
(A) THP-1 cells and (B) RAW264.7 cells stimulated with 200 ng/mL LPS and 40 mM corylin for the
indicated time period, and the activities of JNK, ERK, and p38 examined using Western blot analysis
with phosphospecific antibodies are shown. (C,D) The total protein levels of JNK, ERK, and p38
were measured, and quantitative results are shown. LPS, lipopolysaccharide; JNK, c-Jun N-terminal
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2.3. Corylin Treatment Alleviated the Symptoms of CCl4-Induced Liver Fibrosis in Mice

To confirm the anti-inflammatory activity of corylin and its efficacy in treating liver
fibrosis in vivo, BALB/c mice were intraperitoneally injected with CCl4 (0.5 µL/g body
weight) twice a week for six weeks to induce liver fibrosis. Further, the mice were intraperi-
toneally injected with/without corylin (30 mg/kg of body weight). After six weeks of CCl4
treatment, the mice exhibited significant fibrosis of the liver tissue, whereas liver fibrosis
in corylin-treated mice was significantly alleviated compared with that in mice without
corylin treatment (Figure 3A–C). Serological analysis also revealed that liver function indi-
cator levels, including aspartate aminotransferase (AST) and alanine transaminase (ALT),
in CCl4-treated mice were 8–10-fold higher than those in untreated mice, indicating that
their liver tissues were in an inflammatory and injured state. In contrast, liver function
indicator levels in corylin-treated mice were significantly reduced, indicating that corylin
effectively inhibited liver tissue inflammation and injury caused by CCl4 (Figure 3D).
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Figure 3. Effect of corylin on liver fibrosis in mice induced by CCl4 treatment. (A) Mice livers
treated with CCl4, CCl4 + corylin, or olive oil (NC), as described in Section 4, are shown. Corylin
treatment reduces liver fibrosis symptoms in CCl4-exposed mice six weeks after drug administration.
(B) Body weights measured every three days after CCl4 injection are shown. (C) Masson’s trichrome
staining reveals the effects of corylin on CCl4-induced liver fibrosis. (D) Effect of corylin on serum
AST and ALT levels in mice. p < 0.05 (*), p < 0.01 (**). CCl4, carbon tetrachloride; AST, aspartate
aminotransferase; ALT, alanine transaminase.

2.4. Corylin Treatment Inhibited HSC Activation

Liver fibrosis is caused by the excessive accumulation of ECM proteins, such as
collagen, which are secreted by activated HSCs. To determine whether corylin inhibits

164



Int. J. Mol. Sci. 2023, 24, 16936

HSC activation, HHSteC cells were treated with corylin or a vehicle for 2 h, followed
by transforming growth factor-β (TGF-β) treatment for 24 h to stimulate cell activation.
Western blotting was performed to analyze the expression of alpha-smooth muscle actin (α-
SMA) and collagen 1A to determine the effects of corylin on HSC activation. The expression
of α-SMA and collagen 1A decreased significantly in HHSteC cells treated with corylin
compared with that in the control group, indicating that corylin inhibited HSC activation
(Figure 4A,B). In addition, immunohistochemical staining also showed that the expression
of α-SMA and collagen 1A was significantly reduced in the tissues of corylin-treated mice
compared to that in mice in the control group (Figure 4C,D). Therefore, corylin retards the
progression of liver fibrosis in mice by inhibiting HSC activation.
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Figure 4. Corylin inhibits HSC activation. (A) Western blot analysis of human HSCs HHSteC cells
treated with corylin or vehicle for 2 h, followed by TGF-β (4 ng/mL) treatment for 24 h to stimulate
cell activation, to analyze α-SMA and COL1A1 protein expression, and to determine the effects
of corylin on HSC activation. Quantitative results are shown in (B). All data are expressed as the
mean ± standard deviations of three independent experiments. p < 0.01 (**), p < 0.001 (***). (C) Im-
munohistochemical staining representing the effects of corylin on COL1A1 and α-SMA expression
in mouse livers. Quantitative results are shown in (D). p < 0.01 (**). HSCs, hepatic stellate cells;
COL1A1, collagen 1A; α-SMA, smooth muscle-actin; TGF-β, transforming growth factor beta; DMSO,
dimethyl sulfoxide.

2.5. Corylin Treatment Inhibited HSC Activation by Suppressing GAS6 Expression and
Downstream PI3K/AKT Pathway Activation

The GAS6/AXL signaling pathway is important in regulating HSC activation [10]. To
determine the effects of corylin on the expression of GAS6 and AXL and their downstream
regulatory pathways, HHSteC cells were treated with corylin or vehicle for 2 h, followed
by TGF-β treatment for 24 h to stimulate cell activation. Western blotting was performed
to analyze the effects of corylin on the GAS6/AXL signaling pathway. GAS6 expression
was significantly reduced in corylin-treated cells compared to that in the control group
(DMSO-treated), and the activation of the downstream PI3K/AKT signaling pathway
was also significantly inhibited. This indicated that corylin inhibits GAS6 expression
and downstream signaling pathway activation in HSCs, which subsequently inhibits the
expression of ECM proteins, such as α-SMA and collagen (Figure 5).
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Figure 5. Corylin inhibits HSC activation by suppressing GAS6 expression and downstream
PI3K/AKT signaling. (A) Western blotting results of cell lysates of HHSteC cells treated with
corylin or DMSO for 2 h, followed by TGF-β (4 ng/mL) treatment for 24 h to stimulate cell activation
and to determine the effects of corylin on the GAS6/AXL signaling pathway. β-Actin is the internal
control. Quantitative results are shown in (B,C). All data are expressed as the mean ± standard
deviations of three independent experiments. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). HSCs, hepatic
stellate cells; GAS6, growth arrest-specific gene 6; PI3K/AKT, phosphoinositide 3-kinase/protein
kinase B; p-PI3K, phosphorylated PI3K; DMSO, dimethyl sulfoxide; TGF-β, transforming growth
factor beta; COL1A1, collagen 1A; α-SMA, smooth muscle-actin.

2.6. Corylin Inhibited the Expression of MMP Inhibitors, TIMP-1 and TIMP-2, in HSCs

In addition to ECM, HSCs express matrix metalloproteinase (MMP)-2 and MMP-9
along with their inhibitors, tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2, to
regulate ECM breakdown. To evaluate the effects of corylin on the expression of these
proteins, HHSteC cells were treated with corylin or vehicle for 2 h, followed by TGF-β
treatment to stimulate cell activation. Cell lysates were collected after 24 h for Western
blotting to analyze the expression of MMP-2, TIMP-1, and TIMP-2. The results showed
that TIMP-1 and TIMP-2 expression in the corylin-treated group was significantly lower
than that in the control group. In contrast, there was a minor decrease in the expression
of MMP-2 (Figure 6), indicating that corylin may upregulate the activity of MMP2 by
inhibiting the expression of TIMP1 and TIMP2, thereby accelerating ECM breakdown.
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vehicle for 2 h and then treated with 4 ng/mL TGF-β to induce an inflammatory response for
24 h; to analyze the expression of MMP-2, TIMP-1, and TIMP-2. Quantitative results are shown in
(B). All data are expressed as the mean ± standard deviations of three independent experiments.
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). TIMP-1, tissue inhibitor of metalloproteinase 1; MMP-2, matrix
metalloproteinase 2.

2.7. Corylin Treatment Promoted HSC Apoptosis

To further evaluate the effects of corylin on HSC physiology, HHSteC cells were
treated with different concentrations of corylin for 48 h. The cells were harvested and
subjected to flow cytometry and terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay analysis to assess the apoptosis and cell cycle statuses. Compared
to those in the control group, corylin-treated cells were mostly arrested in the S phase, and
the number of cells in the sub-G1 phase were significantly increased, indicating that corylin
inhibits cell cycle progression and induces apoptosis (Figure 7A,B). TUNEL assay analysis
also showed that the number of apoptotic cells in the corylin-treated group increased
compared to that in the control group (Figure 7C). Furthermore, Western blotting showed
that the levels of cleaved caspase 3 and caspase 9 were significantly increased in corylin-
treated HHSteC cells, indicating that corylin promotes HSC apoptosis (Figure 7D).
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treated with different concentrations of corylin for 48 h. The cells were harvested and sub-

jected to flow cytometry and terminal deoxynucleotidyl transferase dUTP nick-end label-

ing (TUNEL) assay analysis to assess the apoptosis and cell cycle statuses. Compared to 

those in the control group, corylin-treated cells were mostly arrested in the S phase, and 

the number of cells in the sub-G1 phase were significantly increased, indicating that cor-

ylin inhibits cell cycle progression and induces apoptosis (Figure 7A,B). TUNEL assay 

analysis also showed that the number of apoptotic cells in the corylin-treated group in-

creased compared to that in the control group (Figure 7C). Furthermore, Western blo�ing 

showed that the levels of cleaved caspase 3 and caspase 9 were significantly increased in 

corylin-treated HHSteC cells, indicating that corylin promotes HSC apoptosis (Figure 7D). 

 

Figure 7. Effects of corylin on apoptosis in HHSteC cells. The apoptotic cell rate and cell cycle status
according to (A) flow cytometry and (C) TUNEL assays of cells incubated with a vehicle (DMSO) and
different concentrations of corylin (20 and 40 µM) for 48 h. (B) Quantitative results of flow cytometry.
Error bars present the mean ± standard deviation from three independent experiments. (D) Effects
of corylin on apoptosis-related protein expression according to Western blotting analysis. b-actin is
the internal control. (E) Schematic representation summarizing the anti-liver fibrosis mechanisms
of corylin. TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling. Red up arrow
indicates up-regulation, and green down arrow means down-regulation.
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3. Discussion

Chronic hepatitis leads to liver fibrosis and cirrhosis, which are risk factors for liver
cancer. However, the early suppression of factors that cause liver injury and inflammation
along with the administration of anti-inflammatory drugs can help reverse the progression
of liver fibrosis. In this study, we found that corylin, a flavonoid extracted from the fruits of
P. corylifolia, exhibited anti-inflammatory activity and inhibited the macrophage-mediated
secretion of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α. Corylin also
inhibited the expression of GAS6 and the downstream activation of the PI3K/AKT signaling
pathway in HSCs, thereby inhibiting HSC activation and the expression of ECM proteins,
including α-SMA and collagen. Moreover, corylin treatment alleviated the symptoms of
CCl4-induced liver fibrosis in a mouse model. These findings suggest that corylin has
the potential to be used in the treatment of hepatitis and liver fibrosis. To the best of our
knowledge, this is the first study to demonstrate that corylin inhibits GAS6 expression and
subsequently inhibits HSC activation to alleviate the symptoms of liver fibrosis in mice
(Figure 7E).

RTK AXL is expressed in most tissues and is involved in the regulation of diverse
cellular physiological processes, including growth, survival, differentiation, adhesion,
and migration. GAS6/AXL signaling is also involved in the regulation of macrophage
polarization and the inflammatory response [42,43]. The downstream signaling pathway of
AXL activation induces macrophage polarization into the M2 type, which subsequently
downregulates pro-inflammatory cytokines, such as IL-6, TNF, type-I IFNs, and IL-12. Most
tumor cells activate the downstream signaling pathway of TAM receptors by secreting
GAS6, which subsequently inhibits macrophage activation and pro-inflammatory cytokine
expression, creating an immune-tolerant environment around the tumor, which helps
cancer cells survive during the immune response [44,45]. In the present study, we also
analyzed the effect of corylin on the expression of GAS6 and AXL in THP1 cells. However,
there was no significant change in their expression, indicating that corylin does not inhibit
macrophage activation and pro-inflammatory cytokine expression by regulating the AXL
signaling pathway. This also suggests that corylin is cell-specific in its regulation of
physiological processes.

GAS6 supports hematopoietic stem cell growth and promotes fibroblast and endothe-
lial cell survival [46,47]. In addition, GAS6/AXL signaling induces the accumulation of
mesangial cells in kidney fibrosis [48], vascular smooth muscle cells in response to intimal
vascular injury [49], and cardiac fibroblasts during the wound-healing process [50], thereby
suggesting that GAS6 plays an important role in tissue fibrosis. Furthermore, GAS6 modu-
lates HSC and HSC/myofibroblastoma survival during liver repair after acute injury [51].
The results of our study showed that corylin promoted HSC apoptosis, and part of this
effect may have been achieved by inhibiting GAS6 expression.

Activated HSCs not only regulate the expression of ECM proteins, but also regulate
the expression and secretion of MMP-2 and MMP-9 along with their inhibitors, TIMP-1
and TIMP-2, to regulate ECM breakdown [52,53]. During fibrogenesis, this equilibrium
is disturbed, and the expression of TIMPs and MMPs is increased leading to an excess of
TIMPs and subsequent matrix degradation. In the present study, we found that corylin
inhibited the expression of ECM proteins, including α-SMA and collagen, in HSCs and also
inhibited the expression of MMP inhibitors, TIMP-1 and TIMP-2, which may upregulate
MMP-2 activity to accelerate ECM breakdown. In addition, the increased expression of
MMP-2, MMP-9, and TIMP-1 has been regarded as an indicator of HSC activation [54].
The corylin-mediated inhibition of these proteins also indicates the inhibitory effect of
corylin on HSC activation. Furthermore, corylin promoted apoptosis in HSCs. These
findings showed that corylin simultaneously regulated multiple pathways to inhibit the
progression of liver fibrosis. In addition to HSCs, MMP-2 and MMP-9 are expressed in most
inflammatory cells, such as lymphocytes, neutrophils, macrophages, and Kupffer cells [55].
Thus, the effects of corylin on the expression of TIMP-1 and MMP-9 in macrophages and
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Kupffer cells should be further studied to clarify the mechanism by which corylin inhibits
liver fibrosis.

In this study, we demonstrated the anti-inflammatory activity of corylin, an extract of
P. corylifolia, and its efficacy in treating liver fibrosis. Corylin has no obvious physiological
toxicity and thus has great potential to be used as an adjuvant in clinical treatment. We
have clarified the anti-inflammatory molecular mechanism of corylin and its potential for
clinical application.

4. Materials and Methods
4.1. Cell Lines

The human monocyte cell line THP1, and mouse macrophage cell line RAW 264.7 were
purchased from the American Type Culture Collection (Manassas, VA, USA). The afore-
mentioned cells were cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum at 37 ◦C in a 5% CO2 atmosphere. The human HSC cell line HHSteC was
purchased from the ScienCell Research Laboratories (Carlsbad, CA, USA) and cultured
using Stellate Cell Medium.

4.2. Materials and Reagents

Primary antibodies against AXL, phosphorylated (phospho)-AXL, GAS6, phospho-
PI3K, PI3K, phospho-AKT, AKT, IL-1β, IL-6, MMP-2, MMP-9, TIMP-1, TIMP2, cleaved
caspase-3, caspase-3, cleaved caspase-9, and caspase-9 were purchased from Genetex
(Irvine, CA, USA), ABclonal (Woburn, MA, USA), and Cell Signaling Technology (Beverly,
MA, USA). Secondary antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Pre-stained protein marker and TOOLSmart RNA extractor were pur-
chased from BIOTOOLS (Taipei, Taiwan). Corylin powder (purity above 98% as measured
by high-performance liquid chromatography) was purchased from Shanghai BS Bio-Tech
(Shanghai, China).

4.3. Western Blot Analysis

Cells treated with different concentrations of corylin for 24 and 48 h were harvested
and washed twice with phosphate-buffered saline (PBS) and then lysed in 200 µL of ra-
dioimmunoprecipitation assay lysis buffer (BIOTOOLS) containing a protease inhibitor.
Protein (30 µg) from the supernatant was loaded onto a sodium dodecyl sulfate polyacry-
lamide gel, followed by Western blot analysis to detect the levels of target proteins. Detailed
information of antibodies used in the experiments is shown Table S1. The immuno-reactive
bands were revealed using an enhanced chemiluminescence system (NEN Life Science
Products, Boston, MA, USA) and detected using UVP ChemStudio Imaging Systems (Ana-
lytik Jena, Upland, CA, USA). The intensity of each band was quantified using ImageQuant
5.2 (GE Healthcare, Piscataway, NJ, USA).

4.4. Enzyme-Linked Immunosorbent Assay

THP-1 and RAW 264.7 cells were treated with different concentrations of corylin for
2 h followed by treatment with lipopolysaccharide (LPS) for 24 h to induce an inflammatory
response. The protein levels of IL-1β, IL-6, and TNF-α in the culture medium were mea-
sured using ELISA kits (BioLegend, San Diego, CA, USA) according to the manufacturer’s
instructions.

4.5. Flow Cytometry

HHSteC cells were treated with DMSO, 20 µM corylin, and 40 µM corylin for 24 h, fol-
lowed by trypsinization and then washed twice and incubated in PBS containing 0.12% Tri-
ton X-100, 0.12 mM ethylenediaminetetraacetic acid, and 100 mg/mL ribonuclease A.
Propidium iodide (50 µg/mL) was then added to each sample for 20 min at 4 ◦C. Cell cycle
distribution was analyzed using flow cytometry (Beckman Coulter Epics Elite, Beckman
Coulter, Brea, CA, USA).
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4.6. Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling Assay

The apoptosis status of HHSteC cells was determined using a DeadEndTM Fluoro-
metric TUNEL Assay Kit (Promega, Madison, WI, USA) according to the manufacturer’s
protocol. Briefly, HHSteC cells were treated with DMSO, 20 µM corylin, or 40 µM corylin
for 24 h. The cells were then subjected to a TUNEL assay. The cells were counted using a
microscope (magnification, ×100). Cells in five different microscopic fields/dishes were
analyzed for each experiment.

4.7. Mice

Male BALB/c mice (age, 6–8 weeks; National Laboratory animal center, Taipei, Taiwan)
were housed under pathogen-free conditions with a 12 h light/12 h dark schedule and
fed autoclaved standard chow and water. All animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) at Chang-Gung memorial Hospital
(IACUC approval no.: 2019032009, approval date: 2019/6/11).

4.8. CCl4-Induced Liver Fibrosis Mouse Model

A total of 20 mice were randomly assigned to three groups: negative control (control,
n = 6), CCl4 treatment + DMSO (vehicle, n = 7), and CCl4 treatment + corylin (30 mg/kg,
n = 7). CCl4 was liquefied in olive oil to obtain a 10% CCl4 solution that was injected
intraperitoneally into mice (0.5 µL/g body weight) twice a week for six weeks. At the
beginning of the second week, mice were intraperitoneally injected with 100 µL of corylin
(at a dose of 30 mg/kg of body weight) or an equal volume of DMSO as a control for 3 d
per week. Negative control mice were treated with olive oil alone. At the endpoint, blood
samples were collected to measure the levels of serum AST and ALT. Liver tissues were
collected for further assays such as histology and Western blotting.

4.9. Masson’s Trichrome Staining

Masson’s trichrome staining was performed at the Chang Gung Memorial Hospital
Department of Anatomic Pathology as follows: First, 5 µm thick formalin-fixed paraffin-
embedded (FFPE) sections were deparaffinized and hydrated in distilled water. Subse-
quently, Bouin’s fixative was used as a mordant for 1 h at 56 ◦C. The FFPE sections were
cooled and washed in running water until the yellow color disappeared. The samples were
stained in Weigert’s hematoxylin stain for 10 min, thoroughly washed in tap water for
10 min, stained in an acid fuchsin solution for 15 min, and then rinsed in distilled water for
3 min. After rinsing, the slides were treated with phosphomolybdic acid solution for 10 min
and rinsed in distilled water for 10 min. Finally, the slides were stained with a light-green
solution for 2 min and rinsed in distilled water. After thorough dehydration using alcohol,
the slides were mounted, and coverslips were placed onto them.

4.10. Immunohistochemistry

Mouse liver tissues were fixed in formalin and embedded in paraffin, and 2 µm thick
consecutive sections were cut and subjected to immunohistochemical staining using a
BOND III autostainer (Leica Biosystems, Wetzlar, Germany) as described previously [35].

4.11. Data Analysis

The quantitative real-time polymerase chain reaction and Western blot data were
recorded as continuous variants and analyzed using the Student’s t-test. All statistical
analyses were performed using SPSS 16.0 (IBM, Armonk, NY, USA) and Excel 2007. All
statistical tests were two-sided, and p values < 0.05 (*), <0.01 (**), and <0.001 (***) were
considered significant.
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Abstract: Pulmonary fibrosis is becoming an increasingly common pathology worldwide. Unfortu-
nately, this disorder is characterized by a bad prognosis: no treatment is known, and the survival
rate is dramatically low. One of the most frequent reasons for pulmonary fibrosis is hypersensitivity
pneumonitis (HP). As the main mechanism of pulmonary fibrosis is a pathology of the repair of
wounded pulmonary epithelium with a pivotal role in epithelial–mesenchymal transition (EMT),
we assumed that EMT silencing could prevent disease development. Because of several biological
features including wound healing promotion, an ideal candidate for use in the treatment of pul-
monary fibrosis seems to be cathelicidin. The aim of the studies was to understand the influence
of cathelicidin on the EMT process occurring during lung fibrosis development in the course of HP.
Cathelicidin’s impact on EMT was examined in a murine model of HP, wherein lung fibrosis was
induced by chronic exposure to extract of Pantoea agglomerans (SE-PA) by real-time PCR and Western
blotting. Studies revealed that mouse exposure to cathelicidin did not cause any side changes in the
expression of investigated genes/proteins. Simultaneously, cathelicidin administered together or
after SE-PA decreased the elevated level of myofibroblast markers (Acta2/α-smooth muscle actin,
Cdh2/N-cadherin, Fn1/Fibronectin, Vim/vimentin) and increased the lowered level of epithelial
markers (Cdh1/E-cadherin, Ocln/occludin). Cathelicidin provided with SE-PA or after cessation of
SE-PA inhalations reduced the expression of EMT-associated factors (Ctnnd1/β-catenin, Nfkb1/NFκB,
Snail1/Snail, Tgfb1/TGFβ1 Zeb1/ZEB1, Zeb2/ZEB2) elevated by P. agglomerans. Cathelicidin’s benefi-
cial impact on the expression of genes/proteins involved in EMT was observed during and after the
HP development; however, cathelicidin was not able to completely neutralize the negative changes.
Nevertheless, significant EMT silencing in response to cathelicidin suggested the possibility of its use
in the prevention/treatment of pulmonary fibrosis.

Keywords: defense peptides; immune peptides; pulmonary fibrosis; hypersensitivity pneumonitis;
extrinsic allergic alveolitis

1. Introduction

Hypersensitivity pneumonitis (HP) or extrinsic allergic alveolitis (EAA) is a hetero-
genic group of interstitial lung diseases in which the chronic inhalation of a wide variety
of organic dust provokes in susceptible subjects a hypersensitivity reaction with inflam-
mation in the terminal bronchioles, the pulmonary interstitium, and the alveolar tree.
This inflammation often organizes into granulomas and may progress to pulmonary fi-
brosis, which leads to the elimination of pathologically changed areas of lung tissue from
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the gas exchange, causing hypoxia and, in advanced cases, death [1–3]. HP can be pro-
voked by a diverse range of antigens, including bacteria, fungi, mycobacteria, plant and
animal proteins, chemicals, and metals [1]. Depending on the source and the type of
antigens, several varieties of HP have been distinguished. One of the most common is
farmer’s lung, induced by the inhalation of organic dust coming from agricultural prod-
ucts, mostly hay, straw, grain, and moldy plants, which are the source of a range of anti-
gens, e.g., Pantoea agglomerans, Saccharopolyspora rectivirgula, Streptomyces thermohygroscopicus,
Streptomyces albus, Thermoactinomyces vulgaris, Thermoactinomyces viridis, Aspergillus fumigatus,
Aspergillus niger, Absidia corymbifera, and Micropolyspora faeni. Other very common types of
HP are bird fancier’s lung (antigens: avian feathers, droppings, and serum); lung of mush-
room growers (antigens: Thermoactinomyces vulgaris, Micropolyspora faeni); grain fever (anti-
gens: Pantoea agglomerans, Sitophilus granaries); cheese disease (antigens: Penicillium casei,
Acarus siro); and humidifier lung (antigens: Alternaria alternata, Aureobasidium spp., Aspergillus spp.,
Bacillus spp., Cephalosporium spp., Fusarium spp., Trochoderma viridae) [4,5]. Although the
above-mentioned examples of different varieties of HP may suggest the presence of HP-
associated environments, it has to be noted that extrinsic allergic alveolitis is caused by
similar antigens in distinct environments, e.g., in differs ranges of agricultural environ-
ments in eastern Poland, one of the most important causes of HP is Pantoea agglomerans [5].
Nevertheless, because of the great variety and distribution of HP-induced antigens, millions
of individuals are exposed to them as part of their occupational, home, or recreational
environments. Thus, HP is estimated to be one of the most frequent reasons for pulmonary
fibrosis with the known etiology; nevertheless, its global prevalence is relatively rare,
especially when compared with idiopathic pulmonary fibrosis [6,7].

Emerging evidence suggests that pulmonary fibrosis is the pathology of respiratory
repair following chronic lung epithelial injury [3,8–11]. In the case of hypersensitivity pneu-
monitis (HP), repeated injuries of the respiratory epithelium caused by chronic organic
dust exposure leads to disorders of tissue repair. Successful wound repair requires close
coordination of epithelial cell proliferation, migration, and differentiation with mesenchy-
mal cell recruitment, proliferation, differentiation, and subsequent extracellular matrix
remodeling. Deregulation of wound repair response leads to pathological scar formation
and excessive deposition of extracellular matrix components, which rebuild and destroy
normal tissue architecture [12–14]. Extracellular matrix deposition under physiological
and pathological conditions is regulated primarily by myofibroblasts, which combine the
features of fibroblasts and smooth muscle cells. These spindle-shaped cells produce a
diverse range of cytokines, growth factors, and extracellular matrix components [12,13,15].
Several studies revealed that the most important source of myofibroblasts is an epithelial–
mesenchymal transition (EMT). EMT describes the global process during which epithelial
cells undergo local conversion, including loss of cell–cell adhesion and apical–basal polarity,
and gain a mesenchymal phenotype including elongated shape, enhanced motility and
invasiveness, and increased production of extracellular matrix [12,16–18]. Among three
different types of EMT, a pivotal role in tissue regeneration and organ fibrosis is played by
EMT type 2 [12,17]. EMT type 2 begins as a part of a normal repair-associated event that
generates fibroblasts, myofibroblasts, and other related cells in order to reconstruct tissues
following injury. EMT type 2 is linked to inflammation and, in the case of “physiological”
repair, this process ceases once inflammation is attenuated. This is the signal that the wound
is closed. In the case of pulmonary fibrosis, EMT type 2 and inflammation are ongoing,
coupled in a vicious circle, until the fibrotic process reaches the point where it cannot be
attenuated by calming down the inflammation [3,12,17]. The EMT initiation is triggered by
cellular signaling mechanisms including Wnt/β-catenin and TGFβ pathways [12,17–20].
N-cadherin, α-SMA, vimentin, and fibronectin have been shown to be reliable biomarkers
characterizing mesenchymal products generated by the EMT process occurring during
fibrosis development. Additionally, E-cadherin and occludins were proven to be useful
in the identification of epithelial cells undergoing an EMT associated with chronic in-
flammation [12,17]. Other studies demonstrated that EMT in lungs was characterized
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by downregulation of E-cadherin, occludins, cytokeratin, and aquaporins, while α-SMA,
vimentin, collagens, N-cadherin, fibronectin, and desmin were upregulated [21–24]. Snai1,
a direct transcriptional repressor for the E-cadherin gene, was demonstrated as a target
for EMT-promoting signaling pathways [25]. Recently, additional transcription factors
ZEB1 and ZEB2 were identified as E-cadherin repressors and mediators of the EMT [26].
Our earlier studies [27], conducted in mice strain C57BL/6J chronically exposed to the
antigen of Pantoea agglomerant (well-documented etiological factor of HP) [5], have also
shown downregulation of epithelial markers (Cdh1, Cldn1, Jup, Ocln) and upregulation
of myofibroblasts markers (Acta2, Cdh2, Fn1, Vim) in lung tissue in response to bacterial
antigen treatment. Furthermore, the mentioned alterations in gene expression typical
for EMT correlated with an increase in fibrosis markers (hydroxyproline, collagens) as
well as histological changes characteristic for lung fibrosis development [27]. Considering
the role of EMT in pulmonary fibrosis [24,28–30], including the above-mentioned studies
conducted by the authors that indicated EMT significance for the HP development in a
murine model [27], it seemed reasonable to base HP therapy on inhibiting/counteracting
EMT. Because of pleiotropic activities, an ideal candidate for the proposed therapeutic
strategy seemed to be cathelicidin.

Cathelicidins belong to a large, conserved group of antimicrobial peptides and rep-
resent an important part of innate immunity [31]. These host defense peptides directly
kill bacteria as well as some enveloped viruses, parasites, and fungi by perturbing their
cell membranes [32,33]. Furthermore, they can also neutralize the biological activities
of endotoxin [34,35]. Cathelicidins increase the natural abilities of immune cells to fight
infection in several different ways, including attraction and recognition of pathogens, en-
hancement of phagocytosis, and stimulation of production and release of pro-inflammatory
compounds [32,36–40]. Cathelicidins also accelerate epithelial cell proliferation, migration,
and promotion of wound closure which, all together, play an important role in the mainte-
nance of tissue homeostasis by supervising regenerative processes [41–43]. It needs to be
highlighted that recent studies by the authors revealed the beneficial impact of cathelicidin
on the development of lung fibrosis in the course of HP, which was associated with restor-
ing the balance in quantity of immune cells (NK cells, macrophages, lymphocytes: Tc, Th,
Treg, B), cytokine production (IFNγ, TNFα, TGFβ1, IL1β, IL4, IL5, IL10, IL12α, IL13), and
synthesis of extracellular matrix components (hydroxyproline, collagens) [44]. Cathelicidin
treatment also effectively protected lung tissue structure from pathological changes induced
by antigen of P. agglomerans (HP trigger) [44]. Despite the fact that many advantageous
biological activities of cathelicidin have been discovered, the presented study is the first to
focus on understanding the influence of cathelicidin on the EMT process occurring during
lung fibrosis development in the course of HP. Thus, the aim of the presented study was
the identification of the molecular mechanism responsible for the antifibrotic properties of
cathelicidin previously described by our research team [44].

2. Results
2.1. Cathelicidin Restored the Balance in the Expression of Genes Responsible for EMT

Changes in the expression of genes involved in epithelial–mesenchymal transition in
lung tissue homogenates obtained from mice chronically exposed to cathelicidin and/or
saline extract of P. agglomerans were examined by real-time PCR (Figure 1, Table 1). The
study revealed that chronic exposure of mice to cathelicidin did not cause any changes in
the expression of all investigated genes. On the contrary P. agglomerans treatment induced
alterations in the gene expression characteristic for epithelial–mesenchymal transition:
downregulation of epithelial markers (Cdh1, Ocln), as well as significant upregulation of
mesenchymal markers (Cdh2, Acta2, Fn1, Vim). The decrease in epithelial markers, on
average, was 21.6% after 14 days and 40.6% after 28 days of SE-PA exposure, while the
increase in mesenchymal markers, on average, was 26.7% and 39.1% at the mentioned
time points, respectively. The level of mRNA coding transcription factors responsible for
EMT (Snail1, Zeb1, Zeb2) was also upregulated by SE-PA exposure; however, statistically
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significant changes were noted in the case of Snail1 at both investigated time points (increase
by 35.4% and 82.1%, respectively), and just after 28 days of inhalation with SE-PA in
the case of Zeb1 and Zeb2 (average increase by 48.5%). Expression of representatives
of signaling pathways leading to mesenchymal differentiation (Ctnnd1, Nfkb1, Tgfb1) in
response to P. agglomerans reached the following levels: 1.236, 1.249, and 1.698 (2 weeks
of inhalations) and 1.415, 1.565, and 2.255 (4 weeks of inhalations). The levels of almost
all the investigated mRNA observed in mice 14 days after cessation of SE-PA chronic
exposure were quite similar to the data obtained from mice only after 28 days of inhalation
with P. agglomerans; the exception was Ocln, whose expression increased by 27.3% during
2 weeks without exposure. Cathelicidin administered together with SE-PA and after SE-
PA treatment significantly increased the expression level of Cdh1 and Ocln lowered by
P. agglomerans. Expression of other investigated mRNAs recorded in the homogenates
of lungs collected from mice treated with both CRAMP and SE-PA was lower compared
with samples obtained from animals exposed to bacterial extract; nevertheless, differences
observed in the case of Zeb1 and Zeb2 in both tested time points, as well as changes recorded
in the case of Vim, Nfkb1, and Tgfb1 after 14 days of exposure were not statistically significant.
Statistically significant differences in the expression of Cdh2, Acta2, Fn1, Snail, and Ctnnd1
recorded during comparison “SE-PA + CRAMP 14d.” vs. “SE-PA 14d.”, on average, were
13.1%, while in the expression of Cdh2, Acta2, Fn1, Vim, Snail, Ctnnd1, Nfkb1, and Tgfb1
recorded during comparison of “SE-PA + CRAMP 28d.” vs. “SE-PA 28d.”, on average,
were 21.1%. The cathelicidin administration after 28 days of mice exposure to SE-PA also
decreased the elevated by P. agglomerans treatment level of all tested mesenchymal markers
(on average by 11.7%), as well as factors involved in EMT (on average by 22.0%). It has to
be noted that cathelicidin administered after cessation of SE-PA treatment better restored
the balance in the mRNA levels of Snail, Zeb1, and Zeb2; on the contrary, alterations induced
by P. agglomerans in the expression of other investigated genes better neutralized CRAMP
together with bacterial extract. However, significant differences (at least 5%) were noted in
the cases of Cdh2, Ctnnd1, Fn1, and Tgfb1.
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Figure 1. Alterations in the expression of genes involved in epithelial–mesenchymal transition 

(EMT) in response to cathelicidin (CRAMP) and/or saline extract of Pantoea agglomerans (SE-PA) 

treatment. Expression of gene coding epithelial markers, mesenchymal markers, and factors in-

volved in epithelial–mesenchymal transition. Gene expression was investigated in homogenates of 

lungs collected from untreated mice (control) and animals exposed to investigated compounds for 

14, 28, or 42 days using the real-time PCR method. Results are presented as the mean of relative 

mRNA amount ± SD. Each research group consisted of 8 mice: 6 treated and 2 untreated animals. 

Samples were collected from all animals and analyzed in 3 replications. Statistical significance from 

a one-way ANOVA test followed by Tukey’s post hoc test: compared to untreated mice at p < 0.05 

(*), p < 0.01 (**), p < 0.001 (***); SE-PA + CRAMP 14 d/28 d vs. SE-PA 14 d/28 d (comparison within 

Figure 1. Alterations in the expression of genes involved in epithelial–mesenchymal transition
(EMT) in response to cathelicidin (CRAMP) and/or saline extract of Pantoea agglomerans (SE-PA)
treatment. Expression of gene coding epithelial markers, mesenchymal markers, and factors involved
in epithelial–mesenchymal transition. Gene expression was investigated in homogenates of lungs
collected from untreated mice (control) and animals exposed to investigated compounds for 14, 28,
or 42 days using the real-time PCR method. Results are presented as the mean of relative mRNA
amount ± SD. Each research group consisted of 8 mice: 6 treated and 2 untreated animals. Samples
were collected from all animals and analyzed in 3 replications. Statistical significance from a one-
way ANOVA test followed by Tukey’s post hoc test: compared to untreated mice at p < 0.05 (*),
p < 0.01 (**), p < 0.001 (***); SE-PA + CRAMP 14 d/28 d vs. SE-PA 14 d/28 d (comparison within
corresponding time points) at p < 0.05 (#), p < 0.01 (##), p < 0.001 (###); SE-PA 28 d + CRAMP 14 d vs.
SE-PA 28 d + untreated 14 d at p < 0.05 (ˆ), p < 0.01 (ˆˆ), p < 0.001 (ˆˆˆ); SE-PA 28 d + untreated 14 d vs.
SE-PA 28 d at p < 0.001 (&&&).
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2.2. Cathelicidin Eliminated Negative Changes in the Expression of Proteins Associated with EMT

Changes in the expression of proteins involved in epithelial–mesenchymal transition
were investigated by Western blotting in homogenates of lung tissue collected from mice
treated with cathelicidin and/or saline extract of Pantoea agglomerans (Figure 2, Table 2).
Western blots revealed that cathelicidin used alone did not impact the expression of pro-
teins associated with EMT: E-cadherin, N-cadherin, β-catenin, fibronectin, NFκB, vimentin,
occludin, Snail, α-smooth muscle actin (α-SMA), TGFβ, ZEB1, ZEB2. On the contrary,
chronic exposure of mice to saline extract of P. agglomerans significantly decreased the
expression of epithelial markers (E-cadherin, occludin) and distinctly increased the level of
mesenchymal markers (N-cadherin, fibronectin, vimentin, α-SMA). Expression of epithelial
markers were lowered, on average, 48.8% and 56.4% after 14 and 28 days of SE-PA exposure,
respectively. Simultaneously, the expression of mesenchymal markers grew, in response
to 14 and 28 days of mice treatment with P. agglomerans, on average by 53.7% and 101.4%,
respectively. Furthermore, a distinct increase in transcription factors responsible for EMT
(Snail, ZEB1, ZEB2) and key members of signaling pathways involved in EMT (β-catenin,
NFκB, TGFβ) was also observed in SE-PA-treated mice. The most significant changes
were recorded in the case of TGFβ, in which expression on the 14th and 28th days of the
experiment reached 257.3% and 376.0% of the control, respectively. Equally important
changes were observed in the case of Snail and β-catenin, whose expressions increased to
224.2% and 247.6% of the control at the above-mentioned time points, respectively. It has
to be noted that the expression of all investigated proteins recorded at 28 days of SE-PA
treatment and 14 days after cessation of SE-PA chronic exposure was maintained at a similar
level. Cathelicidin administered together with SE-PA and after cessation of SE-PA treatment
significantly increased the expression of epithelial markers lowered by inhalations with
P. agglomerans, and the most significant improvement was observed in the case of occludin,
the expression of which after 14 days of CRAPM + SE-PA exposure approached the level
of the control. The expression of almost all mesenchymal markers (except vimentin in
time point of 14th days) elevated by the bacterial extract was significantly lower in the
lung samples collected from mice treated simultaneously with SE-PA and CRAMP as well
as animals treated with defense peptide for the next 14 days after cessation of antigen
administration. The most spectacular restoration of the level of mesenchymal markers
altered by SE-PA was observed in the case of α-SMA, the expression of which after 14 days
of cathelicidin administration together with SE-PA dropped to the level registered in un-
treated mice; the differences between the compared research groups (SE-PA + CRAMP 14d
vs. SE-PA 14d) was 38.5%. The beneficial effect of cathelicidin given together with or
after P. agglomerans treatment was also observed in the expression of factors involved of
EMT, the level of which significantly decreased, compared to the data recorded in lung
samples collected from mice treated with SE-PA. Among the investigated factors, the most
significant improvement was observed in the expression of TGFβ, the level of which de-
creased by 115.8% (SE-PA + CRAMP 14d vs. SE-PA 14d), 187.4% (SE-PA + CRAMP 28d vs.
SE-PA 28d), and 185.0% (SE-PA 28d + CRAMP 14d vs. SE-PA 28d + untreated 14d). The
second factor with the highest amplitude of changes was ZEB1, the level of which decreased
by 124.3% (SE-PA + CRAMP 28d vs. SE-PA 28d) and 103.7% (SE-PA 28d + CRAMP 14d vs.
SE-PA 28d + untreated 14d); however, the difference of 16.7% in the expression of ZEB1
observed between “SE-PA + CRAMP 14d” and “SE-PA 14d” was not statistically significant.
The beneficial impact of cathelicidin administered together or after P. agglomerans exposure
on the expression of investigated proteins altered by SE-PA was quite similar in most of
the performed experiments. Nevertheless, in the case of Snail and β-catenin, cathelicidin
worked much better if given together with SE-PA; on the contrary, the defense peptide
administered after cessation of SE-PA exposure better restored the balance in the expression
of ZEB2, NFκB, and N-cadherin.
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untreated 14 d at p < 0.01 (^^), p < 0.001 (^^^). 

  

Figure 2. Alterations in the expression of proteins involved in epithelial–mesenchymal transition
(EMT) in response to cathelicidin (CRAMP) and/or saline extract of Pantoea agglomerans (SE-PA)
treatment. Protein expression was investigated in homogenates of lungs collected from untreated
mice (control) and animals exposed to investigated compounds for 14, 28, or 42 days using the
Western blotting method. Examination of ß-actin expression level was used as the internal con-
trol. Representative Western blots with densitometric analyses of epithelial markers, mesenchymal
markers, and factors involved in epithelial–mesenchymal transition. Results of the densitometric
analysis are presented as the mean of protein expression ± SD. Each research group consisted of 8
mice: 6 treated and 2 untreated animals. Samples collected from animals belonging to the common
research group were mixed in equal volumes and then analyzed in 3 replications. Statistical signifi-
cance from one-way ANOVA test followed by Tukey’s post hoc test: compared to untreated mice at
p < 0.05 (*), p < 0.01 (**), p < 0.001 (***); SE-PA + CRAMP 14 d/28 d vs. SE-PA 14 d/28 d (comparison
within corresponding time points) at p < 0.01 (##), p < 0.001 (###); SE-PA 28 d + CRAMP 14 d vs.
SE-PA 28 d + untreated 14 d at p < 0.01 (ˆˆ), p < 0.001 (ˆˆˆ).
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3. Discussion

Despite the well-described EMT role in pulmonary fibrosis [24,27–30,45], as well as
several pieces of data indicating cathelicidin involvement in the EMT process [41–43,46],
there is no evidence regarding the cathelicidin influence of EMT in the course of HP devel-
opment. The current study fills this gap of knowledge, describing the cathelicidin impact
on the expression of genes and proteins involved in EMT under developing lung fibrosis
in the course of HP. The study was conducted in created and validated by our research
group the murine model of HP, wherein pulmonary fibrosis was induced by an extract of
Pantoea agglomerans administered daily for 28 days to fibrosis mice strain C57BL/6J [47–51].
Pathological changes observed in mice in response to chronic exposure to the antigen of
P. agglomerans were similar to the clinical picture of HP, which was confirmed on the genome
and proteome level as well as in the microscopic image of lung tissue and in the charac-
teristics of the immune response. Furthermore, earlier studies by our team also revealed
that depending on the time of exposure, successive stages of disease development can be
obtained: acute with a strong inflammatory response (7–14 days of exposure) and chronic
with significant signs of fibrosis (28 days of exposure) [47–51]. It should be emphasized that
according to our best knowledge, the mentioned model is the only research model of HP
that, under laboratory conditions, reproduces the environmental exposure to organic dust
causing lung fibrosis. For this reason, the use of this model in the presented study increases
the chances of effective translation of the obtained results into clinical practice, thus acceler-
ating the introduction of a new HP therapeutic strategy. An additional reason for selecting
the mentioned model for the current study was the previously mentioned data [27], which
demonstrated the relationship between pulmonary fibrosis induced by mice chronic expo-
sure to P. agglomerans with the antigen ability to provoke epithelial–mesenchymal transition
type 2, which is the focus of this study. First of all, the study revealed that the chronic expo-
sure of mice to cathelicidin did not cause any changes in the expression of all investigated
molecules, neither the genes nor their proteins products: Acta2/α-smooth muscle actin,
Cdh1/E-cadherin, Cdh2/N-cadherin, Ctnnd1/β-catenin, Fn1/fibronectin, Nfkb1/NFκB,
Vim/vimentin, Ocln/occludin, Snail1/Snail, Tgfb1/TGFβ, Zeb1/ZEB1, Zeb2/ZEB2. On the
contrary, SE-PA treatment induced alterations characteristic for EMT: downregulation of
epithelial markers (Cdh1/E-cadherin, Ocln/occludin) and significant upregulation of mes-
enchymal markers (Cdh2/N-cadherin, Fn1/fibronectin, Vim/vimentin, Acta2/α-smooth
muscle actin). Chronic exposure of mice to P. agglomerans also increased the level of tran-
scription factors responsible for the EMT process (Snail1/Snail, Zeb1/ZEB1, Zeb2/ZEB2)
and selected members of signaling pathways, leading to mesenchymal differentiation
(Ctnnd1/β-catenin, Nfkb1/NFκB, Tgfb1/TGFβ). The most significant changes were noted in
the expressions of Tgfb1/TGFβ and Snail1/Snail. The observed changes highlight the key
roles of these two molecules in the execution of the EMT program in response to SE-PA ex-
posure. TGFβ has been shown to play a pivotal role in pulmonary fibrosis, not only through
induction of EMT in alveolar epithelial cells and its ability to attract and stimulate prolif-
eration of fibroblasts and myofibroblasts but also as potent inducers of ECM production,
including collagen and other matrix proteins [28,29,52,53]. Since Snail is an immediate-early
response gene for TGFβ, the observed significant increase in its expression seems to be
logical. Indeed, most EMT studies revealed Snail induction in response to TGFβ and fur-
thermore demonstrated a correlation between the elevated level of this transcription factor
with the repression of genes coding epithelial markers, as well as concomitant activation
of mesenchymal gene expression [54–56]. While the amplitudes of changes in the level of
expression of other investigated genes in response to SE-PA were similar, analysis of protein
expression indicated two additional molecules (ZEB1 and β-catenin) that, in addition to the
TGFβ and Snail, were proven to be very sensitive to the action of the tested bacterial extract.
As in the case of the Snails, the expression of transcription factor ZEB1 is activated by TGFβ
and directly represses the expression of epithelial marker genes, increases expression of the
mesenchymal markers, and additionally promotes cell migration [29,54,57–59]. β-catenin
is physiologically part of a major cell-surface adhesion complex, but if released from there
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becomes an important part of Wnt signaling, the involvement of which in EMT has been
proven in many studies [29,30,57]. Released β-catenin interacts with transcription factors
LEF1 or TCF and as a complex translocates into the nucleus and regulates the transcription
of several genes associated with EMT, e.g., decreasing the expression of E-cadherin gene,
increasing the expression of genes coding vimentin and fibronectin, and stimulating the
production of matrix metalloproteinases [30,57,60].

The conducted studies revealed that cathelicidin administered with SE-PA or after
28 days of P. agglomerans exposure restored the balance in the expression of genes and
proteins disturbed by mice exposure to the mentioned extract. CRAMP increased the
lowered by SE-PA level of Cdh1/E-cadherin and Ocln/occludin. Cathelicidin particu-
larly effectively neutralized the negative effect of P. agglomerans on the expression of
Ocln/occludin—14 days of CRAMP treatment together with SE-PA or after cessation of
SE-PA inhalations increased the expression of the investigated molecule to the level ob-
served in untreated mice. Additionally, CRAMP administered with bacterial extract or after
SE-PA exposure decreased the elevated by SE-PA level of Cdh2/N-cadherin, Acta2/α-SMA,
Fn1/fibronectin, and Vim/vimentin. Nevertheless, complete neutralization of the alteration
induced by SE-PA was observed in the case of α-SMA after 14 days of mice exposure to both
CRAMP and SE-PA. The similar beneficial impact of the tested peptide on α-SMA expres-
sion was noted in mice after 14 days of CRAMP treatment preceded by 28 days of SE-PA
inhalations. Alterations in the expression of factors associated with EMT observed in mice
chronically exposed to SE-PA were also leveled by cathelicidin treatment. Nevertheless, the
effectiveness of cathelicidin treatment depends on the way of cathelicidin administration.
The investigation of gene expression revealed three different patterns of CRAMP response:
(1) Snail1 and Ctnnd1: significant differences in the expression after 14 and 28 days of
animals exposure to SE-PA used alone and together with CRAMP; (2) Nfkb1 and Tgfb:
significant differences in the expression after 28 days of animals exposure to SE-PA used
alone and together with CRAMP; (3) differences in the expression of Zeb1 and Zeb2 after
14 and 28 days of animals exposure to SE-PA used alone and together with CRAMP were
not significant. Nevertheless, alteration in the expression of all investigated factors was
restored when CRAMP was provided after cessation of SE-PA inhalations. Results obtained
from Western blotting revealed that mice inhalation with CRAMP after 28 days of SE-PA
exposure as well as CRAMP administration for 4 weeks together with SE-PA significantly
lowered the pathological level of all investigated factors. Furthermore, the expression of
Snail, ZEB2, β-catenin, and TGFβ was also improved in mice exposed to both CRAMP and
P. agglomerans antigene for 14 days.

It should be emphasized that changes recorded on genome and proteome levels corre-
spond with alterations in lung tissue morphology previously described by our team [44]
(see the Supplementary Materials Figure S1). Similar to the presented data, histological ex-
amination of murine lungs stained with hematoxylin and eosin (H&E) or Masson trichrome
(TRI) revealed the lack of any changes in tissue morphology after 14 and 28 days of animal
exposure to cathelicidin. On the contrary, mice inhalations with SE-PA induced changes
typical for HP; in particular, significant inflammatory response with interstitial infiltrations
of lymphocyte and macrophage (mean score for inflammation in time points 14 and 28:
1.6 and 2.0) as well as signs of fibrosis (mean score for fibrosis in time points 14 and 28:
0.8 and 1.6) associated with abnormal collagen deposition, leading to thickening of alveolar
walls, which intensified during the time of exposure. The mentioned alterations perfectly
corresponded with the herein presented increase in expression of mesenchymal markers
and transcription factors involved in EMT. Moreover, the histological examination also did
not show statistically significant changes between lungs collected 14 days after cessation of
mice chronic exposure to SE-PA to lungs obtained directly after 28 days of inhalation with
P. agglomerans (SE-PA 28d + untreated 14d vs. SE-PA 28d). Furthermore, the evaluation of
lung sections also revealed the beneficial impact of cathelicidin treatment on fibrosis devel-
opment. Comparison data obtained from the following research groups: SE-PA + CRAMP
28d vs. SE-PA 28d as well as SE-PA 28d + CRAMP 14d vs. SE-PA 28d + untreated 14d,
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demonstrated a significant decrease in fibrosis scores by 36.8% and 38.9%, respectively. The
above-mentioned antifibrotic properties of cathelicidin correspond with data obtained in
presented studies, that revealed the beneficial impact of CRAMP treatment in the inhibition
of the expression of both mesenchymal markers and factors involved in EMT, which have
been pathologically elevated by P. agglomerans. It needs to be highlighted that the concor-
dance of changes observed at the level of genes and proteins as well as in the histological
evaluation indicated that the previously described beneficial properties of cathelicidin
should be associated with its ability to modulate the course of EMT [44].

The presented results indicate CRAMP as an effective inhibitor of EMT associated
with pulmonary fibrosis in HP, which is the first such evidence according to the best of
our knowledge. Nevertheless, the ability of cathelicidin to inhibit pathological EMT was
reported previously by Cheng et al., who showed that LL-37 inhibited TGFβ-induced gene
expression of ACTA2 and VIM as well as protein expression of E-cadherin, Twist1, and
Slug in human colon cancer HT-29 cells. Furthermore, Cheng et al. demonstrated in vivo
that administration of cathelicidin expression viral vector or synthetic mCRAMP inhibited
vimentin and E-cadherin expression and collagen deposition, leading to suppression of EMT
and consequently to colon cancer development [46]. Additionally, Zheng et al. revealed
the inhibition of cardiac fibrosis in diabetic mice heart treated with CRAMP, which was a
consequence of an increase in endothelial markers (CD31, cadherin), a decrease in fibroblast
markers (collagen I, collagen III, vimentin), and a reduction of transcription factors (Snial1,
Snial2, Twist1, Twist2). Zheng et al. connected the anti-fibrotic CRAMP abilities with the
silencing of signal transduction in the TGFβ/Smad pathway [61]. Despite the fact that
some alterations in the expression of genes and proteins in response to CRAMP observed
by Cheng et al. and Zheng et al. correspond with the currently presented results, it has to
be stressed that there are differences. Cheng et al. investigated the impact of cathelicidin
on EMT type 3 [46], while Zheng et al. discovered the beneficial impact of CRAMP on
endothelial–mesenchymal transition [61]. Consequently, the presented study is the first
report showing the influence of cathelicidin on EMT type 2. Furthermore, obtained data
indicated that maintaining the physiological level of cathelicidin in the respiratory tract
plays an important role in the supervision of regenerative processes and consequently
prevention of pathological wound healing leading to fibrosis.

4. Materials and Methods
4.1. Reagents

Unless otherwise indicated, the chemicals used in the study were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA) LLC. Murine cathelicidin (ISRLAGLLRKGGEKIGEKLKKI
GQKIKNFFQKLVPQPE) was purchased from Novozym Polska s.c. Poznań Science and
Technology Park, Poznań, Poland. The preparation of Pantoea agglomerans extract, as well
as its main composition, has been described previously [27].

4.2. Animal Inhalations

Three-month-old female C57BL/6J mice were purchased from Mossakowski Medical
Research Centre of the Polish Academy of Sciences in Warsaw, Poland. The conditions in
which the animals were kept, as well as the procedure for their preparation for the study, has
been described previously [44]. Mice were exposed to a finely dispersed aerosol of the saline
extract of P. agglomerans (SE-PA; 10 mg/mL; 5 mL/single inhalation), cathelicidin (CRAMP;
1.44 µg/mL; 5 mL/single inhalation), or phosphate-buffered saline (PBS; 5 mL/single
inhalation), administered separately or in combination (Table 3). The mice were treated to
each investigated factor for one hour daily for 14, 28, or 42 days. Inhalations were carried
out using the Buxco Inhalation Tower (Data Sciences International, St. Paul, MN, USA)
under the following conditions: airflow 1.5 L/min; pressure 0.5 cm H2O; room temperature;
nebulization rate 84 µL/min. Before and after the indicated time of treatment, the animals
were sacrificed by cervical dislocation with spinal cord rupture, after which lung samples
were collected, frozen in liquid nitrogen, and stored at −80 ◦C until evaluation.
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Table 3. The research group description.

Name of Research Group PBS
(Time of Exposure)

SE-PA
(Time of Exposure)

CRAMP
(Time of Exposure)

Factors Administration
Sequence

untreated
(n = 16) - - - -

CRAMP 14 d
(n = 6) 1 h a day for 14 days - 1 h a day for 14 days one by one on the same day

CRAMP 28 d
(n = 6) 1 h a day for 28 days - 1 h a day for 28 days one by one on the same day

SE-PA 14 d
(n = 6) 1 h a day for 14 days 1 h a day for 14 days - one by one on the same day

SE-PA 28 d
(n = 6) 1 h a day for 28 days 1 h a day for 28 days - one by one on the same day

SE-PA + CRAMP 14 d
(n = 6) - 1 h a day for 14 days 1 h a day for 14 days one by one on the same day

SE-PA + CRAMP 28 d
(n = 6) - 1 h a day for 28 days 1 h a day for 28 days one by one on the same day

SE-PA 28 d + untreated 14 d
(n = 6)

1 h a day for 28 days 1 h a day for 28 days - one by one on the same day

- - -

After 28 days of treatment,
mice stayed an additional
14 days in the experiment

without exposure

SE-PA 28 d + CRAMP 14 d
(n = 6)

1 h a day for 28 days 1 h a day for 28 days - one by one on the same day

1 h a day for 14 days

after 28 days of mice
exposure to (PBS + SE-PA),
CRAMP was applied for an

additional 14 days

PBS—phosphate-buffered saline; SE-PA—saline extract of Pantoea agglomerans; CRAMP—cathelicidin;
n—number of animals in research group; d—days.

4.3. Evaluation of Gene Expression

Gene expression evaluation has been described previously [62]; nevertheless, what
should be mentioned are the TaqMan Gene Expression Assays (sets of probes and primers)
used in the research: Mm00725412_s1 for Acta2; Mm02619580_g1 for Actb; Mm01247357_m1
for Cdh1; Mm01162497_m1 for Cdh2; Mm01334599_m1 for Ctnnd1; Mm01256744_m1
for Fn1; Mm00476361_m1 for Nfkb1; Mm00500912_m1 for Ocln; Mm01178820_m1 for
Tgfb1; Mm00441533_g1 for Snail1; Mm01333430_m1 for Vim; Mm00495564_m1 for Zeb1;
Mm00497196_m1 for Zeb2. Relative expression was calculated using the efficiency method
(relative advanced quantification) and normalized to the expression of Actb.

4.4. Evaluation of Proteins Expression

Examination of protein expression has been described previously [62]. The investi-
gation has been conducted using primary antibodies directed against β-actin, β-catenin,
E-cadherin, N-cadherin, Snail, vimentin (Cell Signaling Technology, Danvers, MA, USA),
α-smooth muscle actin, fibronectin, occludin, NFκB, TGFβ, ZEB1, and ZEB2 (ThermoFisher
Scientific, Waltham, MA, USA). The amount of protein was densitometrically determined
using ImageJ software.

4.5. Statistical Analysis

The data were presented as the mean value and standard deviation (SD). Statistical
analysis was performed using linear regression analysis, as well as the one way-ANOVA
with Tukey’s post hoc test, and column statistics were used for comparisons. Significance
was accepted at p < 0.05.

5. Conclusions

In summary, the beneficial impact of cathelicidin treatment on the expression of
genes/proteins involved in EMT was observed both during and after the development of
hypersensitivity pneumonitis. Despite the fact that cathelicidin was not able to completely
neutralize the negative changes induced by P. agglomerans, EMT silencing in response to
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CRAMP was significant. Furthermore, cathelicidin used alone did not cause any side-
changes in the expression of the investigated genes and proteins. It needs to be highlighted
that the presented study is the first report showing the influence of cathelicidin on EMT
type 2. Due to the importance of EMT for pulmonary fibrosis, the presented results suggest
the possibility of using cathelicidin in the prevention and treatment of this pathological
process. Unfortunately, exogenous cathelicidin was not able to eliminate the negative
changes completely, perhaps because of the fact that CRAMP inhalations did not restore
the physiological level of cathelicidin disturbed by the disease development. Nevertheless,
in the face of the absence of a safe and successful strategy for the prevention and treatment
of pulmonary fibrosis in the course of HP, even a slight beneficial effect of cathelicidin,
especially in terms of the lack of side effects, deserves attention and presentation in order
to create the basis for the development an effective therapeutic strategy in the future.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms232113039/s1.

Author Contributions: Conceptualization, M.K.L., M.G. and J.M.; methodology, M.K.L. and J.D.;
formal analysis, M.K.L.; investigation, M.K.L. and J.Z.; writing—original draft preparation, M.K.L.;
writing—review and editing, M.K.L., M.G., J.Z., J.D. and J.M.; visualization, M.K.L.; supervision,
J.D. and J.M.; project administration, M.K.L.; funding acquisition, M.K.L. All authors have read and
agreed to the published version of the manuscript.

Funding: The studies were supported by the National Science Centre, Poland (grant no. 2015/19/D/
NZ7/02952, 2016).

Institutional Review Board Statement: The experimental protocols and procedures listed below con-
form to the Guide for the Care and Use of Laboratory Animals and were approved by the Local Ethics
Committee for Animal Experimentation in Lublin, Poland (Resolution nos. 39/2016 and 2/2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data analyzed during this study are included in this article. Further
inquiries can be directed towards the corresponding author.

Conflicts of Interest: M.G. and J.D. have no conflict of interest to declare. M.K.L., J.Z., and J.M.
received payment for performing research in project no. 2015/19/D/NZ7/02952 from the National
Science Centre, Poland. The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

References
1. Spagnolo, P.; Rossi, G.; Cavazza, A.; Bonifazi, M.; Paladini, I.; Bonella, F.; Sverzellati, N.; Costabel, U. Hypersensitivity

pneumonitis: A comprehensive review. J. Investig. Allergy Clin. Immunol. 2015, 25, 237–250.
2. Ho, Y.Y.; Lagares, D.; Tager, A.M.; Kapoor, M. Fibrosis—A lethal component of systemic sclerosis. Nat. Rev. Rheumatol. 2014, 10,

390–402. [CrossRef]
3. Ziesche, R.; Golec, M.; Samaha, E. The RESOLVE concept: Approaching pathophysiology of fibroproliferative disease in aged

individuals. Biogerontology 2013, 14, 679–685. [CrossRef] [PubMed]
4. Nogueira, R.; Melo, N.; e Bastos, H.N.; Martins, N.; Delgado, L.; Morais, A.; Mota, P.C. Hypersensitivity pneumonitis: Antigen

diversity and disease implications. Pulmonology 2019, 25, 97–108. [CrossRef]
5. Dutkiewicz, J.; Mackiewicz, B.; Lemieszek, M.K.; Golec, M.; Skórska, C.; Góra-Florek, A.; Milanowski, J. Pantoea agglomerans: A

mysterious bacterium of evil and good. Part II–deleterious effects: Dustborne endotoxins and allergens–focus on grain dust,
other agricultural dusts and wood dust. Ann. Agric. Environ. Med. 2016, 23, 6–29. [CrossRef] [PubMed]

6. Kaul, B.; Cottin, V.; Collard, H.R.; Valenzuela, C. Variability in global prevalence of interstitial lung disease. Front. Med. 2021, 8,
751181. [CrossRef]

7. Hyldgaard, C.; Hilberg, O.; Muller, A.; Bendstrup, E. A cohort study of interstitial lung diseases in central Denmark. Respir. Med.
2014, 108, 793–799. [CrossRef]

8. Egea-Zorrilla, A.; Vera, L.; Saez, B.; Pardo-Saganta, A. Promises and challenges of cell-based therapies to promote lung regenera-
tion in idiopathic pulmonary fibrosis. Cells 2022, 11, 2595. [CrossRef]

9. Salton, F.; Ruaro, B.; Confalonieri, P.; Confalonieri, M. Epithelial-mesenchymal transition: A major pathogenic driver in idiopathic
pulmonary fibrosis? Medicina 2020, 56, 608. [CrossRef]

188



Int. J. Mol. Sci. 2022, 23, 13039

10. Sakai, N.; Tager, A.M. Fibrosis of two: Epithelial cell-fibroblast interactions in pulmonary fibrosis. Biochim. Biophys. Acta
(BBA)-Mol. Basis Dis. 2013, 1832, 911–921. [CrossRef]

11. Vaughan, A.E.; Chapman, H.A. Regenerative activity of the lung after epithelial injury. Biochim. et Biophys. Acta (BBA)-Mol. Basis
Dis. 2013, 1832, 922–930. [CrossRef]

12. Wynn, T.A.; Ramalingam, T.R. Mechanisms of fibrosis: Therapeutic translation for fibrotic disease. Nat. Med. 2012, 18, 1028–1040.
[CrossRef] [PubMed]

13. Wynn, T.A. Common and unique mechanisms regulate fibrosis in various fibroproliferative diseases. J. Clin. Investig. 2007, 117,
524–529. [CrossRef] [PubMed]

14. Horowitz, J.; Thannickal, V. Epithelial-mesenchymal interactions in pulmonary fibrosis. Semin. Respir. Crit. Care Med. 2006, 27,
600–612. [CrossRef] [PubMed]

15. Guarino, M.; Tosoni, A.; Nebuloni, M. Direct contribution of epithelium to organ fibrosis: Epithelial-mesenchymal transition.
Hum. Pathol. 2009, 40, 1365–1376. [CrossRef] [PubMed]

16. Confalonieri, P.; Volpe, M.C.; Jacob, J.; Maiocchi, S.; Salton, F.; Ruaro, B.; Confalonieri, M.; Braga, L. Regeneration or repair? The
role of alveolar epithelial cells in the pathogenesis of idiopathic pulmonary fibrosis (IPF). Cells 2022, 11, 2095. [CrossRef]

17. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 1420–1428. [CrossRef]
18. Thiery, J.P.; Sleeman, J.P. Complex networks orchestrate epithelial–mesenchymal transitions. Nat. Rev. Mol. Cell Biol. 2006, 7,

131–142. [CrossRef]
19. Voulgari, A.; Pintzas, A. Epithelial-mesenchymal transition in cancer metastasis: Mechanisms, markers and strategies to overcome

drug resistance in the clinic. Biochim. Biophys. Acta (BBA) Rev. Cancer 2009, 1796, 75–90. [CrossRef]
20. Moustakas, A.; Heldin, C.-H. Signaling networks guiding epithelial?mesenchymal transitions during embryogenesis and cancer

progression. Cancer Sci. 2007, 98, 1512–1520. [CrossRef]
21. Hackett, T.-L.; Warner, S.M.; Stefanowicz, D.; Shaheen, F.; Pechkovsky, D.V.; Murray, L.A.; Argentieri, R.; Kicic, A.; Stick, S.M.;

Bai, T.R.; et al. Induction of epithelial–mesenchymal transition in primary airway epithelial cells from patients with asthma by
transforming growth factor-β1. Am. J. Respir. Crit. Care Med. 2009, 180, 122–133. [CrossRef] [PubMed]

22. Kim, J.H.; Jang, Y.S.; Eom, K.-S.; Hwang, Y.I.; Kang, H.R.; Jang, S.H.; Kim, C.H.; Park, Y.B.; Lee, M.G.; Hyun, I.G.; et al.
Transtorming Growth factor β1 induces epithelial-to-mesenchymal transition of A549 cells. J. Korean Med. Sci. 2007, 22, 898–904.
[CrossRef] [PubMed]

23. Kasai, H.; Allen, J.T.; Mason, R.M.; Kamimura, T.; Zhang, Z. TGF-β1 induces human alveolar epithelial to mesenchymal cell
transition (EMT). Respir. Res. 2005, 6, 56. [CrossRef] [PubMed]

24. Willis, B.C.; Liebler, J.M.; Luby-Phelps, K.; Nicholson, A.G.; Crandall, E.D.; du Bois, R.M.; Borok, Z. Induction of epithelial-
mesenchymal transition in alveolar epithelial cells by transforming growth factor-β1: Potential role in idiopathic pulmonary
fibrosis. Am. J. Pathol. 2005, 166, 1321–1332. [CrossRef]

25. Cano, A.; Pérez-Moreno, M.A.; Rodrigo, I.; Locascio, A.; Blanco, M.J.; Del Barrio, M.G.; Portillo, F.; Nieto, M.A. The transcription
factor Snail controls epithelial–mesenchymal transitions by repressing E-cadherin expression. Nat. Cell Biol. 2000, 2, 76–83.
[CrossRef]

26. Comijn, J.; Berx, G.; Vermassen, P.; Verschueren, K.; van Grunsven, L.; Bruyneel, E.; Mareel, M.; Huylebroeck, D.; van Roy, F. The
two-handed e box binding zinc finger protein sip1 downregulates e-cadherin and induces invasion. Mol. Cell 2001, 7, 1267–1278.
[CrossRef]
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Bagnicka, E. Cathelicidins: Family of antimicrobial peptides. A review. Mol. Biol. Rep. 2012, 39, 10957–10970. [CrossRef]
[PubMed]

34. Mookherjee, N.; Brown, K.; Bowdish, D.; Doria, S.; Falsafi, R.; Hokamp, K.; Roche, F.M.; Mu, R.; Doho, G.H.; Pistolic, J.; et al.
Modulation of the TLR-mediated inflammatory response by the endogenous human host defense peptide LL-37. J. Immunol.
2006, 176, 2455–2464. [CrossRef]

189



Int. J. Mol. Sci. 2022, 23, 13039

35. Bowdish, D.M.E.; Davidson, D.J.; Scott, M.G.; Hancock, R.E.W. Immunomodulatory activities of small host defense peptides.
Antimicrob. Agents Chemother. 2005, 49, 1727–1732. [CrossRef] [PubMed]

36. Kress, E.; Merres, J.; Albrecht, L.-J.; Hammerschmidt, S.; Pufe, T.; Tauber, S.C.; Brandenburg, L.-O. CRAMP deficiency leads to a
pro-inflammatory phenotype and impaired phagocytosis after exposure to bacterial meningitis pathogens. Cell Commun. Signal.
2017, 15, 32. [CrossRef]

37. Gupta, K.; Subramanian, H.; Ali, H. Modulation of host defense peptide-mediated human mast cell activation by LPS. Innate
Immun. 2016, 22, 21–30. [CrossRef]

38. Ugarova, T.P.; Moreno, B.; Podolnikova, N.P.; Lishko, V.K. Identification of human cathelicidin peptide LL-37 as a ligand for
macrophage integrin αMβ2 (Mac-1, CD11b/CD18) that promotes phagocytosis by opsonizing bacteria. Res. Rep. Biochem. 2016, 6,
39–55. [CrossRef]

39. Neumann, A.; Berends, E.T.M.; Nerlich, A.; Molhoek, E.M.; Gallo, R.; Meerloo, T.; Nizet, V.; Naim, H.Y.; Von Köckritz-Blickwede,
M. The antimicrobial peptide LL-37 facilitates the formation of neutrophil extracellular traps. Biochem. J. 2014, 464, 3–11.
[CrossRef]

40. Wan, M.; van der Does, A.; Tang, X.; Lindbom, L.; Agerberth, B.; Haeggström, J.Z. Antimicrobial peptide LL-37 promotes bacterial
phagocytosis by human macrophages. J. Leukoc. Biol. 2014, 95, 971–981. [CrossRef]

41. Ramos, R.; Silva, J.P.; Rodrigues, A.C.; Costa, R.; Guardão, L.; Schmitt, F.; Soares, R.; Vilanova, M.; Domingues, L.; Gama, M.
Wound healing activity of the human antimicrobial peptide LL37. Peptides 2011, 32, 1469–1476. [CrossRef] [PubMed]

42. Carretero, M.; Escámez, M.J.; García, M.; Duarte, B.; Holguín, A.; Retamosa, L.; Jorcano, J.L.; del Río, M.; Larcher, F. In vitro and
in vivo wound healing-promoting activities of human cathelicidin LL-37. J. Investig. Dermatol. 2008, 128, 223–236. [CrossRef]

43. Shaykhiev, R.; Beisswenger, C.; Kändler, K.; Senske, J.; Püchner, A.; Damm, T.; Behr, J.; Bals, R. Human endogenous antibiotic
LL-37 stimulates airway epithelial cell proliferation and wound closure. Am. J. Physiol. Cell. Mol. Physiol. 2005, 289, L842–L848.
[CrossRef] [PubMed]

44. Lemieszek, M.K.; Sawa-Wejksza, K.; Golec, M.; Dutkiewicz, J.; Zwoliński, J.; Milanowski, J. Beneficial impact of cathelicidin on
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Abstract: In sporadic idiopathic pulmonary fibrosis (sIPF) and pulmonary fibrosis caused by a
mutation in telomere (TRG-PF) or surfactant related genes (SRG-PF), there are a number of aberrant
cellular processes known that can lead to fibrogenesis. We investigated whether RNA expression of
genes involved in these processes differed between sIPF, TRG-PF, and SRG-PF and whether expression
levels were associated with survival. RNA expression of 28 genes was measured in lung biopsies of
26 sIPF, 17 TRG-PF, and 6 SRG-PF patients. Significant differences in RNA expression of TGFBR2
(p = 0.02) and SFTPA2 (p = 0.02) were found between sIPF, TRG-PF, and SRG-PF. Patients with low
(<median) expression of HSPA5 (p = 0.04), COL1A1 (p = 0.03), and ATF4 (0.005) had significantly longer
survival rates than patients with high (≥median) expression of these genes. In addition, we scored
for low (0) or high (1) expression of six endoplasmic reticulum (ER) stress genes (HSP90B1, DDIT3,
EDEM1, HSPA5, ATF4, and XBP1) and found that patients with high expression in a low number
of ER stress genes (total score 0–1) had longer survival rates than patients with high expression
in a high number of ER stress genes (total score 2–6) (p = 0.03). In conclusion, there are minor
differences between sIPF, TRG-PF, and SRG-PF and high expression in a high number of ER stress
genes significantly associated with shorter survival time, suggesting that ER stress may be a target
for therapy for PF.

Keywords: idiopathic pulmonary fibrosis; surfactant related gene mutation; telomere related gene
mutation; SFTPC; SFTPA2; RTEL1; TERT; lung tissue; RNA expression

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is characterized by damage to the alveolar epithe-
lium and accumulation of extracellular matrix in the interstitium. IPF has a poor prognosis
with a median survival of approximately 3–4 years [1,2]. The disease is highly heteroge-
neous, while in the majority of patients etiology is unknown, some of the patients have
genetic pulmonary fibrosis. Pathogenic mutations causing pulmonary fibrosis have been
identified in two different groups of genes, surfactant related genes (SRG) such as SFTPC
and SFTPA2, or telomere related genes (TRG) such as TERT and RTEL1 [3]. In a study by
Snetselaar et al. [4], telomere length was measured in white blood cells of patients with
sporadic IPF (sIPF) and SRG-PF and TRG-PF. It was shown that some sIPF patients had
short telomeres comparable with TRG-PF, whereas others had a telomere length compa-
rable with SRG-PF. This is in congruence with a recent report showing the wide range in
telomere length in patients with pulmonary fibrosis who do not carry a likely pathogenic
mutation [5]. This suggests that disease drivers in sIPF may overlap with those in specific
genetic groups.
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In previous studies, several molecular processes involved in IPF have been identi-
fied such as extracellular matrix deposition [6,7], endoplasmic reticulum (ER) stress [8,9],
senescence [10,11], and hypoxia [12]. In addition, different cell types of the bronchoalveolar
compartment, and particularly the alveolar type 2 cell (AT2), were found to be involved
in the pathogenesis of IPF [13]. IPF expression studies showed an increase in expres-
sion of fibrogenesis related genes such as TGFB1, ACTA2 [14–16], and hypoxia genes
including HIF1A and EPAS1 [12,17,18], but also involvement of cellular processes such
as autophagy [19,20]. Mutations in surfactant and telomere genes were shown to each
lead to different processes in the lung, and it is unknown to what extent these processes
overlap. Heterozygous mutations in SRG have a toxic gain of function effect on surfactant
processing [21–23] and may cause ER stress with upregulation of ER stress associated genes,
such as HSPA5 and XBP1 [24–26]. On the other hand, heterozygous TRG mutations cause
haploinsufficiency leading to excessive shortening of telomeres and were shown to increase
DNA damage related processes including upregulation of TP53BP1 and TP53 [27] and
cause senescence with altered expression of CDKN2A and CDKN1A [28]. Because disease
cause and outcome are so heterogeneous in PF, a better understanding of the involvement
of the different processes and their relation to patient survival is warranted and may aid
development of therapies targeting specific processes in patients. To determine whether
TRG-PF and SRG-PF have distinct expressions of genes involved in disease pathogenesis,
we measured RNA expression in diagnostic lung biopsies of sIPF, TRG-PF, and SRG-PF.
In addition, we investigated whether different levels of RNA expression are associated
with survival.

2. Results

RNA expression of 28 genes involved in IPF pathogenesis was measured in FFPE sur-
gical lung biopsies of three groups of patients. (26 sIPF, 17 TRG-PF, and 6 SRG-PF). Clinical
characteristics of the three patient groups are displayed in Table 1. Telomere length in tissue
and blood was significantly different between the three groups (p = 0.001 and p < 0.001,
respectively). Telomere length was lower in TRG-PF patients than the other two patient
groups. In addition, male predominance was present in sIPF (92.3%) and TRG-PF patients
(82.4%), but not in SRG-PF patients (50%). The 28 genes are associated with different
processes, such as senescence, DNA damage, endoplasmic reticulum (ER) stress, surfactant
homeostasis, extracellular matrix (ECM), autophagy, hypoxia, and protein degradation.
Statistical analysis showed no difference in RNA expression of 25 genes (expression of
TP53, CDKN2A, and CDKN1A was not measured in SRG-PF patients) between TRG-PF and
SRG-PF patients. Comparison of RNA expression of the 28 genes between sIPF, TRG-PF,
and SRG-PF showed a significant difference in RNA expression of TGFBR2 (p = 0.02) and
SFTPA2 (p = 0.02). Post-hoc analysis showed significantly lower expression of TGFBR2 in
TRG-PF compared to sIPF patients (p = 0.001) and lower expression of SFTPA2 in SRG-PF
compared to sIPF patients (p = 0.002, Figure 1). Two out of three patients with an SFTPC
mutation had the lowest levels of SFTPC expression. The median SFTPC expression in
the SFTPC mutation carriers was just 0.03. This was not significantly different from the
SFPTC level of 0.05 in the patients carrying an SFTPA2 mutation. Similarly, two out of
three patients carrying an SFTPA2 mutation had the lowest SFTPA2 expression and the
median SFTPA2 expression in the entire SFTPA2 group was just 0.008. However, this was
not significantly lower than the SFTPA2 expression in the patients carrying an SFTPC
mutation (0.004).

Table 1. Demographics and clinical characteristics of patient groups at time of biopsy.

Characteristic sIPF TRG-PF SRG-PF p

N 26 17 6
Age biopsy, years, median (IQR) 62.8 (12.5) 58.5 (9.1) 41.9 (30.6) 0.01

Male, n (%) 24 (92.3) 14 (82.4) 3 (50) 0.04
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Table 1. Cont.

Characteristic sIPF TRG-PF SRG-PF p

Ever smoker, n (%) 19 (82.6) 14 (82.3) 2 (40.0) 0.06
FVC % predicted, median (IQR) 81.4 (25.9) 77.3 (24.7) 54.3 (31.6) 0.06

DLCO % predicted, median (IQR) 49.9 (15.2) 41.6 (9.6) 30.7 (20.1) 0.009
T/S ratio tissue, median (IQR) 0.839 (0.127) 0.772 (0.074) 0.830 (0.087) 0.001
T/S ratio blood, median (IQR) 0.795 (0.128) 0.690 (0.180) 0.901 (0.274) <0.001

T/S ratio blood observed, expected, median (IQR) −0.147 (0.149) −0.271 (0.151) −0.049 (0.229) <0.001
Transplant event, n (%) 7 (26.9) 2 (11.7) 3 (50) 0.16

Deaths, n (%) 15 (57.7) 14 (82.4) 2 (33) 0.07
Overall survival time, mo, median (SE) 42.8 (19.1) 21.5 (9.3) NA 0.05

FVC % predicted and DLCO % predicted values are ±12 months from time of biopsy. The T/S ratio is a measure
for telomere length. IQR: interquartile range; mo: months; sIPF sporadic idiopathic pulmonary fibrosis; TRG-PF:
telomere related gene mutation pulmonary fibrosis; SRG-PF: surfactant related gene mutation pulmonary fibrosis;
FVC: forced vital capacity; DLCO: diffusing capacity of the lung for carbon monoxide. Smoking status: n is
23 sIPF, 16 TRG-PF, 5 SRG-PF. FVC %predicted n is 19 sIPF, 14 TRG-PF, 4 SRG-PF. DLCO % predicted: n is 17 sIPF,
13 TRG-PF, 5 SRG-PF.
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Figure 1. Relative RNA expression in lung tissue of sporadic IPF (sIPF) patients and pulmonary 
fibrosis patients with a telomere related gene (TRG-PF) or surfactant related gene (SRG-PF) muta-
tion a. Relative RNA expression of TGFBR2. A significant difference in RNA expression was found 
between the three groups (Kruskal–Wallis test p = 0.02). Post hoc analysis showed significantly 
higher expression in sIPF compared to TRG-PF (p = 0.001). There were no significant differences in 
expression between sIPF and SRG-PF (0.374) or between TRG-PF and SRG-PF (0.877). b. Relative 
RNA expression of SFTPA2. A significant difference in RNA expression was found between the 
three groups (Kruskal–Wallis test p = 0.02). Post hoc analysis showed significantly higher expression 
in sIPF compared to SRG-PF patients (p = 0.002). There were no significant differences in expression 
between sIPF and TRG-PF (0.118) or between TRG-PF and SRG-PF (0.23). 

2.1. Clustering of Genes and Patients 

Figure 1. Relative RNA expression in lung tissue of sporadic IPF (sIPF) patients and pulmonary
fibrosis patients with a telomere related gene (TRG-PF) or surfactant related gene (SRG-PF) mutation
(a). Relative RNA expression of TGFBR2. A significant difference in RNA expression was found
between the three groups (Kruskal–Wallis test p = 0.02). Post hoc analysis showed significantly
higher expression in sIPF compared to TRG-PF (p = 0.001). There were no significant differences in
expression between sIPF and SRG-PF (0.374) or between TRG-PF and SRG-PF (0.877). (b). Relative
RNA expression of SFTPA2. A significant difference in RNA expression was found between the three
groups (Kruskal–Wallis test p = 0.02). Post hoc analysis showed significantly higher expression in
sIPF compared to SRG-PF patients (p = 0.002). There were no significant differences in expression
between sIPF and TRG-PF (0.118) or between TRG-PF and SRG-PF (0.23).

2.1. Clustering of Genes and Patients

Unsupervised two-way hierarchical clustering of RNA expression of the 28 genes in
49 patients demonstrated five major vertical clusters of genes and two major horizontal
clusters of patients (Figure 2). The upper cluster of patients contains 10 sIPF, 12 TRG-PF,
and 3 SRG-PF patients, whereas the lower cluster contains 16 sIPF, 5 TRG-PF, and 3 SRG-PF
patients. The distribution of patient groups was not significantly different between the two
clusters (p = 0.12). Analysis of the clinical characteristics of the two clusters showed no
differences except for a significantly higher number of deaths in the lower cluster compared
to the upper cluster (p = 0.04, Table 2).

The 28 measured genes can be categorized in gene process groups: surfactant home-
ostasis (SFTPC, SFTPA2, and SFTPB), ER-stress (HSP90B1, EDEM1, DDIT3, ATF4, XBP1,
and HSPA5), DNA-damage (TP53BP1, H2AX, and TP53), extracellular matrix (ACTA2,

194



Int. J. Mol. Sci. 2023, 24, 16748

VIM, COL1A1, COL1A2, COL3A1, SMAD4, and TGFBR2), hypoxia (HIF1A and EPAS1),
senescence (CDKN2A and CDKN1A), protein degradation (PSMD11) and autophagy
(MAP1LC3B), and AEC1 involvement (HOPX and CAV1) and bronchiolar involvement
(SCGB1A1). HOPX and CAV1 encode proteins regulating the repair of AEC1 after injury.
SCGB1A1 encodes a secretoglobin that exerts an anti-inflammatory function in the small air-
ways. Genes were not randomly distributed over the five major vertical clusters (Figure 2).
Both senescence genes were part of one cluster, and all other three surfactant homeostasis
genes were part of another cluster. Furthermore, the three collagen encoding genes formed
a separate cluster.
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Figure 2. Unsupervised two-way hierarchical clustering of RNA expression of 28 genes in 49 patients.
Rows represent individual patients and columns represent genes. Grey blocks indicate that RNA
expression of a certain gene was not measured due to shortage of tissue or undetectable expression.
Clustering of process related genes in each of the five main gene clusters is indicated at the top
with arrows pointing to the cluster. AEC1 inv: alveolar epithelial type 1 involvement, SFTP homeo:
surfactant homeostasis; ECM: extracellular matrix; other: this includes bronchiolar involvement,
autophagy, or protein degradation.
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Table 2. Demographics and clinical characteristics of two patient clusters.

Characteristic Upper Cluster Lower Cluster p

N 25 24

Group, sIPF/TRG-PF/SRG-PF 10/12/3 16/5/3 0.12
Age biopsy, years, median (IQR) 58.0 (13.5) 61.0 (13.8) 0.34

Male, n (%) 20 (80) 21 (87.5) 0.70
Ever smoker, n (%) 19 (79.2) 16 (80.0) 1.00

FVC % predicted, median (IQR) 82.6 (24.9) 71.7 (26.2) 0.40
DLCO % predicted, median (IQR) 45.2 (14.4) 46.7 (25.3) 0.91

T/S ratio tissue, median (IQR) 0.806 (0.081) 0.831 (0.127) 0.05
T/S ratio blood, median (IQR) 0.784 (0.189) 0.797 (0.141) 0.17

T/S ratio blood, observed, expected,
median (IQR) −0.161 (0.237) −0.131 (0.134) 0.10

Transplant event, n (%) 8 (32.0) 4 (16.7) 0.32
Deaths, n (%) 12 (48.0) 19 (79.2) 0.04

Overall survival time, median (SE), mo 43.0 (17.8) 22.6 (6.8) 0.08
FVC % predicted and DLCO % predicted values are ±12 months of biopsy date; IQR: interquartile range; mo:
months; n: number; sIPF sporadic idiopathic pulmonary fibrosis; TRG-PF: telomere related gene mutation
pulmonary fibrosis; SRG-PF: surfactant related gene mutation pulmonary fibrosis; FVC: forced vital capacity;
DLCO: diffusing capacity of the lung for carbon monoxide. Smoking status: n is 24 in upper cluster, 20 in lower
cluster. FVC % predicted n is 21 in upper cluster, 16 in lower cluster. DLCO % predicted: n is 21 in upper cluster,
14 in lower cluster. T/S ratio is a measure for telomere length.

2.2. Survival

We investigated whether overall survival was different between patients with high
and low RNA expression of a gene. Comparison showed significantly longer survival
in patients with low (<median) RNA expression of ER stress genes ATF4 (64 months vs.
22 months; p = 0.005), HSPA5 (64 months vs. 22 months; p = 0.04), and for ECM gene
COL1A1 (64 months vs. 22 months; p = 0.03) compared to patients with high (≥median)
RNA expression of these genes (Figure 3a–c).
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p = 0.005); (b) Survival curve showing a significantly longer survival in patients with low expression
of COL1A1 (64 months, n = 22, dashed line) compared to patients with high expression of COL1A1
(22 months, n = 23, solid line, p = 0.03). (c) Survival curve showing a significantly longer survival in
patients with low RNA expression of HSPA5 (64 months, n= 24, dashed line) compared to patients
with high expression of HSPA5 (22 months, n = 24, solid line, p = 0.04). (d) Accumulative score in
patients for high (+1 point) or low (0 points) expression in each of six ER stress genes (HSP90B1,
DDIT3, EDEM1, HSPA5, ATF4, and XBP1). Survival curve showing significantly longer median
survival in patients with high RNA expression of 0–1 ER stress genes (95 months, n = 14, dashed line)
compared to patients with high expression of 2–4 ER stress genes (29 months, n = 19, solid line) and
high expression of 5–6 ER stress genes (22 months, n = 16, dash-dotted line, p = 0.03).

Next, we grouped three or more genes that play a role in the same processes into
process expression groups: surfactant homeostasis (SFTPB, SFTPC, and SFTPA2), DNA
damage (TP53BP1, H2AX, and TP53), ECM (ACTA2, VIM, TGFBR2, COL1A1, and SMAD4),
and ER stress (HSP90B1, DDIT3, EDEM1, HSPA5, ATF4, and XBP1). For each patient, a
process expression score was calculated based on the sum of above (+1) or below (0) median
expression for each gene in the process. Comparison of overall survival between high,
average, and low scoring patients showed a significant difference for ER stress: patients
with low expression of ER stress genes (score 0–1) showed a longer survival time than
patients with average or high expression of these genes (score 2–4 or 5–6). Median survival
in low expressing ER stress patients was 95 months versus 29 and 22 months in the average
and high expressing patients, respectively (p = 0.03, Figure 3d). Survival analysis results
of surfactant homeostasis, DNA damage, and extracellular matrix showed no significant
differences (see Supplementary Materials). Results for processes represented by only two
genes were also included in the Supplementary Materials.

3. Discussion

Several processes have been associated with the development of PF in general and with
surfactant or telomere related PF specifically. In this study, we quantified RNA expression
of proteins that have previously been shown to be involved in pulmonary fibrosis in lung
biopsies of patients with sporadic and genetic IPF and analyzed the effect on survival. There
was no significant clustering of patient groups and genes and no significant differences in
RNA expression between the groups with TRG-PF and SRG-PF. This is the first study that
showed significantly worse survival in PF patients with high expression of two or more ER
stress genes compared to PF patients with low expression of five or all six ER stress genes.

Several gene expression studies have been performed on lung tissue from patients with
pulmonary fibrosis. First, it was shown that expression in IPF patients differed significantly
from control subjects. In a study by Wang et al. [29], microarray data from lung tissue of
131 IPF patients with UIP on pathology and 12 controls were used. Comparison of IPF
patients and controls resulted in 988 differentially expressed genes. In addition, by ward
clustering and principal component analysis of gene expression profiles of 131 IPF patients,
six patient clusters were found. The six clusters differed in disease severity and differential
expression compared to controls in genes that play a role in processes such as extracellular
matrix organization, regulation of cell migration, collagen catabolic process, cilium, cilium
assembly, angiogenesis, and lung alveolar morphology. Furthermore, in a whole genome
oligonucleotide microarray study by Yang et al. [30], RNA expression of 41,000 genes and
transcripts was measured in lung tissue of 16 sporadic idiopathic interstitial pneumonia
patients, 10 familial idiopathic interstitial pneumonia patients, and 9 normal control subjects.
In total, 135 transcripts were found to be upregulated or downregulated more than 1.8-fold
in pulmonary fibrosis patients compared to normal control subjects. After hierarchical
clustering, four patient clusters were identified; all controls except for two samples clustered
together and all familial idiopathic interstitial pneumonia except for three samples clustered
together. Comparison between sporadic idiopathic interstitial pneumonia (IIP) and familial
IIP patients resulted in 142 transcripts from 62 genes with known functions that were more
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than 1.8-fold upregulated or downregulated. Interestingly, they found that genes from
the same functional categories, such as calcium/potassium binding, cell adhesion, cell
proliferation and death, ECM degradation, and cytokines/chemokines, are differentially
expressed between sporadic and familial IIP as well as between IIP and normal control
subjects, but then to a larger extent in the familial IIP patients. But because no genetic
analysis was performed, it remains unclear whether patients carrying a TRG or SRG
mutation had been included.

In our study, we included patients with familial disease of known cause and divided
them over two groups: patients carrying an SRG and patients carrying a TRG mutation
and studied expression of genes involved in mutation driven aberrant processes in PF. To
our surprise, we detected no differences in expression of any of the studied genes between
the TRG and SRG-PF groups. However, when we compared sIPF, TRG-PF, and SRG-PF,
we found significant differences in RNA expression of TGFBR2 and SFTPA2 between the
three groups. The cluster analysis did not result in clustering of patients in their respective
sIPF, TRG-PF, or SRG-PF patient group. On the other hand, there was clustering of genes
belonging to the same processes. As surfactant homeostasis genes clustered together and
senescence genes also clustered together, this indicates that the expression levels may
correctly inform about the activity of the process.

Lawson et al. studied protein expression in AECs in lung tissue of three patients with
pulmonary fibrosis and an SFTPC mutation, ten patients with familial interstitial pneumo-
nia without an SFTPC mutation, and ten patients with sIPF. They observed expression of
the ER stress proteins BiP, EDEM, and XBP1 in lung tissues of all patients [8]. In addition,
Carleo et al. investigated protein patterns in bronchoalveolar lavage (BAL) fluid of 10
familial and 17 sporadic IPF patients. In total, 22 proteins were found to be differentially
expressed between familial and sporadic IPF. The upregulated proteins in sIPF played a role
in oxidative stress response and the upregulated proteins in familial IPF (including SP-A2
encoded by SFTPA2) played a role in immune response, coagulation system, wounding
response, and ion homeostasis [31]. The increase of SP-A2 in BAL fluid of familial IPF
patients in Carleo et al. is in contrast with the lower RNA expression of SFTPA2 in lung
tissue of the SRG-PF patients in our study. Although their small familial cohort was not
analyzed for carriage of genetic mutations, it is unlikely that their familial cohort included
any patients with an SRG mutation. SRG mutations occur in 3–8% of patients with familial
disease, while TRG mutations are present in approximately 35% of familial patients [3].
However, we did not observe a difference in SFTPA2 RNA expression between our sIPF and
familial TRG-PF patients. The level of RNA expression may therefore not reflect protein
expression, while increased SP-A2 in BAL fluid may aid identification of familial patients,
and the lower RNA expression of SFTPA2 in lung tissue may aid identification of patients
with surfactant-related pathology.

Furthermore, the SP-A2 protein level in blood was shown to be a predictive marker
for progressive disease [32,33]. Although it remained unclear what the source is of SP-
A2 in blood, and how increased levels in blood mechanistically related to progression of
disease in the lung. When analyzing the survival of patients, TRG-PF showed the shortest
survival (Table 1), but the survival of patients with SRG-PF could not be calculated due
to the low number. However, in a recent study, survival of SRG-PF patients was shown
to be comparable with that of sIPF [34]. Our study suggests that in patients with SRG-PF,
levels may be influenced by the presence of surfactant related mutations, and thus future
investigations into biomarkers for PF may benefit from stratification of patients by genetic
cause of disease.

When we studied the impact of RNA expression of each gene on survival in patients,
we found that patients with low expression of HSPA5, COL1A1, or ATF4 showed a signif-
icantly longer survival rate than patients with high expression of one of these genes. In
a study by Tsitoura et al. [35], they observed increased COL1A1 RNA expression in BAL
cells of patients with 53 IPF and 62 non-IPF ILD compared to 19 controls. In addition, they
also found that high levels of COL1A1 expression were associated with worse survival.
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However, this was only found in the non-IPF ILD patients and not in the IPF cohort. For ER
stress gene ATF4, as far as we know, no association with survival was investigated before in
other studies, although it was found that ATF4 expression was increased in IPF lung tissue
and colocalized with apoptosis markers CHOP and cleaved caspase 3, and encoded by
DDIT3 and CASP3, respectively, in alveolar epithelial cells overlying fibroblast foci [9]. For
ER stress marker GRP78/BiP encoded by HSPA5, conflicting results have been found; in
one study elevated GRP94 and CHOP, encoded by HSP90B1 and DDIT3, respectively, and
reduced expression of GRP78 were observed in alveolar epithelial cells type 2 (AEC2s) from
IPF lung tissue compared to AEC2s from normal donors [36], whereas in another study
increased GRP78/BiP expression was observed in IPF lung tissue compared to control lung
tissue. In the latter study, strong GRP78/BiP staining was found in alveolar epithelial cells
in regions of fibroblasts foci [37]. Fibroblasts foci are aggregates of proliferating fibroblasts
and myofibroblasts thought to represent areas of active fibrosis. Therefore, the proximity of
strong BiP staining (encoded by HSPA5) to fibroblast foci suggests a role in fibrogenesis.
Together with our finding that high expression of ER stress genes, including ATF4 and
HSPA5, results in low survival, the evidence suggests that ER stress in IPF may be an
important factor for progression of fibrogenesis. It is known that the cause of ER stress
may be different in each patient [38]. However, the absence of differences in expression
between our groups of patients and the presence of a correlation with survival suggest that
ER stress is an important factor in the progression of pulmonary fibrosis independent of
underlying genetic cause. Two recent studies show the feasibility of targeting ER stress in
pulmonary fibrosis. Kropski et al. [39] showed that ER stress may be targeted by pharmaco-
logical chaperones such as sodium phenylbutyrate, which resulted in reduced ER stress
in preclinical disease models or by drugs that selectively inhibit oligomerized IRE1α, and
which have been investigated in animal models. Chen et al. [40] showed that inhibition of
IRE1α by an endoribonuclease inhibitor alleviates CS-induced pulmonary inflammation
and fibrogenesis in a mouse model.

A limitation of our study is that only bulk RNA expression was measured. Differences
in RNA expression between cell types, such as in single cell RNA sequencing, were not
investigated. In addition, no spatial transcriptomics and immunohistochemistry was used
to localize which cell populations were involved in the regulation of RNA expression in
PF. Furthermore, the results were not verified at the protein level and therefore effects of
posttranscriptional regulation of gene expression during fibrogenesis was not investigated.
The number of patients, especially those with SRG-PF, was quite low. However, the low
number of SRG-PF cases was limited by the rarity of these patients compared to those
with sIPF. Inclusions of more cases might have shown additional significant differences
in the clinical characteristics between the two clusters. In addition, the number of genes
measured may be too small to create distinct clusters. The low number of differences
in RNA expression between sIPF, TRG-PF, and SRG-PF may also explain why based on
most recent finding these patients appear to benefit from the same treatment [32,41,42]. In
addition, although all samples were diagnostic lung biopsies, a considerably low DLCO %
predicted in especially TRG-PF and SRG-PF patients was present, which suggests already
advanced lung disease. It remains possible that more differences, particularly mutation
associated differences, would be present if early disease samples had been analyzed. While
screening family members at risk may aid early disease detection, genetic analysis is likely
to reduce the need for biopsies. In a recent survey, 72% of pulmonologists reported that
they might modify their diagnostic work-up according to the results of genetic testing of
whom 78% would postpone or exclude surgical lung biopsy [43].

In conclusion, analysis of expression of fibrosis related genes in sIPF and TRG-PF and
SRG-PF patients showed almost similar gene expression between the groups. The finding
that high expression of ER stress genes leads to worse survival time supports development
of therapies targeting ER stress that may be beneficial to all PF patients, including those
with genetic pulmonary fibrosis. Further studies are needed to investigate this association
in more detail.
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4. Materials and Methods
4.1. Patients and Tissue Selection

Diagnostic surgical lung biopsies and blood obtained between 1997 and 2016 of
26 sIPF, 17 TRG-PF (RTEL n = 3, TERT n = 14), and 6 SRG-PF (SFTPC n = 3, SFTPA2 n = 3)
patients were included in this study. Diagnoses were based on the ATS/ERS/JRS/ALAT
guidelines [44]. All subjects signed written consent for the study approved by the Medical
Research Ethics Committees United (MEC-U) of the St. Antonius hospital (R05-08A).

4.2. DNA/RNA Isolation from Lung Tissue and Blood

After removal of paraffin with paraffin dissolver (Macherey-Nagel, Düren, Germany),
RNA and DNA was isolated from formalin-fixed paraffin embedded tissue using All-
Prep DNA/RNA FFPE kit (Qiagen Benelux BV, Venlo, The Netherlands). DNA and RNA
concentration and purity were measured using a NanoDrop spectrophotometer. For isola-
tion of genomic DNA from peripheral white blood cells, a magnetic beads-based method
(chemagic DNA blood 10k kit; Perkin Elmer Inc., Waltham, MA, USA) was used.

4.3. Telomere Length Measurements in Lung Tissue and Blood

T/S ratio was measured in isolated DNA from tissue and blood by monochrome
multiplex quantitative polymerase chain reaction (MMqPCR) as described before in [45–47].
The T/S ratio is a measure for telomere length. Telomere length adjusted for age was
calculated by the difference between the observed T/S ratio and the age-adjusted normal
value (T/S expected).

4.4. Real-Time PCR

cDNA (6ng per reaction), prepared from RNA using i-script (Bio-Rad GmbH labora-
tories B.V), was amplified using iQ SYBR Green Supermix (Bio-Rad GmbH laboratories
B.V, Lunteren, The Netherlands) and gene specific primers (see Supplementary Materials)
in a CFX96 Bio-Rad qPCR machine with the following run conditions: 3 min at 95 ◦C
followed by 45 cycles of 10 s at 95 ◦C, 20 s at 61 ◦C, and 25 s at 72 ◦C. RNA expression was
calculated by delta Ct method using the mean of three reference genes: ACTB, RPL13A, and
EEF1A1. RNA expression was investigated for genes involved in the following processes:
bronchiolar involvement (SCGB1A1), alveolar epithelial cell type 1 (AEC1) involvement
(HOPX and CAV1), surfactant homeostasis (SFTPC, SFTPA2, SFTPB), hypoxia (HIF1A,
EPAS1), protein degradation (PSMD11), autophagy (MAP1LC3B), senescence (CDKN2A,
CDKN1A), ER-stress (HSP90B1, EDEM1, DDIT3, ATF4, XBP1, HSPA5), DNA-damage
(TP53BP1, H2AX, TP53) and extracellular matrix (ACTA2, VIM, COL1A1, COL1A2, COL3A1,
SMAD4, TGFBR2). List of used primers can be found in Table S1.

4.5. Statistical Analysis

For analysis of differences in demographics and clinical characteristics between sIPF,
TRG-PF, and SRG-PF patients, the chi-square test was used for discrete variables and the
Kruskal–Wallis test was used for continuous variables, as appropriate with a small sample
size. The Mann–Whitney U test was used to compare RNA expression between TRG-PF
and SRG-PF followed by false discovery rate (FDR) to correct for multiple comparisons.
The Kruskal–Wallis test was used to analyze differences in RNA expression between sIPF,
TRG-PF, and SRG-PF followed by FDR to correct for multiple comparisons. Unsupervised
two-way hierarchical clustering of RNA expression using Ward’s clustering method with
Euclidean distance metric was used to create a heatmap. Chi-square and Mann–Whitney
U test were used for discrete and continuous variables, respectively, to compare demo-
graphics and clinical characteristics between the two horizontal clusters in the heatmap.
For survival analyses, median RNA expression was calculated for each gene and patients
were divided into two groups containing patients with <median expression of that gene
and patients with ≥median expression of that gene. Additionally, when three or more
genes play a role in the same process, these were also analyzed together as one process-
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group, surfactant homeostasis (SFTPB, SFTPC, SFTPA2), DNA damage (TP53BP1, TP53,
H2AX), ECM (ACTA2, VIM, TGFBR2, COL1A1, SMAD4), and ER stress (HSP90B1, DDIT3,
EDEM1, HSPA5, ATF4, XBP1). For ECM, only one, COL1A1, of the three collagen genes
was included in the survival analysis to prevent overrepresentation of collagen genes. For
each process-group of genes, we determined the score for each patient. Per gene, RNA
expression ≥median is +1 point and <median is 0 points. The sum of these scores resulted
in an accumulative score per process per patient. For each process, we performed survival
analysis dividing the patients into groups. Survival was compared using the Kaplan–Meier
method with log-rank tests. Survival time was determined from time of lung biopsy until
death. Patients were censored when lost to follow-up or when they underwent lung trans-
plantation or at the last contact date. Statistical analyses were performed in SPSS v.26 and
R v.4.2.2 (including the following packages: tidyverse version 1.3.2, ggsci v. 2.9, readxl v.
1.4.1, pheatmap v. 1.0.12, ggpubr v. 0.5.0).

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms242316748/s1.
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Abstract: In our preliminary experiment, peritoneal sclerosis likely induced by peritoneal dialysis
was unexpectedly observed in the livers of rats given bleomycin and lansoprazole. We examined
whether this peritoneal thickening around the liver was time-dependently induced by administration
of both drugs. Male Wistar rats were injected with bleomycin and/or lansoprazole for 2 or 4 weeks.
The 3YB-1 cell line derived from rat fibroblasts was treated by bleomycin and/or lansoprazole for
24 h. The administration of both drugs together, but not individually, thickened the peritoneal tissue
around the liver. There was accumulation of collagen fibers, macrophages, and eosinophils under
mesothelial cells. Expressions of Col1a1, Mcp1 and Mcp3 genes were increased in the peritoneal tissue
around the liver and in 3YB-1 cells by the administration of both drugs together, and Opn genes had
increased expressions in this tissue and 3YB-1 cells. Mesothelial cells indicated immunoreactivity
against both cytokeratin, a mesothelial cell marker, and αSMA, a fibroblast marker, around the livers
of rats given both drugs. Administration of both drugs induced the migration of macrophages
and eosinophils and induced fibrosis associated with the possible activation of fibroblasts and the
possible promotion of the mesothelial–mesenchymal transition. This might become a novel model of
peritoneal sclerosis for peritoneal dialysis.

Keywords: fibrosis; collagen 1a1; bleomycin; lansoprazole; Mcp1; Mcp3; Opn

1. Introduction

The peritoneum is the largest serous membrane; it partially or fully covers the intra-
abdominal organs [1]. It is contained within an epithelial monolayer of mesothelial cells and
loose connective tissues including fibroblasts [2]. Peritoneal dialysis is a renal replacement
therapy for renal failure; it slowly induces inflammation and fibrosis in the peritoneum [3,4].
Sub-mesothelial connective tissue is increased in thickness by peritoneal dialysis in a time-
dependent manner [5]. In rat models of peritoneal dialysis using microbicides and alcohol,
there was reportedly an increased expression of monocyte chemoattractant protein (Mcp)-
1 and transforming growth factor (Tgf)-β1. This increase was inhibited by a specific
compound which ameliorated peritoneal thickening [6]. Peritoneal fibrosis induced by
peritoneal dialysis in the long term may therefore be associated with the migration of
macrophages and the production of the extracellular matrix, including type I collagen.

Lansoprazole is a proton pump inhibitor used for gastric and esophageal ulcers [7].
The expression of anti-oxidative stress proteins is increased in response to reactive oxy-
gen species (ROS) via the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway, and
the upregulation of these genes ameliorates the cell damage induced by ROS. Lanso-
prazole induction was also reported to increase the expression of antioxidative stress
protein genes through the activation of Nrf2 [8]. Lansoprazole ameliorated inflammation
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in the intestines, liver, and kidneys via the upregulation of anti-oxidative stress protein
genes [8–10]. Lansoprazole inhibited the increased upregulation of interleukin 6 in rat
hearts injured by cisplatin and fibrosis in non-alcoholic steatohepatitis model rats [11,12].
Bleomycin is an anticancer drug for squamous cell carcinoma, and it is used as an ROS
inducer or for making an animal model of pulmonary inflammation [13]. We therefore
examined whether lansoprazole ameliorates the pulmonary inflammation induced by
bleomycin. Our preliminary experiment incidentally found that the peritoneal tissue was
remarkably thick, a gross abnormality, around the livers of rats given both bleomycin and
lansoprazole (BLM + LAP) subcutaneously for 4 weeks.

This study examined whether the peritoneal thickening around the liver was time-
dependently induced by administration of BLM + LAP. To understand the mechanism,
we analyzed histological changes in the peritoneal tissue around rat livers. To explore the
genes associated with these histological changes, changes in gene expression induced by
BLM + LAP treatment were analyzed in the livers of rats and 3Y1-B cells derived from rat
fibroblast cells.

2. Results
2.1. Peritoneal Changes around the Livers of Rats Given BLM + LAP
2.1.1. Histological Changes in the Peritoneal Tissue around the Liver

We examined whether tissue injury induced by bleomycin was ameliorated by lanso-
prazole, which has been shown to have anti-inflammatory effects in several organs [8–10,12].
The peritoneal tissue at the inferior border of the liver thickened in a time-dependent man-
ner (Figure 1A). We analyzed the liver histologically with hematoxylin eosin and Masson–
Goldner staining. Reactive mesothelial cells were observed in rats given BLM + LAP for
2 weeks (Figure 1B), and collagen fiber under the mesothelial cells was observed in two
out of the six rats given BLM + LAP for 2 weeks and in all rats given BLM + LAP for
4 weeks. Collagen fiber under the mesothelial cells of peritoneal tissue around the liver
was not observed in rats given either bleomycin or lansoprazole separately (Figure 1E). The
thickness of peritoneal tissue around the liver increased in rats given BLM + LAP in a time-
dependent manner (Figure 1C). A two-way analysis of variance (ANOVA) indicated that
the effects of lansoprazole (2 weeks: F(1, 17) = 0.00, p = 0.96, 4 weeks: F(1, 17) = 0.06, p = 0.81)
and bleomycin (2 weeks: F(1, 17) = 0.00, p = 0.98, 4 weeks: F(1, 17) = 0.01, p = 0.91) were
not significant, but the effect of their interaction was significant (2 weeks: F(1, 17) = 5.83,
p < 0.05, 4 weeks: F(1, 17) = 28.13, p < 0.05). The migration of eosinophils (Figure 1B:
indicated by arrowheads) and macrophages (Figure 1D) was detected in the thickened
peritoneal tissue of rats given BLM + LAP for 4 weeks.

2.1.2. Effect of BLM + LAP on Rat Liver Injuries

Serum AST and ALT concentrations were measured in rats administered these drugs
for 4 weeks to evaluate their effect on liver injuries (Figure 2A). A two-way ANOVA
indicated no significant effects of lansoprazole (F(1, 17) = 0.05, p = 0.82) or bleomycin (F(1,
17) = 2.42, p = 0.14) and their interaction (F(1, 17) = 3.30, p = 0.09) in AST. There were no
significant effects of lansoprazole (F(1, 17) = 4.09, p = 0.06) or bleomycin (F(1, 17) = 0.02,
p = 0.89), but a significant difference in their interaction (F(1, 17) = 6.62, p < 0.05) was
revealed in ALT. Dunnet’s test indicated that there were no significant differences in the
concentrations of AST and ALT compared with the control group. The expressions of
HO-1, catalase (Cat), glutathione S-transferase alpha 2 (Gsta2), NAD(P)H quinone dehydrogenase
1 (Nqo1), and glutathione peroxidase 1 (Gpx1) genes were also measured via quantitative
RT-PCR. The expression of the Nqo1 gene was significantly increased in the lansoprazole,
bleomycin and BLM + LAP groups (Supplemental Figure S1). To evaluate the effect of the
secretion of bile due to peritoneal thickening, we measured the total bilirubin (Figure 2B).
A two-way ANOVA indicated that there were no significant effects of lansoprazole (F(1,
17) = 1.73, p = 0.21), bleomycin (F(1, 17) = 0.14, p = 0.71), or their interaction (F(1, 17) = 2.17,
p = 0.16) in total bilirubin. Dunnet’s test indicated that there were no significant differences
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in the concentrations compared with the control group. There was no detection of γGTP in
the serum of any of the rats.
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Figure 1. Peritoneal thickening induced by administration of BLM + LAP. We observed peritoneal 
thickening at the edge of the liver. The phenotype is indicated by arrows (A). Peritoneal thickening 
was induced only by administration of BLM + LAP. Double arrows indicate the thickness of perito-
neum. Arrowhead indicates eosinophils in the sub-mesothelial connective tissue of the liver thick-
ened by administration of BLM + LAP (B). This increased in a time-dependent manner (C). Hema-
toxylin and eosin stains indicated eosinophils in the thickened peritoneal tissue (B). Masson–Gold-
ner stains indicated collagen fibers in the thickened peritoneal tissue (D). Immunohistochemistry 
using the anti-CD68 antibody indicated macrophages in the thickened peritoneal tissue (E). Scale 
bars indicate 50 µm. Asterisks indicate significant difference compared with the control (p < 0.05). 
Five rats each were allocated to the control, lansoprazole, and bleomycin groups, and six rats were 
allocated to the BLM + LAP group. p values were calculated by Dunnet’s test. LAP: lansoprazole, 
BLM: bleomycin. 
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Figure 1. Peritoneal thickening induced by administration of BLM + LAP. We observed peritoneal
thickening at the edge of the liver. The phenotype is indicated by arrows (A). Peritoneal thicken-
ing was induced only by administration of BLM + LAP. Double arrows indicate the thickness of
peritoneum. Arrowhead indicates eosinophils in the sub-mesothelial connective tissue of the liver
thickened by administration of BLM + LAP (B). This increased in a time-dependent manner (C).
Hematoxylin and eosin stains indicated eosinophils in the thickened peritoneal tissue (B). Masson–
Goldner stains indicated collagen fibers in the thickened peritoneal tissue (D). Immunohistochemistry
using the anti-CD68 antibody indicated macrophages in the thickened peritoneal tissue (E). Scale
bars indicate 50 µm. Asterisks indicate significant difference compared with the control (p < 0.05).
Five rats each were allocated to the control, lansoprazole, and bleomycin groups, and six rats were
allocated to the BLM + LAP group. p values were calculated by Dunnet’s test. LAP: lansoprazole,
BLM: bleomycin.
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Figure 2. Administration of BLM + LAP for four weeks did not induce liver injury or inhibit the 
secretion of bile. The concentrations of ASL and ALT, markers of damaged hepatic cells, were un-
changed in serum (A), and there was no change in the concentration of total bilirubin, the marker 
of bile stasis, in serum (B). Five rats each were allocated to the control, lansoprazole, and bleomycin 
groups, and six rats were allocated to the BLM + LAP group. p values were calculated by Dunnet’s 
test. 
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Figure 2. Administration of BLM + LAP for four weeks did not induce liver injury or inhibit the
secretion of bile. The concentrations of ASL and ALT, markers of damaged hepatic cells, were
unchanged in serum (A), and there was no change in the concentration of total bilirubin, the marker
of bile stasis, in serum (B). Five rats each were allocated to the control, lansoprazole, and bleomycin
groups, and six rats were allocated to the BLM + LAP group. p values were calculated by Dunnet’s test.
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2.1.3. Expression Changes of Genes Associated with Fibrosis in the Peritoneal Tissue
around the Liver

To explore the mechanism of peritoneal tissue thickening, we measured the expression
of collagen type 1 alpha 1 chain (Col1a1) and transforming growth factor beta 1 (Tgfb1) genes. A
two-way ANOVA indicated significant differences in the effect of drug interactions on the
expression of Col1a1 genes in the liver of rats administered drugs for 4 weeks (lansoprazole
(2 weeks: F(1, 16) = 2.91, p = 0.11, 4 weeks: F(1, 17) = 0.05, p = 0.83), bleomycin (2 weeks:
F(1, 16) = 3.58, p = 0.08, 4 weeks: F(1, 17) = 0.45, p = 0.51) and their interaction (2 weeks:
F(1, 16) = 2.10, p = 0.17, 4 weeks: F(1, 17) = 8.01, p < 0.05)). Dunnett’s test indicated that
the expression of Col1a1 was significantly increased only in the livers of rats given BLM
+ LAP for 4 weeks (Figure 3A). A two-way ANOVA indicated significant differences in
the effect of lansoprazole on the expression of Tgfb1 genes in the liver of rats administered
drugs for 2 weeks (lansoprazole (2 weeks: F(1, 16) = 5.91, p < 0.05, 4 weeks: F(1, 17) = 1.84,
p = 0.19), bleomycin (2 weeks: F(1, 16) = 0.20, p = 0.66, 4 weeks: F(1, 17) = 2.57, p = 0.13)
and their interaction (2 weeks: F(1, 16) = 4.01, p = 0.06, 4 weeks: F(1, 17) = 0.65, p = 0.43)).
Dunnett’s test indicated that there was no change in expression of Tgfb1 in any of the
groups (Figure 3B). To examine whether these changes in expression occurred in the liver
ubiquitously, we measured the expression of these genes in the outer and inner parts
of liver (Figure 3C). A two-way ANOVA indicated significant differences in the effects
of drug interaction on the expression of Col1a1 genes in the outer parts of liver in rats
administered drugs for 4 weeks (lansoprazole (F(1, 17) = 0.01, p = 0.94), bleomycin (F(1,
17) = 0.26, p = 0.62) and their interaction (F(1, 17) = 7.65, p < 0.05)). However, there were no
significant differences in any effects of the drug or their interaction on the expression of
Col1a1 genes in the inner parts of livers from rats treated for 4 weeks (lansoprazole (F(1,
17) = 2.27, p = 0.15), bleomycin (F(1, 17) = 0.41, p = 0.53) and their interaction (F(1, 17) = 0.00,
p = 0.96)). Dunnett’s test indicated that an increase in Col1a1 gene expression was observed
in the outer parts of the livers of rats that were given BLM + LAP for 4 weeks, but it was
not observed in the inner parts of the livers (Figure 3D).
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BLM + LAP in the outer part of liver (D). Five rats each were allocated to the control, lansoprazole, 
or bleomycin groups, and six rats were allocated to the BLM + LAP group. One rat in the BLM + 
LAP group was excluded due to a missing sample. p values were calculated by Dunnet’s test. As-
terisks indicate a significant difference from the control group (p < 0.05). 
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Figure 3. Expression changes of genes associated with fibrosis in the livers of rats given BLM + LAP.
The expression of Col1a1 changed in a time-dependent manner (A). The expression of Tgfb1 was not
changed by bleomycin or lansoprazole separately (B). To examine whether the peritoneal thickening
was associated with Col1a1 or Tgfb1 in detail, the liver samples were divided into two groups:
samples from the inner parts and samples from the outer parts (C). Col1a1 was only upregulated by
BLM + LAP in the outer part of liver (D). Five rats each were allocated to the control, lansoprazole, or
bleomycin groups, and six rats were allocated to the BLM + LAP group. One rat in the BLM + LAP
group was excluded due to a missing sample. p values were calculated by Dunnet’s test. Asterisks
indicate a significant difference from the control group (p < 0.05).

2.1.4. Expression Changes of Genes Associated with Migration of Macrophages and
Eosinophils in the Peritoneal Tissue around the Liver

Migration of macrophages and eosinophils was observed in the peritoneal tissue
thickened by BLM + LAP. Ip10, Mip1a1, Mcp1, Mcp3 and Rantes promoted the migration
of macrophages, and Mcp3 and Rantes also promoted the migration of eosinophils. We
measured the expression of chemokine genes expressed in fibroblasts. Focusing on the outer
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part, a two-way ANOVA indicated that a synergy between lansoprazole and bleomycin
was observed in the upregulation of Mcp1 genes (lansoprazole (F(1, 16) = 0.00, p = 0.98),
bleomycin (F(1, 16) = 0.63, p = 0.44) and their interaction (F(1, 16) = 9.47, p < 0.05)) but not
Mcp3 genes (lansoprazole (F(1, 16) = 0.00, p = 0.98), bleomycin (F(1, 16) = 1.41, p = 0.25) and
their interaction (F(1, 12) = 2.52, p = 0.13)) in the outer part of the livers from rats treated
for 4 weeks (Supplemental Table S1). Dunnett’s test indicated that the expressions of Mcp1
and Mcp3 genes tended to be increased by BLM + LAP after 2 weeks (Figure 4A), and they
were significantly increased after 4 weeks (Figure 4B). However, upregulation of Mcp1 and
Mcp3 genes was not observed in the inner part (Figure 4C,D). Expression of Mcp1 and
Mcp3 genes was also significantly increased in 3Y1-B cells derived from rat fibroblast cells
treated by BLM + LAP (Figure 4E), although synergy between lansoprazole and bleomycin
was observed in the upregulation of Mcp1 genes (lansoprazole (F(1, 12) = 3.38, p = 0.09),
bleomycin (F(1, 12) = 9.23, p < 0.05) and their interaction (F(1, 12) = 6.42, p < 0.05)) but not
Mcp3 genes (lansoprazole (F(1, 12) = 2.50, p = 0.14), bleomycin (F(1, 12) = 1.85, p = 0.20) and
their interaction (F(1, 12) = 2.17, p = 0.17)).
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(F(1, 16) = 7.27, p < 0.05)). Meanwhile, there were significant differences in the effect of 
lansoprazole on the expression of Opn in 3YB-1 cells treated for 24 h (lansoprazole (F(1, 
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livers of rats that were given BLM + LAP for 4 weeks (Figure 5A). This increase was also 
detected in 3Y1-B cells (Figure 5B). 

Figure 4. Expressions of chemokines inducing the migration of macrophages or eosinophils in the
liver. The expression of chemokines in fibroblast cells was measured in the outer (A,B) and inner parts
(C,D). Expressions of Mcp1 and Mcp3 were measured in 3Y1-B cells (E). These chemokines promote
the migration of macrophages, and Mcp3 and Rantes also promote the migration of eosinophils.
Asterisks indicate a significant difference from the control group (p < 0.05).
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2.2. BLM + LAP Increased the Expression of Genes Associated with the Migration and
Proliferation of Fibroblasts

Activation of fibroblasts might be promoted in the peritoneal tissues of the liver in the
BLM + LAP group because collagen fiber was accumulated in the peritoneal membrane
(Figure 1D). The osteopontin (Opn) gene is expressed in the activated fibroblasts. A two-
way ANOVA indicated significant differences in the effect of drug interactions on the
expression of the Opn gene in the outer parts of the livers of rats treated for 4 weeks
(lansoprazole (F(1, 16) = 0.36, p = 0.55), bleomycin (F(1, 16) = 0.23, p = 0.64) and their
interaction (F(1, 16) = 7.27, p < 0.05)). Meanwhile, there were significant differences in the
effect of lansoprazole on the expression of Opn in 3YB-1 cells treated for 24 h (lansoprazole
(F(1, 12) = 6.82, p < 0.05), bleomycin (F(1, 12) = 2.35, p = 0.15) and their interaction (F(1,
12) = 0.34, p = 0.57)). Expression of the Opn gene was significantly increased in the outer
part of the livers of rats that were given BLM + LAP for 4 weeks (Figure 5A). This increase
was also detected in 3Y1-B cells (Figure 5B).
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Figure 5. BLM + LAP increased the expression of the Opn gene. The expression of the Opn gene in 
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allocated to the BLM + LAP group. Cell culture experiments were performed four times. p values 
were calculated by Dunnet’s test. Asterisks indicate a significant difference from the control group 
(p < 0.05). 
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Cytokeratin and αSMA. 
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BLM + LAP group after 2 weeks (Figure 1B). To examine whether the reactive mesothelial 
cells were differentiated to fibroblasts, immunohistochemistry was performed in the liver 
tissue of rats administered BLM + LAP for 2 weeks with anti-cytokeratin, which is ex-
pressed in mesothelial cells and anti-α smooth muscle actin (αSMA), which is expressed 
in fibroblasts. The form of mesothelium cells, excluding one case in the bleomycin group, 
was not changed with lansoprazole or bleomycin, and reactive mesothelial cells indicated 
immunoreactivity against both cytokeratin and αSMA in the BLM + LAP group (Figure 6) 
and one of the bleomycin groups (Supplemental Figure S2). The immunoreactivity against 
cytokeratin was weak in one case in which the peritoneal tissue was thickened (Supple-
mental Figure S2). 

 

Figure 5. BLM + LAP increased the expression of the Opn gene. The expression of the Opn gene in
activated fibroblasts was increased by BLM + LAP in the outer part of liver (A) and in 3Y1-B cells
(B). Five rats each were allocated to control, lansoprazole, and bleomycin groups, and six rats were
allocated to the BLM + LAP group. Cell culture experiments were performed four times. p values
were calculated by Dunnet’s test. Asterisks indicate a significant difference from the control group
(p < 0.05).

2.3. BLM + LAP Increased the Number of Mesothelial Cells Indicating Immunoreactivity against
Cytokeratin and αSMA.

Reactive mesothelial cells were detected in the peritoneal tissue of the livers in the BLM
+ LAP group after 2 weeks (Figure 1B). To examine whether the reactive mesothelial cells
were differentiated to fibroblasts, immunohistochemistry was performed in the liver tissue
of rats administered BLM + LAP for 2 weeks with anti-cytokeratin, which is expressed in
mesothelial cells and anti-α smooth muscle actin (αSMA), which is expressed in fibroblasts.
The form of mesothelium cells, excluding one case in the bleomycin group, was not changed
with lansoprazole or bleomycin, and reactive mesothelial cells indicated immunoreactivity
against both cytokeratin and αSMA in the BLM + LAP group (Figure 6) and one of the
bleomycin groups (Supplemental Figure S2). The immunoreactivity against cytokeratin was
weak in one case in which the peritoneal tissue was thickened (Supplemental Figure S2).
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3. Discussion

This study demonstrated that the administration of BLM + LAP time-dependently
thickened the peritoneal tissue around rat livers. Thickening of the peritoneal tissue
was induced by the infiltration of macrophages and eosinophils and the accumulation of
collagen fibers (Figure 1). This phenotype might be associated with the upregulation of
Col1a1, Mcp1 and Mcp3 genes in the peritoneal tissue of the liver (Figures 3 and 4). The
expression of the Opn gene, which is expressed in activated fibroblasts, was increased
by BLM + LAP in 3YB-1 cells derived from rat fibroblast cells, as well as in peritoneal
liver tissues (Figure 5). Immunohistochemistry indicated the possibility that the reactive
mesothelial cells might also induce the mesothelial–mesenchymal transition (MMT) by
BLM + LAP (Figure 6). Administration of BLM + LAP could therefore affect the fibroblasts
in the peritoneal tissue regarding gene expression changes associated with peritoneal
thickening, and it might be associated with a MMT in mesothelial cells (Figure 7).

Bleomycin, the agonist of Toll-like receptor (TLR) 2, induced inflammation and fibrosis, as
shown by the expression of proinflammatory cytokines and Tgfb1 in mouse lungs [13,14]. This
fibrosis resulted in the activation of fibroblasts [15,16]. However, the reported bleomycin-
induced fibrosis was pulmonary fibrosis, not pleural fibrosis. In this study, peritoneal
fibrosis in the liver, but not liver fibrosis, was revealed to be time dependent in some of
the rats given BLM + LAP (Figure 1). The phenotype was observed in the rats given either
bleomycin or lansoprazole for 28 days (Figure 1). This phenotype may therefore be different
from the previously reported bleomycin-induced fibrosis. Peritoneal fibrosis induced by
the administration of BLM + LAP for 28 days might induce bile statis, so we measured the
concentrations of γGTP and bilirubin in serum. The concentration of γGTP was lower than
the detection limit in all rats, and the concentration of bilirubin was not increased by the
administration of BLM + LAP (Figure 2). Peritoneal fibrosis may therefore be unnoticeable
if the fibrosis occurs in patients undergoing chemotherapy with bleomycin and taking
lansoprazole for gastric ulcers.
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Administration of BLM + LAP increased the expression of chemokine genes (Mcp1
and Mcp3), which promote the migration of macrophages and eosinophils and promote the
activation of fibroblasts, which expressed the Opn gene in sub-mesothelial connective tis-
sues. The mesothelial–mesenchymal transition might be progressed by the administration
of BLM + LAP.

Bleomycin as an ROS inducer might injure the hepatocytes in the liver, but no effect of
bleomycin and/or lansoprazole on the toxicity of hepatocytes was observed in serum AST
and ALT levels (Figure 2A). The expression of the Nqo1 gene was increased by lansoprazole
and bleomycin (Supplemental Figure S1). The upregulation of the Nqo1 gene might be
induced by lansoprazole via activation of Nrf2 or ROS induced by bleomycin. Thus,
there might be no heavy cellular damage in the livers of rats given bleomycin due to the
cytoprotection effect of Nqo1. The peritoneal sclerosis in this study induced by BLM + LAP
might not be associated with the remarkable exposure to ROS.

Peritoneal dialysis over a long time induced encapsulating peritoneal sclerosis (EPS),
the accumulation of collagen fiber, and the migration of macrophages and eosinophils [17,18].
The expression of Col1a1 was increased in patients that underwent peritoneal dialysis [19].
The peritoneal sclerosis induced by the administration of BLM + LAP had histological
changes similar to that of EPS (Figure 1). The expressions of Col1a1, Mcp1 and Mcp3
genes in peritoneal tissues of the liver were increased by the administration of BLM + LAP
(Figures 3 and 4). The migration of macrophages is associated with several chemokines. The
chemokines which were expressed in fibroblasts and induced the migration of macrophages
were IP-10 [20,21], Mcp1 [22,23], Mcp3 [24,25] and Rantes [24]. Eosinophils are also attracted
by Mcp3 and Rantes [26]. The accumulation of collagen fiber might therefore be associated
with the upregulation of the Col1a1 gene, and the migration of macrophages might be
associated with the upregulation of the Mcp1 and Mcp3 genes. The migration of eosinophils
might also be associated with the upregulation of the Mcp3 gene. Expression changes of
these genes were observed in 3YB-1 cells treated with BLM + LAP. BLM + LAP might
therefore increase the expression of Mcp1 and Mcp3 genes in the fibroblast cells of the
peritoneum following the migration of macrophages and eosinophils.
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Opn is a cytokine which activates fibroblasts, producing extracellular matrix including
collagen 1 [27,28]. Bleomycin induces the maturation of Tgfβ from latent Tgfβ in mouse
lungs [29], and maturated Tgfβ induces the activation of fibroblasts which secrete Opn
protein [30]. Extracellular matrix, including collagen type 1, is produced by activated fibrob-
lasts [31]. Thus, the production of extracellular matrix is associated with the Tgfβ/SMAD
and Tgfβ/non-SMAD pathways, including the Tgfβ/p38 pathway [32]. Bleomycin is
also an agonist of TLR2 and promotes the production of inflammatory cytokines and
chemokines [14,33]. Tgfβ/non-SMAD pathways including the Tgfβ/p38 pathway and the
TLR2 pathway also include the TNF receptor-associated factor 6 (TRAF6). Lansoprazole
enhances polyubiquitination of TRAF6 through binding lansoprazole to the deubiquitinate
enzyme and cylindromatosis, and activates the Tgf-β-activated kinase-1 (TAK1)–p38 path-
way [34]. Bleomycin might have promoted the production of Col1a1 via the non-SMAD
pathway and the production of Mcp1 and Mcp3 via TLR2 signaling in the activated fi-
broblasts expressing Opn, but this phenomenon was not observed with the dosage and
during the period we applied in this study (Figures 3–5). Lansoprazole, as the activator
of the TAK1-p38 pathway, might enhance the Tgfβ/p38 pathway in fibroblasts, and this
might increase the expression of Col1a1, Mcp1 and Mcp3 in the liver around the peritoneum
and fibroblast cells. An effect of drug interactions between lansoprazole and bleomycin
on the upregulation of the Mcp1 gene was observed in the outer part of the liver and
fibroblast cells, but the effect of drug interactions between lansoprazole and bleomycin on
the upregulation of the Mcp3 gene was not observed. Thus, the upregulation of the Mcp1
gene might be associated with the synergistic effect of BLM + LAP, while the upregulation
of the Mcp3 gene might be associated with the additive effect of BLM + LAP.

The MMT results from peritoneal dialysis and is induced by cytokines, including
Tgfβ [35,36]. The expression of mesothelial cell marker proteins including cytokeratin is
decreased and the expression of fibroblast marker proteins including αSMA is increased in
MMT [35]. The mesothelial cells of hepatic peritoneal tissues indicated immunoreactivity
against both cytokeratin and αSMA in rats given BLM + LAP for 14 days (Figure 6). Cells
which were immunoreactive against both cytokeratin and αSMA were also detected in
the hepatic peritoneal tissue in one out of five rats in the bleomycin group (Supplemental
Figure S1). Bleomycin induced the epithelial–mesenchymal transition via Tgfβ in mouse
lungs [37]. Bleomycin might therefore slightly induce the MMT in the hepatic peritoneal
tissue, but the MMT might be enhanced by lansoprazole via the Tgfβ/p38 pathway.

This study did not, however, examine whether administration of BLM + LAP promotes
the MMT in mesothelial cells from peritoneal tissue, because mesothelial cell lines derived
from peritoneal tissue are not deposited in cell banks. Future studies are required to
demonstrate that the MMT is induced by bleomycin and enhanced by lansoprazole in
mesothelial cells from peritoneal tissue. The peritoneal thickness might be enhanced by
lansoprazole rather than other proton pump inhibitors because this enhancement is the
result of the binding of lansoprazole to cylindromatosis [34]. Further study is required to
examine whether the peritoneal sclerosis in the BLM + LAP group also occurs with the
combination of bleomycin and other proton pump inhibitors. Peritoneal sclerosis might
be associated with the activation and enhancement of the Tgfβ pathway, but there was no
significant change in expression of the Tgfb1 gene. One reason for this is that bleomycin
might mature Tgfβ but not increase the expression of Tgfb1. Another reason could be that
there was a comparatively small number of rats used to examine whether the expression of
Tgfb1 was truly increased by the administration of BLM + LAP.

The animal model of peritoneal dialysis was prepared using peritoneal dialysates with
high glucose and/or chlorhexidine gluconate levels [24,38]. These solutions indicate that
the cytotoxicity, as well as bleomycin and high glucose solutions, may affect the blood
glucose levels in animals. The administration of BLM + LAP does not directly affect the
mesothelial cells in peritoneal tissue. This novel animal model of peritoneal sclerosis may
aid in understanding the mechanism of the development of peritoneal fibrosis induced by
peritoneal dialysis.
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4. Materials and Methods
4.1. Chemicals

The following chemicals were purchased and used in this study: lansoprazole (129-
05863, Fujifilm Wako, Osaka, Japan), bleomycin (21800AMX10210, Nippon Kayaku, Tokyo,
Japan), and carboxymethyl cellulose (CMC) (039-01335, Fujifilm Wako).

4.2. Animals

Five-week-old male Wistar rats were purchased from Kiwa Laboratory Animals
(Wakayama, Japan). Two or three rats were housed in a plastic rat cage (24.7 cm × 40.9 cm
× 19.7 cm) with free access to tap water and laboratory animal feed (Oriental Yeast Co.,
Ltd., Tokyo, Japan) under a 12 h light/dark cycle (lights on/off at 8:00 a.m./p.m.) at 25 ◦C
± 1 ◦C and 50–60% humidity. All animals were used for experiments after an acclimation
period of 1 week.

4.3. Drug Administration

Twenty-one six-week-old male Wistar rats were divided into four groups (control
(n = 5), lansoprazole (n = 5), bleomycin (n = 5), BLM + LAP (n = 6) groups) in every
time course (2-week or 4-week experiment). Saline was subcutaneously injected into the
right side of the back in control and lansoprazole groups, and bleomycin (1 mg/mL) was
subcutaneously injected into the right side of the back in bleomycin and BLM + LAP groups.
A 0.5% CMC solution was subcutaneously injected into the left side of the back in control
and bleomycin groups, and a lansoprazole suspension with 0.5% CMC (30 mg/mL) was
subcutaneously injected into the right side of the back in lansoprazole and BLM + LAP
groups. Drug administration was performed over 14 or 28 days. One day after the last drug
administration, blood samples were collected under anesthesia with isoflurane, and liver
tissue samples were obtained following perfusion with 4% formalin neutral buffer solution.

4.4. Cell Culture

3Y1-B clone 1-6 (3Y1-B) cells were derived from a non-oncogenic rat fibroblast cell line
(JCRB0734, Japanese Collection of Research Bioresources, Osaka, Japan) (PMID: 166944).
Cells were maintained in Dulbecco’s modified Eagle medium (DMEM) without phenol
red (Fujifilm Wako) and supplemented with 10% fetal bovine serum (Sigma-Aldrich, St.
Louis, MO, USA) at 37 ◦C with 5% CO2. Lansoprazole was dissolved in dimethyl sulfoxide
(DMSO) (Fujifilm Wako). Cells were treated for 24 h in the culture media with drugs
(control media: 0.5% DMSO, media: 0.5% DMSO and 50 µM lansoprazole, media: 0.5%
DMSO and 10 µg/mL bleomycin, and BLM + LAP media: 0.5% DMSO, 50 µM LAP and
10 µg/mL BLM). Cell culture experiments were performed four times.

4.5. Histology

Obtained liver tissues were fixed by 4% formalin neutral buffer solution for a day
and embedded in paraffin. Specimens in paraffin blocks were cut at an interval of 5 µm
and stained with hematoxylin and eosin solutions (Muto Pure Chemicals, Tokyo, Japan).
Masson–Goldner staining was performed with an MG staining kit (Melck Millipore, Burling-
ton, MA, USA).

For immunohistochemistry, the sections were incubated in HistoVT One (06380-05
Nacalai Tesque, Kyoto, Japan) for 20 min at 90 ◦C. The blocking process was performed
with Blocking One (03953-66, Nacalai Tesque) after incubation in 0.3% H2O2/methanol
for 30 min. Mouse anti-CD68 antibody (1:100, MCA341R, Bio-Rad Laboratories, Hercules,
CA, USA) was used as the primary antibody, and anti-mouse IgG antibody (1:100, BA-
2001, Vector Laboratories, Burlingame, CA, USA) was used as the secondary antibody.
To detect the antibodies, we used an elite ABC kit (PK-6100, Vector Laboratories) and
diaminobenzidine solutions (0.1 mg/mL, Dojindo Laboratories, Kumamoto, Japan).

For fluorescent immunohistochemistry, the sections were incubated in citric acid
buffer (pH 6.0) for 15 min in a microwave. The blocking process was performed with 1%
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normal goat serum (S-1000, Vector Laboratories) in phosphate-buffered saline. Mouse anti-
cytokeratin antibody (1:100, GTX75521, Gene Tex, Irvine, CA, USA) and rabbit anti-αSMA
(1:400, GTX100034, Gene Tex) were used as the primary antibodies, and anti-mouse IgG
antibody conjugated with Alexa Fluor (1:100, A-11029, Invitrogen, Waltham, MA, USA)
and anti-rabbit IgG antibody conjugated with Alexa Fluor 578 (1:100, A-11011, Invitrogen)
were used as the secondary antibody. To stain the nucleus, we used a 4′,6-diamidino-2-
phenylindole (DAPI) solution (1:2000, Dojindo Laboratories).

4.6. Quantitative PCR

To extract RNA samples from tissue samples (approximately 20 mg), Sepasol RNA 1
Super G (Nacalai Tesque) was used. ReverTra Ace (FSQ-301, TOYOBO, Osaka, Japan) was
used to synthesize first-strand cDNA samples from RNA samples (500 ng). Quantitative
RT-PCR analyses were performed with the Brilliant III Ultra-Fast SYBR Green QPCR Master
Mix (Agilent Technologies, Tokyo, Japan) and an AriaMX Real-time PCR system (Agilent
Technologies). The primer sets used are indicated in Table 1. The relative expression ratio
of each gene (gene/Actb) was normalized to that of the control group.

Table 1. Primer sequences for quantitative PCR.

Symbol Forward Reverse

Col1a1 AGGCTGGTGTGATGGGATT AGGGCCTTGTTCACCTCTCT
Tgfb1 GACCGCAACAACGCAAT GGCACTGCTTCCCGAAT
HO-1 ACAGGGTGACAGAAGAGGCTAA CTGTGAGGGACTCTGGTCTTTG
Cat GCCTGTGTGAGAACATTGC CCTGTACGTAGGTGTGAATTG
Gsta2 CTTCTCCTCTATGTTGAAGAGTTTG TTTTGCATCCACGGGAA
Nqo1 CAGCGGCTCCATGTACT GACCTGGAAGCCACAGAAG
Gpx1 GGACTACACCGAAATGAATGAT CTCGCACTTCTCAAACAATG
Mcp1 TTG TCA CCA AGC TCA AGA GA CAC ATT CAA AGG TGC TGA AG
Mcp3 GCATGGAAGTCTGTGCTGAA CGTTCCTACCCCTTAGGAC
Ip-10 TCCTGCAAGTCTATCCTGTC TGGCTTCTCTCTAGTTACGG
Mip-1a GCGAGTACCAGTCCCTTCTC GGTGCTGAGCAGGTAACAGA
Rantes TCGTCTTTGTCACTCGAAGG GAGCAAGCAATGACAGGAAA
Opn AGTGGTTTGCCTTTGCCTGTT TCAGCCAAGTGGCTACAGCAT
Actb GGAGATTACTGCCCTGGCTCCTA GACTCATCGTACTCCTGCTTGCTG
Gapdh AGGTTGTCTCCTGTGACTTC CTGTTGCTGTAGCCATATTC

To extract RNA samples from cell samples, Sepasol RNA 1 Super G (Nacalai Tesque)
was used. ReverTra Ace (FSQ-301, TOYOBO, Osaka, Japan) was used to synthesize first-
strand cDNA samples from RNA samples (500 ng). Quantitative RT-PCR analyses were
performed with a KAPA SYBR FAST qPCR Kit (KAPA Biosystems, Wilmington, MA,
USA) and a CFX96 real-time PCR system (Bio-Rad Laboratories). The primer sets used
are indicated in Table 1. The relative expression ratio of each gene (gene/Gapdh) was
normalized to that of the control group.

4.7. Statistical Analysis

All statistical analyses were performed using JMP statistical software, version 14.3
(SAS Institute Inc., Cary, NC, USA). Statistical analyses were performed using a two-way
ANOVA and Dunnett’s test. Values of p < 0.05 were considered to be statistically significant.
Results are expressed as means ± standard deviation.

5. Conclusions

Administration of BLM + LAP induced the thickening of hepatic peritoneal tissue
via the synergistic or additive effect of lansoprazole and bleomycin. This mechanism
might be associated with the migration of macrophages and eosinophils via Mcp1 and
Mcp3 secretion in fibroblasts treated by both drugs and the accumulation of collagen via
the fibroblasts activated by both drugs. In addition, the slight induction of the MMT by
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bleomycin might be enhanced by lansoprazole. The peritoneal thickening seen here is
different to the animal model for peritoneal sclerosis resulting from peritoneal dialysis, and
it could become a novel peritoneal sclerosis model.
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Abstract: Scar formation resulting from overly active wound healing is a critical factor in the success
rate of glaucoma filtration surgery (GFS). IL-6 and TGF-β have been implicated in the pathogenesis
of fibrogenesis. In addition, the signal transducer and activator of transcription 3 (STAT3) can be
activated by numerous cytokines and growth factors, including IL-6 and TGF-β1. Thus, STAT3
activation may integrate common profibrotic pathways to promote fibrosis. In this study, an increase
in p-STAT3 was observed in activated HTFs. Inhibiting STAT3 in cultured HTFs by pharmacological
inactivation reversed the fibrotic responses, such as fibroblast migration, the differentiation of resting
fibroblasts into myofibroblasts and the deposition of ECM, mediated by IL-6 and TGF-β1. Moreover,
the expression of suppressor of cytokine signaling 3 (SOCS3) was decreased in HTFs cultured with
IL-6 and TGF-β1, and SOCS3 overexpression rescued ECM deposition, α-SMA expression and
migration in IL-6- and TGF-β1-stimulated HTFs by inactivating STAT3. Finally, S3I-201 treatment
inhibited profibrotic gene expression and subconjunctival fibrosis in a rat model of GFS. In conclusion,
our data suggests that STAT3 plays a central role in fibrosis induced by different profibrotic pathways
and that STAT3 is a potential target for antifibrotic therapies following GFS.

Keywords: signal transducer and activator of transcription 3 (STAT3); glaucoma filtration surgery;
fibrosis; suppressor of cytokine signaling 3 (SOCS3)

1. Introduction

Glaucoma is a chronic progressive optic neuropathy and a major cause of blindness
worldwide. It is anticipated that 111.8 million patients will suffer from glaucoma by 2040 [1].
An increase in intraocular pressure (IOP) is a major risk factor for glaucoma and permanent
loss of vision [2]. Currently, lowering IOP through medical and surgical methods remains
the only evidence-based treatment available [3]. Glaucoma filtration surgery (GFS), which
is a surgical procedure that involves the guidance of aqueous humor into the space between
the sclera and conjunctiva, is widely used to lower IOP. However, fibrotic responses such
as aberrant fibroblast proliferation, myofibroblast differentiation, and excessive deposition
of extracellular matrix (ECM) induced by GFS-induced injury in the subconjunctival area
could result in surgical failure [4]. Although antimetabolic agents, such as mitomycin
C (MMC), have been commonly used to inhibit scar formation at the filtering site, some
patients continue to have poor prognoses after GFS [5]. Additionally, current antifibrotic
therapies also have large side-effect profiles, including endophthalmitis, cornea toxicity,
blebitis and wound leakage [6–8]. Thus, better antifibrotic therapies that can improve the
efficacy and safety of GFS are needed to avoid blindness due to glaucoma.

Transforming growth factor β (TGF-β) plays a central role in modulating fibrosis by
stimulating fibroblasts and the differentiation of myofibroblasts. Additionally, interleukin-6
(IL-6), which is a multifunctional cytokine involved in inflammatory responses, was shown
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to promote fibrosis in previous studies [9–11]. IL-6 signal transduction involves the classic
signaling pathway and trans-signaling pathway, which are mediated by membrane-bound
IL-6R (mIL-6R) and soluble IL-6R (sIL-6R), respectively [12–14]. Although mIL-6R is ex-
pressed only on specific cell types, IL-6 can transduce its signal to nearly all cells through
sIL-6R. In response to IL-6 stimulation, signal transducer and activator of transcription 3
(STAT3) proteins are recruited and phosphorylated, and then the homodimerized STAT3
translocates to the nucleus, where it triggers the transcription of various target genes,
including cellular differentiation, apoptosis, angiogenic factors and cytokines [15,16]. Inter-
estingly, there is substantial evidence that TGF-β can also activate STAT3 [17,18], suggesting
that STAT3 activation may integrate common profibrotic pathways to promote fibrosis.

As a result, there is considerable interest in determining whether STAT3 inhibition
alleviates subconjunctival fibrosis following GFS. The purpose of this study was to ex-
amine the effect of inhibiting STAT3 on the development of subconjunctival fibrosis in
two complementary fibrosis models of human tenon fibroblasts (HTFs): one involving
inflammation-dependent pathways (induced by IL-6) and the other involving fibroblast
activation devoid of inflammation (induced by TGF-β1). S3I-201, a selective small molecule
inhibitor of STAT3 [19], was used to test the efficacy of STAT3 inhibition on the prevention
of GFS fibrosis in vivo and in vitro. Our findings provide the first evidence that pharmaco-
logical inhibition of STAT3 by S3I-201 prevents scar formation following GFS.

2. Results
2.1. Phosphorylated STAT3 Is Increased in Activated Fibroblasts Induced by IL-6 and TGF-β1

HTFs, which are key cells in subconjunctival fibrosis, are typically used to study
fibrosis associated with GFS in vitro [20]. Activation of HTFs induced by various cytokines
leads these cells to subsequently reenter the cell cycle, migrate and transform into myofi-
broblasts [21]. Myofibroblasts are characterized by the expression of α-SMA and produce
collagen I and fibronectin, which are essential for ECM deposition [22]. Consistent with
previous studies, our results demonstrated that the expression of collagen I, fibronectin and
α-SMA was increased in response to IL-6/sIL-6R and TGF-β1 (Figure 1a–d). We further
evaluated the level of phosphorylated STAT3 in the two complementary fibrosis models
of HTFs: one involving inflammation-dependent pathways (induced by IL-6) and the
other involving fibroblast activation devoid of inflammation (induced by TGF-β1). The
results showed that the level of phosphorylated STAT3 was increased in IL-6- and TGF-
β1-stimulated HTFs (Figure 1e–h). Immunofluorescence staining demonstrated nuclear
localization of p-STAT3 and further confirmed the activation of STAT3 signaling in IL-6-
and TGF-β1-stimulated fibroblasts (Figure 1e,f). Given the consistent activation of STAT3
in cultured HTFs induced by IL-6 and TGF-β1, we hypothesized that STAT3 was a core
pathway for fibrogenesis induced by various cytokines.
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Figure 1. Increased expression of p-STAT3 in activated fibroblasts induced by IL-6 and TGF-β1. 
Western blot and quantitative analysis of the levels of fibronectin, collagen-I and α-SMA in fibro-
blasts after IL-6/sIL-6R (a,b) or TGF-β1 (c,d) stimulation. Immunofluorescence analysis (scale bar, 
20 µm) of p-STAT3 (green) and total STAT3 (red) expression in cultured fibroblasts stimulated by 
IL-6/sIL-6R (e) or TGF-β1 (f). (g) Western blot and (h) quantitative analysis of p-STAT3 and total 
STAT3 in fibroblasts treated with TGF-β1 or IL-6/sIL-6R. * p < 0.05, ns p >0.05. Significance was de-
termined by one-way ANOVA. 

  

Figure 1. Increased expression of p-STAT3 in activated fibroblasts induced by IL-6 and TGF-β1.
Western blot and quantitative analysis of the levels of fibronectin, collagen-I and α-SMA in fibroblasts
after IL-6/sIL-6R (a,b) or TGF-β1 (c,d) stimulation. Immunofluorescence analysis (scale bar, 20 µm)
of p-STAT3 (green) and total STAT3 (red) expression in cultured fibroblasts stimulated by IL-6/sIL-6R
(e) or TGF-β1 (f). (g) Western blot and (h) quantitative analysis of p-STAT3 and total STAT3 in
fibroblasts treated with TGF-β1 or IL-6/sIL-6R. * p < 0.05, ns p >0.05. Significance was determined by
one-way ANOVA.
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2.2. STAT3 Regulates IL-6–and TGF-β1–Mediated Fibroblast Activation

S3I-201, which is a small molecule inhibitor, can block STAT3 phosphorylation and
STAT3 DNA binding by binding to the STAT3–SH2 domain. To further clarify the role
of STAT3 in the fibrotic process induced by IL-6 and TGF-β1, we used S3I-201 to target
STAT3 signaling in cultured HTFs treated with TGF-β1 or the IL-6/sIL-6R complex. Here,
we found that collagen I, fibronectin and α-SMA levels in HTFs treated with S3I-201 were
markedly reduced in both complementary fibrosis models. (Figure 2a,b). In addition,
another well-known mechanism of subconjunctival fibrogenesis involves fibroblast mi-
gration from the periphery of the surgery site and proliferation in the resident location.
In the present study, the chemotactic migration of fibroblasts was detected using wound
healing assays and transwell chamber assays. We found that HTFs treated with S3I-201
exhibited less migration than those treated with IL-6 and TGF-β1 (Figure 2c,d). These
data indicate that STAT3 signaling plays a central role in regulating IL-6–mediated and
TGF-β1–mediated fibroblast activation, suggesting that STAT3 activation may integrate
common profibrotic pathways to promote fibrosis.

2.3. SOCS3 Overexpression Suppresses STAT3 Activation and the Fibrotic Response Mediated by
TGF-β1 and IL-6

Previous studies have shown that STAT3 plays a key role in the fibrotic response
of HTFs. Suppressors of cytokine signaling 3 (SOCS3) can bind to JAKs to inhibit their
kinase activity, preventing subsequent activation of STAT3 and the transcription of STAT3-
dependent target genes [23]. We tested the hypothesis that SOCS3 may negatively regulate
fibroblast activation by inhibiting STAT3 signaling induced by TGF-β1 or IL-6. The results
showed that the expression of SOCS3 was downregulated in cultured HTFs treated with
TGF-β1 and the IL-6/sIL-6R complex (Figure 3a,b). To further confirm the role of SOCS3
in the fibrotic process, SOCS3 was overexpressed in HTFs through lentivirus infection.
We found that the expression of p-STAT3 was decreased, and the activated phenotype of
fibroblasts was completely rescued. More specifically, SOCS3 overexpression significantly
reversed the protein expression of collagen, fibronectin and α-SMA in HTFs treated with
TGF-β1 or the IL-6/sIL-6R complex (Figure 3e,f). Furthermore, the effect of TGF-β1 or IL-6
on the migration of HTFs cells was prevented by SOCS3 overexpression (Figure 3c,d).

2.4. S3I-201 Is Safe for Subconjunctival Injection in Rat Eyes

MMC, which is a cytotoxic antiproliferative agent, is typically used to reduce scarring
following GFS [24]. However, the failure rate is still approximately 50% at 5 years [25].
Moreover, the potential risk of complications such as endophthalmitis and corneoscleral
toxic effects limits the long-term use of these agents [26]. We sought to determine the
potential safety of S3I-201 in treating subconjunctival scar formation in a rat model of GFS.
Rats with GFS were randomly assigned to three groups, and each group of animals was
treated with S3I-201, MMC, or DMSO (designated the vehicle group). The treatment scheme
is shown in Figure 4a. A TUNEL assay was used to evaluate the toxicity of S3I-201 and
MMC to rat eyes after GFS. As expected, many TUNEL-positive cells in the subconjunctival
area were observed in the MMC group. In contrast, few conjunctival TUNEL-positive cells
were found in the S3I-201 group (Figure 4b). Based on this observation, we concluded that
S3I-201 had almost no toxic effects on the normal ocular tissues of rats.
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Figure 2. S3I-201 inhibits fibrogenesis in both IL-6/sIL-6R- and TGF-β1-cultured HTFs. (a) Western 
blot and (b) quantitative analysis of the expression of fibronectin, collagen-I and α-SMA in IL-6/sIL-
6R- or TGF-β1-cultured fibroblasts treated with S3I-201. Wound healing (scale bar, 200 µm) and 
transwell chamber analysis (scale bar, 50 µm) of migration in (c) IL-6/sIL-6R- or (d) TGF-β1-cultured 
fibroblasts treated with S3I-201. * p < 0.05. Significance was determined by one-way ANOVA. 

Figure 2. S3I-201 inhibits fibrogenesis in both IL-6/sIL-6R- and TGF-β1-cultured HTFs. (a) Western
blot and (b) quantitative analysis of the expression of fibronectin, collagen-I and α-SMA in IL-6/sIL-
6R- or TGF-β1-cultured fibroblasts treated with S3I-201. Wound healing (scale bar, 200 µm) and
transwell chamber analysis (scale bar, 50 µm) of migration in (c) IL-6/sIL-6R- or (d) TGF-β1-cultured
fibroblasts treated with S3I-201. * p < 0.05. Significance was determined by one-way ANOVA.
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Figure 3. SOCS3 overexpression inhibits STAT3 activation and fibrogenesis in IL-6/sIL-6R- and TGF-
β1-cultured HTFs. (a) Western blot and (b) quantitative analysis of the expression of SOCS3 in IL-
6/sIL-6R- or TGF-β1-cultured fibroblasts. Wound healing (scale bar, 200 µm) and transwell chamber 
analysis (scale bar, 50 µm) of migration in (c) IL-6/sIL-6R- or (d) TGF-β1-cultured overexpressed 
SOCS3 fibroblasts. (e) Western blot and (f) quantitative analysis of the expression of fibronectin, 

Figure 3. SOCS3 overexpression inhibits STAT3 activation and fibrogenesis in IL-6/sIL-6R- and
TGF-β1-cultured HTFs. (a) Western blot and (b) quantitative analysis of the expression of SOCS3 in
IL-6/sIL-6R- or TGF-β1-cultured fibroblasts. Wound healing (scale bar, 200 µm) and transwell cham-
ber analysis (scale bar, 50 µm) of migration in (c) IL-6/sIL-6R- or (d) TGF-β1-cultured overexpressed
SOCS3 fibroblasts. (e) Western blot and (f) quantitative analysis of the expression of fibronectin,
collagen-I, α-SMA, P-STAT3 and total STAT3 in IL-6/sIL-6R- or TGF-β1-cultured overexpressed
SOCS3 fibroblasts. * p < 0.05, ns p >0.05. Significance was determined by one-way ANOVA.
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The obstruction of aqueous humor outflow resulting from subconjunctival fibrosis 
following GFS leads to rebound IOP elevation, which is the main factor responsible for 
the failure of filtering surgery. To ascertain the potential effect of S3I-201 treatment on 
subconjunctival scar formation, we first evaluated the effect of S3I-201 treatment on the 
stabilization of the reduction in IOP in a rat model of GFS. After GFS, a drastic decrease 
in IOP was observed on postoperative day 3 in animals in all three surgical groups (vehicle 
13.7 ± 1.1 mmHg, MMC 14.2 ± 1.2 mmHg, S3I-201 15.7 ± 1.1 mmHg). Animals in the vehicle 
group showed a complete rebound IOP elevation to a level equivalent to the baseline on 
days 21 to 28. Animals in the S3I-201- and MMC-treated groups also exhibited a rebound 
IOP elevation. However, the rebound occurred at a slower rate than that in the vehicle 
group. S3I-201-treated rats showed the slowest rate of rebound IOP elevation during the 
28 days after GFS (Figure 5c). 
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Figure 4. Assessment of the toxicity of S3I-201 in rat eyes. (a) Experimental scheme for the rats after
GFS. (b) Representative images of TUNEL staining (upper panel scale bar, 200 µm; lower panel scale
bar, 20 µm) of the subconjunctival tissues of surrounding the filtering areas.

2.5. S3I-201 Treatment Ameliorates Rebound IOP Elevation and Prolongs Filtering Bleb Survival
after GFS

The obstruction of aqueous humor outflow resulting from subconjunctival fibrosis
following GFS leads to rebound IOP elevation, which is the main factor responsible for
the failure of filtering surgery. To ascertain the potential effect of S3I-201 treatment on
subconjunctival scar formation, we first evaluated the effect of S3I-201 treatment on the
stabilization of the reduction in IOP in a rat model of GFS. After GFS, a drastic decrease in
IOP was observed on postoperative day 3 in animals in all three surgical groups (vehicle
13.7 ± 1.1 mmHg, MMC 14.2 ± 1.2 mmHg, S3I-201 15.7 ± 1.1 mmHg). Animals in the
vehicle group showed a complete rebound IOP elevation to a level equivalent to the baseline
on days 21 to 28. Animals in the S3I-201- and MMC-treated groups also exhibited a rebound
IOP elevation. However, the rebound occurred at a slower rate than that in the vehicle
group. S3I-201-treated rats showed the slowest rate of rebound IOP elevation during the
28 days after GFS (Figure 5c).

Maintenance of a functional filtering bleb is crucial for IOP control following GFS. Thus,
we evaluated the effect of S3I-201 treatment on the survival of filtering blebs following GFS.
Bleb survival analysis demonstrated a significant difference in the survival distribution
among the vehicle, MMC, and S3I-201 groups (p < 0.05). Rats in the vehicle group exhibited
rapid loss of filtering blebs after GFS, and the filtering blebs were completely lost in this
group on day 28. Compared with the vehicle group, filtering blebs in the MMC and S3I-201
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groups survived a significantly longer period of time. Loss of filtering blebs in the MMC
group started on day 14, and the survival rate of filtering blebs was 50% on day 28. The
loss of blebs in the S3I-201 group occurred on day 21, and the survival rate of filtering blebs
was 62.5% on day 28. S3I-201 and MMC treatment significantly improved the survival of
blebs compared with the vehicle group (Figure 5a,b). Collectively, these data suggest that
S3I-201 treatment benefits the stabilization of IOP reduction and the survival of filtering
blebs after GFS.
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Figure 5. S3I-201 promoted functional bleb formation and maintained the decrease in IOP for a
period in rats after GFS. (a) Representative morphological images of filtering blebs at different time
points in the vehicle, MMC and SI-201 treatment groups; bleb area (white line). (b) Kaplan–Meier
survival curve of filtering blebs in the vehicle, MMC and SI-201 treatment groups (log rank test;
overall p < 0.05, vehicle vs. MMC p < 0.05, vehicle vs. S3I-201 p < 0.05, * p < 0.05). (c) IOPs of the eyes
at different time points in the vehicle, MMC and SI-201 treatment groups (repeated measure ANOVA;
vehicle vs. MMC p < 0.05, vehicle vs. S3I-201 p < 0.05, * p < 0.05).

2.6. S3I-201 Treatment Alleviates Subconjunctival Fibrosis following GFS

To observe the pathological changes in the subconjunctival tissues following GFS,
HE and Masson staining were performed. HE staining showed that the subconjunctival
tissue in the vehicle group was significantly thickened with marked hyperplasia of fibrous
connective tissue, inflammatory cells and fibroblasts were of a high density and grew
in clumps. Compared with the control group (no surgery), Masson staining showed
that collagen deposition was increased in the vehicle group. In the MMC group, the
subconjunctival fibrous layer was looser and thinner, forming cavities, with few cells and
reduced collagen deposition. In the S3I-201 group, the structure of fibrous connective
tissue was loose, with the formation of voids, few cells and reduced collagen deposition, as
observed by HE and Masson staining (Figure 6a,b).

To further investigate the subconjunctival fibrotic response to surgical injury induced
by GFS, immunofluorescence was used to analyze the expression of collagen-I and fi-
bronectin in the bleb tissues of rat eyes. Immunofluorescence analysis showed that the
expression of collagen-I and fibronectin was significantly increased after GFS in the vehicle
group, indicating that GFS activated the expression of profibrotic genes. MMC and S3I-
201 treatment significantly attenuated surgical injury-induced expression of these genes,
suggesting that similar to MMC, S3I-201 inhibits subconjunctival scar formation after GFS.
Consistent with the Masson staining results, immunofluorescence staining demonstrated
less collagen deposition in the subconjunctival region after GFS in the S3I-201 and MMC
groups than in the vehicle group (Figure 6c).

224



Int. J. Mol. Sci. 2023, 24, 12210

Int. J. Mol. Sci. 2023, 24, 12210 9 of 15 
 

 

less collagen deposition in the subconjunctival region after GFS in the S3I-201 and MMC 
groups than in the vehicle group (Figure 6c). 

 
Figure 6. S3I-201 attenuated subconjunctival fibrosis in rats after GFS. (a) Representative HE staining 
images (upper panel scale bar, 100 µm; lower panel scale bar, 20 µm) and (b) Masson’s trichrome 
staining images (upper panel scale bar, 100 µm; lower panel scale bar, 20 µm) of the operative area. 
(c) Representative immunofluorescent images (left panel scale bar, 200 µm; right panel scale bar, 20 

Figure 6. S3I-201 attenuated subconjunctival fibrosis in rats after GFS. (a) Representative HE staining
images (upper panel scale bar, 100 µm; lower panel scale bar, 20 µm) and (b) Masson’s trichrome
staining images (upper panel scale bar, 100 µm; lower panel scale bar, 20 µm) of the operative
area. (c) Representative immunofluorescent images (left panel scale bar, 200 µm; right panel scale
bar, 20 µm) for specific markers, including collagen-I, fibronectin (red) and DAPI (blue), in the
subconjunctival tissues of surrounding filtering areas.
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3. Discussion

In the current study, we identified STAT3 as a key intracellular mediator of profibrotic
effects. Inhibiting STAT3 in cultured HTFs by pharmacological inactivation or siRNA pre-
vents fibroblast proliferation and migration and the differentiation of resting fibroblasts into
myofibroblasts and significantly reduces the deposition of ECM. It was also demonstrated
that STAT3 signaling plays a central role in regulating IL-6–and TGF-β–mediated fibroblast
activation, suggesting that STAT3 activation may integrate common profibrotic pathways to
promote fibrosis. Finally, we provided in vivo evidence that pharmacological inactivation
of STAT3 inhibits profibrotic gene expression and subconjunctival fibrosis in a rat model of
GFS. Together, these data demonstrate that STAT3 is a core pathway for fibrogenesis.

The current study used in vitro fibrosis models induced by IL-6 and TGF-β1 to ad-
vance our understanding of how STAT3 may regulate the development of fibrosis. These
models allow for the investigation of different phases or pathways involved in wound
healing. The acute wound healing process after trauma or surgery, including GFS, is tra-
ditionally divided into four overlapping phases: hemostasis, inflammation, proliferation,
and remodeling [27]. In the inflammatory phase, recruited neutrophils and macrophages
secrete proinflammatory cytokines, such as IL-6, into wound sites [28,29]. Subsequently,
the proliferative phase of wound healing is initiated by an influx of fibroblasts and is
characterized by the transdifferentiation of fibroblasts into myofibroblasts, which is driven
by TGF-β [30]. In vitro studies with HTFs clearly demonstrate that STAT3 activation can
regulate the fibrotic phenotype of HTFs triggered by IL-6 or TGF-β1. These data suggested
that inhibiting STAT3 decreases fibrosis in the inflammatory phase and proliferative phase
during the wound healing process.

STAT3 signaling is strictly regulated by the suppressor of cytokine signaling 3 (SOCS3)
proteins [31]. Hence, we hypothesized that fibroblast activation induced by TGF-β1 or
IL-6 may be associated with the suppression of SOCS3. Our results showed that the
expression of SOCS3 was downregulated in HTFs treated with IL-6 and TGF-β1. To further
confirm that SOCS3 participates in fibrosis mediated by STAT3 activation, SOCS3 was
overexpressed in HTFs. Indeed, we found that SOCS3 overexpression significantly rescued
the fibrotic responses induced by IL-6 and TGF-β1 due to the inactivation of STAT3. These
data suggested that SOCS3 may play a suppressive role in fibrosis promoted by STAT3.

S3I-201 is a selective and potent inhibitor that binds to the SH2 domain of STAT3 to
block the constitutive activation of STAT3 and the expression of STAT3 target genes [32].
S3I-201 inhibits transcriptional activity in cells that contain constitutive STAT3 activation
by blocking STAT3–STAT3 complex formation and STAT3 DNA binding. However, other
commonly used STAT3 inhibitors, such as AG490, act on Janus kinases, which are upstream
activators of STAT3, and other STAT isoforms [33,34]. Unlike STAT3, recent studies using
knockout mice showed that STAT1 and STAT5 play key roles in promoting liver and lung
fibrosis after injury [35,36]. Thus, S3I-201 was used to treat GFS fibrosis in our study
because its characteristics distinguished it from other STAT3 inhibitors.

Fibrosis in filtering area prevention is critical for the success of GFS. In this study, S3I-
201 significantly reduced the IOP and prolonged bleb survival compared with the vehicle.
Histologic examination showed that the numbers of inflammatory cells and myofibroblasts
were reduced in the S3I-201 group compared with the vehicle group. Collagen deposition
was also reduced in the S3I-201 group. Additionally, only a few TUNEL-positive cells were
observed in the conjunctiva of the S3I-201-treated group; conversely, many TUNEL-positive
cells were observed in the MMC group due to significant toxicity. These results indicate that
S3I-201 was safe as an antiproliferative medication for use in the GFS rat model. The in vivo
and in vitro results strongly suggest that STAT3 is a potential target in fibrotic responses
after GFS.

However, importantly, this study has its own limitations. First, the optimal dosage,
concentration, and application method of S3I-201 are needed to further improve the surgical
outcome after GFS. Second, the sample size was small, and the follow-up time was short.
More samples and longer follow-ups are needed in future studies. Finally, the inhibitory
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effect of S3I-201 on GFS was not superior to MMC. However, S3I-201 was observed to
have a less toxic effect on eye tissues than MMC. We can expect that the use of S3I-201 can
improve the safety profile of surgery compared with MMC. Additionally, S3I-201 combined
with MMC may further inhibit the fibrotic response after GFS and lower the dose and
exposure time of MMC.

In conclusion, STAT3 integrates profibrotic signals from different mechanisms, suggest-
ing that STAT3 may be a promising target for antifibrotic therapies following GFS. Indeed,
the findings of the current study demonstrate that inactivating STAT3 signaling exerts
potent antifibrotic effects on GFS-induced fibrosis in vitro and in vivo. Furthermore, STAT3
inactivation inhibits IL-6-induced fibrosis in the early inflammatory phases of wound
healing but also exerts potent antifibrotic effects on TGF-β-induced fibrosis in the late
noninflammatory stages of wound healing. Thus, targeting STAT3 may be beneficial for
different wound healing stages in subconjunctival fibrosis following GFS.

4. Materials and Methods
4.1. The Preparation of Tissues and Cells

The human subconjunctival Tenon’s capsules that were used to isolate HTFs were
obtained from patients undergoing strabotomy. Under sterile conditions, the tissues were
cut into 3 to 4 mm pieces. The samples were then placed into a fibroblast medium (FM)
(ScienCell, San Diego, CA, USA) containing 10% fetal bovine serum (FBS), 100 U/mL
penicillin, 100 µg/mL streptomycin and fibroblast growth supplement. Once the growth of
the HTFs was well established, the cells were passaged in a monolayer after being treated
with trypsin/EDTA. Cells that were between the third and fifth passages were used in
the studies. The study followed the principles outlined in the Helsinki Declaration and
was examined and approved by the Second Hospital of Jilin University’s Institutional
Review Board.

4.2. Cell Stimulation

HTFs were stimulated with recombinant TGF-β1 (R&D Systems, Minneapolis, MN,
USA), recombinant IL-6 (R&D Systems, Minneapolis, MN, USA) and recombinant sIL-6R
(R&D Systems, Minneapolis, MN, USA). sIL-6R is required for intracellular IL-6 signal
transduction because mIL-6R is not expressed by HTFs [37].

4.3. Overexpression Experiment

GeneCopoeia (Guangzhou, China) provided lentiviruses to overexpress SOCS3 or
those containing a control vector. Lentivirus-containing media was added and mixed with
the HTFs once the cells reached 30% confluence in 6-well plates. Supernatants in the wells
were removed after 16 h of incubation and replaced with fresh FM, and the cells were then
cultured for 48 h for further analysis.

4.4. Western Blot

Protein samples were separated by SDS-polyacrylamide gel electrophoresis and elec-
trotransferred onto polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Burling-
ton, MA, USA). After being blocked, the membranes were incubated with rabbit anti-
collagen I (clone E8F4L, catalog 72026, Cell Signaling Technology, Danvers, MA, USA),
rabbit anti-fibronectin (clone EPR23110-46, catalog ab268020, Abcam, Cambridge, UK),
rabbit anti-α-SMA (clone EPR5368, catalog ab124964, Abcam, Cambridge, UK), rabbit
anti-SOCS3 (polyclonal, catalog AF8025, Beyotime, Shanghai, China), mouse anti-STAT3
(clone 124H6, catalog 9139, Cell Signaling Technology, Danvers, MA, USA), or rabbit anti–p-
STAT3 (Tyr705) (clone D3A7, catalog 9145, Cell Signaling Technology, Danvers, MA, USA)
overnight at 4 ◦C. Equal protein loading was confirmed by incubation with mouse anti–β-
tubulin (clone 5G3, catalog 44032, Signalway antibody, Greenbelt, MD, USA). Horseradish
peroxidase-conjugated secondary antibodies (Signalway antibody, Greenbelt, MD, USA)
were incubated with the membranes at room temperature for 1 h. Finally, the bands were
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visualized with electrochemiluminescence (Merck Millipore, Burlington, MA, USA) and
analyzed by ImageJ software 1.46r.

4.5. Immunofluorescence Staining

Tissue sections or cultured HTFs were stained with rabbit anti-collagen I (clone E8F4L,
catalog 72026, Cell Signaling Technology, Greenbelt, MD, USA), rabbit anti-fibronectin
(clone EPR23110-46, catalog ab268020, Abcam, Cambridge, UK), mouse anti-STAT3 (clone
124H6, catalog 9139, Cell Signaling Technology, Greenbelt, MD, USA), rabbit anti–p-STAT3
(Tyr705) (clone D3A7, catalog 9145, Cell Signaling Technology, Greenbelt, MD, USA),
and DAPI (catalog C0060, Solarbio, Beijing, China). The samples were analyzed using a
fluorescence microscope (Olympus Corporation, Tokyo, Japan).

4.6. Wound Healing Assay

First, the supernatant of HTFs was aspirated, and a wound was created with a sterile
200 µL pipette tip in the bottom of the 6-well plates. Subsequently, the cells were washed
twice with PBS and immediately photographed with an inverted microscope (Olympus
Corporation, Tokyo, Japan). Following 24 h of incubation, images were taken again, and the
migration distance was calculated. The formula for calculating the cell migration rates is as
follows: cell migration rate (%) = (the distance prior to healing − the distance following
healing/the distance prior to healing) × 100%.

4.7. Transwell Chamber Assay

Trypsin was used to digest the HTFs in each group, and 600 µL of medium containing
20% FBS was added to the lower chamber of a transwell chamber (Labselect, Hangzhou,
China) in a 24-well plate. Next, the cells were resuspended in a serum-free medium
and transferred to the upper chamber (1 × 104 cells/well). After 24 h of incubation
at 37 ◦C, the cells that had not invaded from the upper chamber were removed with a
cotton swab. Paraformaldehyde and crystal violet staining solutions were used to fix and
stain the invasive cells in the lower chamber at room temperature for 20 min. Five fields
were randomly selected and photographed with an inverted microscope. The number of
invading cells was counted by ImageJ software 1.46r.

4.8. Animal Experiments

Adult male Sprague–Dawley rats that weighed 180–200 g were purchased from
Changchun Yisi Biotechnology. The rats were anesthetized by an intraperitoneal injection
of 3 mL/kg 10% chloral hydrate followed by ocular surface anesthesia using 0.5% oxybup-
rocaine hydrochloride eye drops (Santen, Osaka, Japan). All animals were treated in accor-
dance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

GFS was performed on bilateral eyes as previously described [38,39]. To create a con-
junctival fornix-based conjunctival flap 3–5 mm behind the limbus, a conjunctival incision
was made, and then the underlying Tenon’s capsule was bluntly dissected. Subsequently, a
30-G needle was inserted into the anterior chamber to create a full-thickness scleral tunnel.
During the process, great care was taken to avoid iridal blood vessels. Viscoelastic solution
(Alcon, Fort Worth, TX, USA) was injected through the needle to maintain the depth of the
anterior chamber. A beveled micro cannula (external diameter, 0.3 mm) was then inserted
through the scleral tunnel. Finally, the conjunctiva and Tenon’s capsule were closed using a
10-0 monofilament nylon suture (Ethicon, Suzhou, China). All surgeries were performed
by the same surgeon. Eyes exhibiting subsequent slippage or dislocation of the cannula
were excluded.

After surgery, the eyes were treated with dimethyl sulfoxide (DMSO) as a vehicle,
S3I-201 (Sigma–Aldrich, Burlington, MA, USA), and MMC (Hanhui, Shanghai, China)
(n ≥ 8) separately. S3I-201 (10 mg/mL, 5 µL) was injected into the subconjunctival space
with a 10-µL Hamilton syringe connected to a 33-G needle (Hamilton Company, Reno, NV,
USA) immediately after surgery and on days 3, 7, and 14. MMC was applied at a dose of
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0.4 mg/mL with a small piece of cellulose sponge for 5 min. Then, irrigation of the treated
area was performed with 2 mL 0.9% sodium chloride using a syringe. Each treatment was
performed on at least 8 eyes (Vehicle group n = 10; S3I-201 group n = 11; MMC group
n = 8). The IOP, bleb appearance and survival, and complications were observed on days 3,
7 14, 21 and 28. At the end of the experiment, 8 eyes were collected for histochemical and
immunofluorescence analyses.

4.9. Clinical Examination and Analysis of Blebs

The rats were anesthetized prior to IOP measurement. Intraocular pressure was
measured in each rat with a Tono-Pen tonometer (Reichert, Depew, NY, USA) according
to the manufacturer’s instructions. All IOP measurements were taken 5 to 10 times in
each eye.

Slit-lamp examinations were performed on subconjunctival bleb morphology and
determined survival time. A bleb was judged to have failed if the surgical site appeared
flat and vascularized by slit-lamp analysis.

4.10. Hematoxylin and Eosin (HE) and Masson’s Trichrome Staining

On day 28 after surgery, the rats were euthanized, and both eyes were immediately
enucleated. The eyes were fixed in FAS fixative (Wuhan Servicebio, Wuhan, China), which
contains formaldehyde, acetic acid, and saline, for 48 h, and then embedded in paraffin.
The eyes were cut into sequential 4 µm tissue sections and then dewaxed with xylene. The
sections were analyzed by HE and Masson’s trichrome staining to evaluate histopathology
and collagen expression in the subconjunctival tissues surrounding the filtration passage.
Representative images were taken using an inverted microscope.

4.11. TUNEL Assay

Tissue sections of rat eyes were processed with a TUNEL kit (Beyotime, Shanghai,
China) according to the manufacturer’s instructions, and the images were analyzed using
fluorescence microscopy.

4.12. Statistical Analysis

The results are presented as the means ± standard deviations (SD) of at least three
independent experiments. One-way analysis of variance (ANOVA) and t-tests were per-
formed with SPSS to analyze the statistical results. Bleb survival analysis was performed
with Kaplan–Meier and Mantel–Cox pairwise comparison tests. Values of p < 0.05 were
considered significant.
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Abstract: Preeclampsia (PE) is a pregnancy complication beginning after 20 weeks of pregnancy
that involves high blood pressure (systolic > 140 mmHg or diastolic > 90 mmHg), with or with-
out proteinuria. Insufficient trophoblast invasion and abnormal decidualization are involved in
PE development. However, whether unhealthy placenta and decidua have the same biological
activities is unclear. The enzyme 15-hydroxyprostaglandin dehydrogenase (15-PGDH; encoded by
HPGD) degrades prostaglandin, and prostaglandin transporter (PGT), as a candidate molecule of
prostaglandin carriers, helps transport prostaglandin into cells. Whether 15-PGDH and PGT are
involved in PE has not been researched. In this study, we investigated the shared pathogenesis of
foetal placenta and maternal decidua from the perspective of epithelial–mesenchymal transition
(EMT)/mesenchymal–epithelial transition (MET) and explored the combined effects of 15-PGDH and
PGT on the EMT/MET of trophoblasts and decidual stromal cells (DSCs). Here, we demonstrated
that placental development and decidualization both involved EMT/MET. In PE, both trophoblasts
and DSCs show more epithelial patterns. Moreover, 15-PGDH expression was downregulated in
the placentas but upregulated in the deciduas of PE patients. Inhibiting 15-PGDH promotes a shift
to a mesenchymal pattern of trophoblasts and DSCs depending on the PGT-mediated transport of
prostaglandin E2 (PGE2). In conclusion, our results showed that inhibiting 15-PGDH promotes a
shift to the mesenchymal pattern of trophoblasts and DSCs and may provide a new and alternative
therapy for the treatment of PE.

Keywords: preeclampsia; placenta; EMT; decidua; MET; 15-PGDH; PGT

1. Introduction

Development of the maternal–foetal interface is the basis of healthy pregnancy, which
depends heavily on placental development and decidualization. The pathogenesis of PE
is caused by inhibition of the coordinated development of the maternal–foetal interface.
Previous studies have mostly focused on the decidualization of DSCs [1,2] or the invasion
of trophoblasts separately [3]; however, since half of a foetus’s genes originate from the
mother, a few studies have focused on the underlying link between decidualization and
placental development. The processes of trophoblast differentiation and decidualization
are both involved in EMT/MET [4–6]. During placental development, trophoblasts un-
dergo continuous differentiation. Cytotrophoblasts (CTBs) differentiate into extravillous
trophoblasts (EVTs) which invade the decidua. The process of differentiation from CTBs to
EVTs involves EMT [4]. DSCs contained in decidual tissue undergoing decidualization do
not depend on the implantation of human embryos in each menstrual cycle. The process of
decidualization involves MET [6]. However, as a common biological behaviour of placental
development and decidualization, the shared pathology of trophoblast EMT and DSC MET
in PE has seldom been researched.
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15-PGDH is a key factor in the degradation of PGE2, and inhibiting 15-PGDH im-
pairs the degradation of PGE2 [7]. Embryonic development depends on the appropriate
prostaglandin concentration [8]. Concentrations of prostaglandins that are too high or too
low will inhibit embryo implantation. The metabolic regulation of PGs is very important.
Most previous studies have focused on the roles of COX-2, a key enzyme in the synthase of
prostaglandins, but there have been few studies on 15-PGDH, another important member of
the enzyme family that regulates PGE2. Recently, 15-PGDH was found to be closely related
to cancer invasion and tissue regeneration [7,9,10]. The decomposition of PGE2 relies on
PGT-mediated transport [11]. PGT is a transporter with 12 transmembrane domains and a
lactate-PG transport mechanism [12]. However, there is no study about how 15-PGDH and
PGT cooperate and affect trophoblast and DSC EMT/MET in PE.

In this study, the abnormal placental development and decidualization in PE were
both related to the shift between epithelial and mesenchymal patterns, which helps with
the exploration of therapeutic targets of PE. We mainly studied the role of 15-PGDH in PE.
We found that 15-PGDH protein expression displays opposite patterns in the foetal placenta
and maternal decidua in normal pregnancy, and this expression is altered in PE. We then
explored the effect of 15-PGDH on the biological behaviour of trophoblasts and DSCs.
Furthermore, we explored the cooperative effect of 15-PGDH and PGT in trophoblasts
and DSCs.

2. Results
2.1. Partial EMT Occurs during Placental Development

In the first-trimester villi, we performed coimmunofluorescence to demonstrate that
the development of CTBs into EVTs involved partial EMT. Human leukocyte antigen (HLA-
G) is gradually expressed when CTB develops into EVT, where it mediates maternal–foetal
immune tolerance during pregnancy [13]. HLA-G is a biomarker of CTB development.
Since HLA-G is specifically expressed on EVTs in the placenta, HLA-G (pink in Figure 1A,
green in Figure 1C) specifically represents EVTs, and the adjacent region represents CTBs
and syncytiotrophoblasts (STBs), which are formed by the cell–cell fusion of CTBs. We com-
pared the expression of cadherin-1 (CDH1) and cadherin-2 (CDH2) in HLA-G+ EVT with
HLA-G− CTB to determine how EMT actually occurs in CTB development (Figure 1B,D).
CDH1 (red) protein expression decreased during HLA-G- CTB development into HLA-G+

EVT (Figure 1A,B), while CDH2 (red) did not show a significant difference between CTB
and EVT (Figure 1C,D). Therefore, when CTBs develop into EVTs, CTBs gradually lose
their epithelial pattern but do not gain their mesenchymal pattern significantly, which
demonstrates that partial EMT occurs during trophoblast development.

2.2. MET Occurs during Decidualization

Human decidual stromal cells (hESCs) were induced to decidualize (decidualized
hESC: dhESC) according to the above methods [14]. Western blots revealed that prolactin
(PRL) and insulin-like growth factor binding protein 1 (IGFBP1), the traditional markers of
decidualization, increased (Figure 1E), indicating that in vitro hESC decidualization was
successful; moreover, CDH1 increased, and vimentin decreased during hESC decidual-
ization in vitro (Figure 1E,G). Phalloidin-specific binding of F-actin further demonstrated
that during decidualization, hESCs gradually lost fibroblastic structural characteristics and
gained typical polygonal morphology (the shape change of hESCs is labelled with arrows
in Figure 1F). During decidualization, hESCs undergo MET-like changes.

2.3. Insufficient EMT Changes in the Placenta and Excess MET-Like Changes in Decidual Tissue
in Preeclampsia

We collected placentas and decidua specimens and performed immunohistochemical
staining. Immunohistochemical staining showed CDH1 and CDH2 changes in trophoblasts
but not in other cells and revealed that CDH1 protein expression was increased in the placen-
tas of the PE group compared to those of the normal group (n = 6; p ≤ 0.01) (Figure 2A,B,E),
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while CDH2 was decreased in the placenta of the PE group compared to the normal group
(n = 6; p ≤ 0.01) (Figure 2C–E).
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Figure 1. Partial EMT occurs in placental development, while MET occurs during decidualization.
(A,B) CDH1 location and expression levels in CTBs and EVTs were measured by coimmunofluores-
cence in early pregnancy villi (n = 3). Scale bar = 50 nm in (A,B). (C,D) CDH2 location and expression
levels in CTBs and EVTs were measured by coimmunofluorescence in early pregnancy villi (n = 3).
Scale bar = 50 nm in (C,D). *** p < 0.001; ns, not significant. (E,G) Western blot tests of MET and
decidualization markers during decidualization in vitro. The experiment was repeated three times in-
dependently. dhESC: decidualized hESC. GAPDH served as a loading control. Band intensities were
quantified and normalized to the GAPDH values. Values are the mean ± SD. * p < 0.05; ** p < 0.01;
*** p < 0.001; ns, not significant. (F) F-actin staining of dhESCs and hESCs shows cytoskeletal changes
during decidualization. Scale bar = 50 nm. CTB: cytotrophoblast; EVT: extravillous trophoblasts;
EMT: epithelial–mesenchymal transition.
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Figure 2. Excess epithelial pattern in trophoblasts in PE patients. (A,B) CDH1 protein expression
in placental tissues from women with NP and PE was measured by immunohistochemical staining.
(C,D) CDH2 protein expression in placental tissues from women with NP and PE was measured by
immunohistochemical staining. (E) represents negative control. Values are the mean ± SD. ** p < 0.01;
ns, not significant. n = 6 each. Scale bar = 50 nm.

We also demonstrated that abnormal decidua in PE is accompanied by excessive MET
(Figure 3). In this study, we only focused on DSCs, which are the exact cells that undergo
decidualization. Therefore, we also identified DSCs specifically. Since the decidual compo-
sition is complex and includes DSCs, trophoblasts and other cells including immune cells,
we first identified CK7−vimentin+ DSCs [2] (Cytokeratin 7: CK7), (CK7: green; vimentin:
red) by coimmunofluorescence before further study (Figure 3A). Vimentin helped deter-
mine that the larger and rounder cells were DSCs by immunohistochemistry (Figure 3B).
Therefore, in further research, we will only focus on these DSCs (the area of DSCs is labelled
with arrows, and non-DSCs are labelled with triangles in Figure 3C,E). CDH1 protein ex-
pression was increased in the DSCs of the PE group compared to those of the normal group
(n = 6, p ≤ 0.05). In contrast, CDH2 and vimentin were decreased in the DSCs of the PE
group compared to those of the normal group (n = 6, p ≤ 0.05) (Figure 3C−E). We demon-
strated that abnormal decidualization in PE (Supplementary Figure S1) is accompanied by
excessive MET.

2.4. Expression of 15-PGDH Is Downregulated in the Placenta but Upregulated in the DSCs of
PE Patients

Immunohistochemistry revealed that 15-PGDH was downregulated in trophoblasts
in PE patients (Figure 4A,E) (n = 6; p ≤ 0.05). Immunohistochemical staining showed that
15-PGDH was upregulated in the DSCs of patients with PE (Figure 4B,F) (n = 6; p ≤ 0.05).
Therefore, 15-PGDH is involved in both placental and DSC abnormalities in PE.

2.5. Location of 15-PGDH in the Villi and DSCs

To explore the location of 15-PGDH in trophoblasts, we used first-trimester villi to
detect 15-PGDH location. CTB development is accompanied by gradual HLA-G expression
and invasion into the maternal decidua. Therefore, in the first-trimester villi, we can clearly
identify CTBs and EVTs to explore the 15-PGDH expression pattern in these two kinds of
cells. Thus, how 15-PGDH expression changes during CTB development can be explored.
Therefore, we first used villous coimmunofluorescence to reveal that 15-PGDH expression
increased significantly during the development of CTBs into EVTs (the area of CTBs is
labelled with +, and the area of EVTs is labelled with triangles), which also demonstrated
that 15-PGDH was specifically located in trophoblasts instead of the stroma and was closely
linked to trophoblast EMT (CK7: green; 15-PGDH: red) (Figure 4C). CK7 is a marker of
trophoblasts [15].
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Figure 3. Excess epithelial pattern in DSCs in PE patients. (A,B) Immunofluorescence and im-
munohistochemical staining identified DSCs in decidual tissues. Red: vimentin; Green: CK7,
scale bar = 500 nm. The experiment was repeated 3 times independently. (C,D,E) Measurement
of CDH1, CDH2 and vimentin protein expression in DSCs from women with NP and PE by im-
munohistochemical staining. The area of DSCs is labelled by arrows and non-DSCs are labelled with
triangles, Scale bar = 20 nm. Values are the mean ± SD. * p < 0.05; ** p < 0.01; ns, not significant. n = 6
each. PE: preeclampsia; NP: normal pregnancy; DSC: decidual stromal cell.

To explore the location of 15-PGDH in the decidua, we used decidual tissue obtained
during caesarean section since decidualization is not accompanied by DSC location changes.
In decidual tissue, coimmunofluorescence revealed that 15-PGDH was located in the
cytoplasm of the DSCs (vimentin: green; 15-PGDH: red) (Figure 4D).
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Figure 4. Differential expression of 15-PGDH in PE and the location of 15-PGDH. (A,B,E,F) Immuno-
histochemical staining showed the relative quantification of 15-PGDH in the placenta and decidua of
the PE and NP groups. Brown staining represents the target protein. Scale bar = 20 nm, n = 6, Values
are the mean± SD. *** p < 0.001. n = 6 each. (C) Differential expression of 15-PGDH in CTBs and EVTs
was identified by immunofluorescence, red: 15-PGDH; green: CK7, Bar = 20 nm. The area of CTBs is
labelled with +, and the area of EVTs is labelled with triangles. (D) Specific location of 15-PGDH in
DSCs was identified by immunofluorescence, red: 15-PGDH; green: vimentin, Bar = 20 nm.

2.6. SW033291 Inhibits 15-PGDH and Upregulates PGE2 Expression

SW033291, a 15-PGDH inhibitor, was used to treat Jeg3 cells and hESCs at different
levels (0, 50, 100, 200, 350 and 500 nM) to detect the relationship between SW033291
concentration and PGE2 concentration. Then, cell lysates were used to perform ELISA to
determine PGE2 concentrations. The PGE2 concentration increased with SW033291 in a
dose-dependent manner (Figure 5A). Therefore, we chose these concentrations of SW033291
for further research.
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Figure 5. Function of 15-PGDH. (A) PGE2 levels in cell lysates were quantified by ELISA. The
results are representative of at least three independent experiments. (B,C) F-actin staining revealed
cytoskeletal changes in dhESCs and HTR8 cells in the NC (normal control) group and SW033291
group. (D,E) Western blot assays show the relative levels of EMT markers and HLA-G in Jeg3.
(F,G) Western blot assays show the relative levels of EMT markers and decidualization markers
in hESC. Each experiment was independently performed three times. CTB: cytotrophoblast; EVT:
extravillous trophoblasts; EMT: epithelial–mesenchymal transition; DSC: decidual stromal cell. The
experiment was repeated 3 times independently. Band intensities were quantified and normalized to
the GAPDH values. Values are the mean ± SD.
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2.7. Inhibiting 15-PGDH Promotes a Shift to a Mesenchymal Pattern in Trophoblasts and DSCs

To explore the function of 15-PDGH in trophoblasts and DSCs, we added SW033291 (0,
50, 100, 200, 350, and 500 nM) to the culture medium of Jeg3 cells and dhESCs, and Western
blotting was used to reveal the expression of EMT/MET markers, decidualization markers
(PRL, IGFBP1) and the CTB development marker (HLA-G). After the addition of SW033291,
CDH1 decreased while CDH2 increased in dhESCs in a dose-dependent manner, as shown
in Figure 5F. We chose the trophoblast Jeg3 cell line to test this effect (Figure 5D,E) since Jeg3
is the only trophoblast cell line that expresses HLA-G. HLA-G did not show a significant
change during the EMT of trophoblasts promoted by SW033291 (Figure 5E). In dhESCs,
PRL and IGFBP1 also increased in a dose-dependent manner (Figure 5F,G). Among them,
PRL expression increased after exposure to SW033291, while IGFBP1 expression increased
significantly at 500 nM (Figure 5F,G).

To demonstrate the role of 15-PGDH, we used F-actin staining to evaluate cytoskeletal
reorganization, another important characteristic of EMT/MET. Compared with those of
the normal control group, HTR8 and dhESCs treated with SW033291 (500 nM) showed
fibroblastic-like shapes, which are characterized by strong F-actin stress fibres arranged
longitudinally through the major axis (Figure 5B,C).

2.8. PGT Is Upregulated When 15-PGDH Is Inhibited

To explore the effect of 15-PGDH on PGT, we performed Western blotting to determine
how PGT expression changed when 15-PGDH was inhibited. Western blot analysis showed
that in both Jeg3 cells and hESCs, PGT expression was upregulated when cells were treated
with SW033291, as shown in Figure 6A,B, which showed that the inhibition of 15-PGDH
promotes the mesenchymal pattern involving PGT.
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Figure 6. 15-PGDH inhibitor increased PGT expression and PGT differential expression in PE
patients. (A) Western blot assays showed that PGT expression increased in Jeg3 cells when treated
with concentration of SW033291. (B) Western blot assays show that PGT expression increased in
hESCs treated with concentration of SW033291. (C,E) Immunohistochemical staining showed the
relative quantification of PGT in the placenta of the PE and NP groups (n = 6). Scale bar = 20 nm.
(D,F) Immunohistochemical staining showed the relative quantification of PGT in the decidua of the
PE and NP groups (n = 6). Scale bar = 20 nm. Values are the mean ± SD. * p < 0.05; ** p < 0.01. Each
experiment was independently performed three times. (G,H) 15-PGDH and PGT, both located in
trophoblasts and DSCs, were identified by immunofluorescence; red: PGT; green: 15-PGDH. G:Scale
bar = 20 nm; H: Scale bar = 50 nm. The experiment was repeated 3 times independently.
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2.9. PGT Is Upregulated in the Placenta but Downregulated in the DSCs of PE Patients

Immunohistochemistry also revealed that PGT was upregulated in the placentas of the
PE group (Figure 6C,E) (n = 6; p ≤ 0.05) but downregulated in the decidua of the PE group
(Figure 6D,F) (n = 6; p ≤ 0.05). Therefore, PGT expression changed along with 15-PGDH
both in vitro and in vivo.

2.10. PGT Coexpression with 15-PGDH in the Villous and DSCs

To further determine the possible synergistic role of 15-PGDH and PGT, we con-
ducted coimmunofluorescence and revealed that 15-PGDH and PGT were both located in
trophoblasts (Figure 6G) and DSCs (Figure 6H). Coimmunofluorescence was performed
to reveal that PGT was located in trophoblasts (Supplementary Figure S2A) and DSCs
(Supplementary Figure S2B). However, how 15-PGDH and PGT affect each other requires
further study.

2.11. Inhibition of 15-PGDH Promotes the Mesenchymal Pattern Depending on the Normal
Transport Function of PGT

To further demonstrate the relationship between 15-PGDH and PGT, we treated Jeg3,
HTR8 and dhESCs with both SW033291 and indocyanine green (ICG), a PGT inhibitor.

We first performed ELISA to detect PGE2 in the cell lysates of Jeg3 cells and dhESCs
from three groups: the NC, SW033291 and SW033291 + ICG groups. Both PGE2 in Jeg3
cells and dhESC cells in the SW033291 group were significantly increased; however, when
treated with ICG, the concentration of PGE2 then decreased, which demonstrated that the
PGE2 increase depended on the lactate-PG transport mechanism of PGT (Figure 7A,B).

We also performed Western blotting to reveal changes in the expression of related
molecules. First, in both Jeg3 cells and dhESCs, SW033291 promoted mesenchymal markers,
such as CDH2, while inhibiting the epithelial marker CDH1; however, this effect was coun-
terbalanced by ICG (67 µM) (Figure 7E−H). Second, in Jeg3 cells, HLA-G still did not show
a significant change when Jeg3 cells transitioned between an epithelial or mesenchymal
pattern, indicating that the concentration of PGE2 and the expression of 15-PGDH have
no effect on HLA-G (Figure 7G,H). In regard to PRL expression, ICG can counterbalance
exposure to SW033291 (Figure 7E,F).

To corroborate these effects, we also used F-actin staining to evaluate cytoskeletal
reorganization (Figure 7C,D). HTR8 (Figure 7D) and dhESCs (Figure 7C) treated with
SW033291 (500 nM) showed fibroblastic-like shapes, while HTR8 and dhESCs treated with
SW033291 (500 nM) and ICG (67 µM) exhibited a change in the localization of actin to the
edge of the cell membrane, which represents a typical polygonal morphology (Figure 7C,D).
ICG can reverse the effect of SW033291. PGT serves as an exchange for PGs with lactate.
When PGT is inhibited by ICG and cells cannot take up PGE2, even inhibiting 15-PGDH is
still not useful to promote the mesenchymal pattern.

2.12. Preeclampsia Rat Model Construction and Expression Detection of 15-PGDH and PGT

Given clinical ethics, we could not obtain a complete maternal–foetal interface in
patients with PE. However, in the animal model, we obtained the complete maternal–foetal
interface as described above. We successfully constructed two kinds of PE rat models
according to the above methods. The blood pressure of the reduced uterine perfusion
pressure (RUPP) group [16] and NG-nitroarginine methyl ester hydrochloride (L-NAME)
group increased significantly (approximately 20 mmHg) (Figure 8A,B). The CK7−vimentin+

zone is consistent with decidual cells, and CK7+ indicates the labyrinth zone, which is
consistent with the placentas of humans. HE staining showed that the structure of the
maternal–foetal interface in the L-NAME and RUPP groups was significantly changed.
First, the placenta was degenerated (Figure 8E,G), the sinus-like structure in the decidua
layer became larger, and the number of cells was reduced (Figure 8E,F). Second, the uterine
volume was reduced (Supplementary Figure S3A), the growth and development of foetal
rats in the RUPP group were restricted and the growth and development in the L-NAME
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group were slightly restricted (Supplementary Figure S3B). Moreover, HE staining revealed
that the structure of the kidney was damaged as well, with widening visible glomerular
cysts and weakening of the glomerulus (Supplementary Figure S3C, glomerulus labelled
with triangles).
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Figure 7. Function of the 15-PGDH inhibitor dependent on PGT. (A,B) PGE2 levels in cell lysates
were quantified by ELISA. (A) represents PGE2 levels in dhESCs; (B) represents PGE2 levels in Jeg3
cells. (C,D) F-actin staining revealed cytoskeletal changes in dhESCs and HTR8 cells in the NC
(normal control) group, SW033291 group, and SW033291+ICG group. Bar= 20 nm. (E,F) Western blot
assays showed the relative levels of EMT markers and decidualization markers. (G,H) Western blot
assays showed the relative levels of EMT markers and HLA-G. Each experiment was independently
performed three times. GAPDH served as a loading control. Band intensities were quantified and
normalized to the GAPDH values. The results are representative of at least three independent
experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant (one-way ANOVA).
NC: normal control; ICG: indocyanine green; NP: normal pregnancy; PE: preeclampsia.

Immunohistochemistry demonstrated that 15-PGDH was significantly downregulated
in the placenta (Figure 9B) (n = 6; p ≤ 0.05) but upregulated in the decidua of the RUPP rat
model and L-NAME PE rat model group (Figure 9A) (n = 6; p≤ 0.05). PGT was significantly
upregulated in the placenta (Figure 9D) (n = 6; p ≤ 0.05) but downregulated in the decidua
of the RUPP rat model and L-NAME PE rat model (Figure 9C) (n = 6; p ≤ 0.05). Figure 9E
represents negative control of placenta and decidua.
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Figure 8. Preeclampsia animal model construction (A,B) The success of the animal model was con-
firmed by statistically analysing blood pressure, n = 6 for each group. ** p < 0.01; *** p < 0.001; ns,
not significant. (C) Location of two silver clips on vessels between the ovary and uterus. (D) De-
termination of cell components of the maternal–feotal interface of SD rats. Green: CK7; red: vi-
mentin, Bar = 500 nm. (E−G) HE staining showed the maternal–foetal interface structure change
of RUPP and L-NAME rats vs. normal SD rats. n = 3 for each group, (E) shows the whole pic-
ture, scale bar = 500 nm, (F) shows the decidua, scale bar = 50 nm, and (G) shows the placenta,
scale bar = 20 nm.
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Figure 9. Enzyme 15-PGDH and PGT enzymes in the RUPP and L-NAME models. (A) Immunohisto-
chemical staining showed the localization and relative quantification of 15-PGDH in the decidua of
the RUPP and L-NAME rat groups. Brown staining represents the target protein, and (B) immunohis-
tochemical staining showed the localization and relative quantification of 15-PGDH in the labyrinth
zone of the RUPP and L-NAME vs. NP rat groups. n = 6 for each group. (C) Immunohistochemical
staining showed the localization and relative quantification of PGT in the decidua of the RUPP and
L-NAME rat groups. Brown staining represents the target protein, and (D) immunohistochemical
staining showed the localization and relative quantification of PGT in the labyrinth zone of the
RUPP and L-NAME vs. NP rat groups. The results are representative of at least three independent
experiments. (E) represents negative control of placenta and decidua. Scale bar = 50 nm. * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not significant (one-way ANOVA). n = 6 for each group.
NP: normal pregnancy.

243



Int. J. Mol. Sci. 2023, 24, 5111

3. Discussion

In our study, we verified EMT/MET during placental development and decidual-
ization. Partial EMT occurs during trophoblast differentiation, and MET occurs during
decidualization. Then, we found that both the trophoblasts and DSCs of PE patients tended
to have more epithelial patterns, indicating insufficient EMT of trophoblasts and excessive
MET during decidualization of DSCs. 15-PGDH was differentially expressed in the pla-
centa and decidua of PE patients. Inhibiting 15-PGDH promoted trophoblast differentiation
and DSC decidualization and led to a shift to a mesenchymal pattern in both groups in a
dose-dependent manner. Inhibiting 15-PGDH can upregulate PGT, which can lead to the
uptake of more PGE2. Inhibiting 15-PGDH promotes a mesenchymal pattern depending
on the lactate-PG transport mechanism of PGT.

EMT/MET was once thought to be a transition between a complete epithelial pattern
or mesenchymal pattern. However, with more research, EMT/MET should be further
elucidated. EMTs/METs are multistep, reversible, dynamic biological processes of cell
differentiation and dedifferentiation, with cells transitioning along various stages, including
various partial EMT states, which are also characterized by cytoskeleton and molecular
marker changes. In regard to trophoblast development, in our study, CDH1 was decreased
in the process of CTB EMT, while CDH2 was not significantly increased, which was
consistent with some previous dissertations. In 2015, a study found that EMT occurring
in placental development lacked traditional characteristics of EMT types 1–3 and defined
trophoblast EMT as type 0 [17]. A review published in 2019 in BMJ defined trophoblast
EMT as partial EMT [18]. In our research, we used coimmunofluorescence to reveal partial
EMT during placental development.

Whether EMT/MET is the basis for cells to undertake different biological functions
and cell differentiation, is parallel to cell differentiation, or only prepares for invasion
or metastasis is an interesting question. HLA-G is expressed during CTB EMT and is a
marker of CTB development, which is a kind of human leukocyte antigen that plays a
major role in mediating immune tolerance. This molecule can prevent the embryo from
being attacked by immune cells in the decidua. The expression of HLA-G is decreased in
patients with PE [19], which is consistent with the decrease in EMT in patients with PE.
However, in our research, we found that HLA-G expression did not significantly change
when trophoblasts changed along the epithelial and mesenchymal spectra. In addition,
the blots of CDH1 show numerous panels, which may be caused by alternative splicing
or protein modification. Whether modification of CDH1 involves new mechanism of
EMT/MET needs further research.

In the process of decidualization, MET occurs with PRL and IGFBP1 expression. In
DSCs in PE patients, excess MET is accompanied by PRL and IGFBP1 deficiency; in an
in vitro cell model, insufficient MET was accompanied by PRL and IGFBP1 increases. These
phenomena seem contrary, which may be due to the oversimplification of EMT/MET. The
relationship between EMT/MET and decidualization is complex. A review of EMT/MET
in 2016 may help explain these phenomena [20]. The authors of this review predicted
and described hypothetical EMT/MET transitional states, among which there are several
special states, including intermediate state (EM) 1 and EM3, indicating that cells are
on more thermodynamic peaks with more metastable states than complete epithelial or
mesenchymal patterns. Between EM1 and EM3, EM2 has a higher mesenchymal/epithelial
score (M/E score) than EM1 and a lower score than EM3 but with lower energy, which
means EM2 is more stable than EM1 [20]. Therefore, we predict that the “fitting curve”
between EMT/MET and IGFBP1 and PRL is a “sinusoidal curve” instead of a “linear
regression curve”, which means that IGFBP1 and PRL do not increase with increasing M/E
scores. Among the decidualization procedures, there may be different stages with different
PRL or IGFBP1 expression or M/E scores. If we understand EMT/MET in this way, many
seemingly contradictory conclusions are reasonable. However, due to the limitations of the
experimental model, we could not build decidualization with multiple partial EMT states
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to detect the relationship between EMT/MET. Whether EMT/MET is the basis of HLA-G,
IGFBP1, or PRL expression or a parallel occurrence still deserves further study.

The placentas and deciduas of patients with PE showed an excessive epithelial pattern
and insufficient mesenchymal pattern, indicating that EMT of the placenta is insufficient,
while MET of the decidua is excessive. In the mesenchymal pattern, the loss of stress
fibres from the centre of the cell body promotes the movement of cells and makes it easier
for trophoblasts and decidual cells to invade each other and for an embryo to attach
to the mother, completing vascular remodelling and forming a healthy maternal–foetal
interface. This phenomenon may be one of the reasons for the shallow implantation of
trophoblasts. Our experiment proved that the epithelial pattern in the deciduas of PE
patients was excessive, which was consistent with another study [21]. However, studies
have shown that the deciduas of recurrent spontaneous abortion (RSA) show a shift to an
excess mesenchymal pattern [22]. Previous studies have shown that RSA and PE share a
similar pathogenesis; however, from the perspective of decidua MET, there are essential
differences between the decidualization abnormalities of RSA and PE patients. However,
this conclusion still needs multicentre and multisource confirmation.

Prostaglandins play an important role in embryo implantation, formation of the
maternal–foetal interface and initiation of labour. Prostaglandins regulate embryo implan-
tation at lower concentrations and inhibit embryo implantation at higher concentrations.
Therefore, the precise regulation of prostaglandin metabolism is very important for the for-
mation of the maternal–foetal interface. Aspirin, as an inhibitor of prostaglandin synthase
COX-2, has been widely used in the clinic to prevent PE [23,24]. PGT and 15-PGDH also
play important roles in regulating prostaglandin concentrations. PGT and 15-PGDH may
also become targets for the treatment of PE, similar to aspirin.

However, the expression of 15-PGDH is increased in the placentas of PE patients, but
it promotes the epithelial–mesenchymal transformation of trophoblasts. This conclusion
seems contradictory, and the possible reasons are listed. 1. Lesions exist in early pregnancy
in PE patients; however, for ethical reasons, research on PE relies on the placenta at the
time of delivery. Therefore, 15-PGDH may be compensated in a long gestational duration,
or the expression of 15-PGDH may be affected by aspirin, which is commonly used. 2. The
other explanation involves a more controversial viewpoint. Is the placenta an organ that
causes PE or an injured organ that is harmed by PE [1,25]? This study tested the hypothesis
that decidual defects are an important determinant of the placental phenotype [1]. In
our study, we demonstrated that 15-PGDH, which inhibits mesenchymal patterns and
decidualization, is upregulated in the deciduas but downregulated in the placentas of
PE patients. This conclusion suggests that the decidua and the microenvironment of
trophoblasts are potential causes of PE. However, testing only one molecule is not enough,
and this issue requires further research.

4. Materials and Methods
4.1. Patients and Sample Collection

First trimester placental villi were obtained from healthy women undergoing elective
surgical termination of their pregnancies from 6–8 weeks of gestation. A total of 16 placental
tissue samples from patients with PE and matched healthy controls were collected in the
Obstetrics and Gynaecology Department, Renmin Hospital of Wuhan University (Wuhan,
China) from March 2022 to May 2022 (Supplementary Table S1), and informed consent
was obtained from all the patients in advance. Placental tissues and decidual tissues
were collected from women in the third trimester during caesarean section. The placenta
and decidua specimens were washed with sterile PBS, fixed in 4% paraformaldehyde, or
quick-frozen in liquid nitrogen for later use. Human sample collection was authorized by
the Ethical Review Board of Renmin Hospital, Wuhan University (WDRY2021-K177) and
performed in accordance with the Declaration of Helsinki.
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4.2. Cell Culture and Differentiation

Human trophoblast cell lines (Jeg3, HTR8) and human decidual stromal cell line (hESC)
were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).
Jeg3 and HTR8 cells were cultured in a 5% humidified carbon dioxide atmosphere at 37 ◦C
in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Gibco, Life Technologies, Grand
Island, NY, USA) with 10% foetal bovine serum (Gibco, Life Technologies, Grand Island,
NY, USA), 50 mg/mL streptomycin, and 50 U/mL penicillin. Jeg3 is the only trophoblast
cell line that expresses human leukocyte antigen G (HLA-G), which is gradually expressed
during development from CTBs to EVTs.

hESCs were cultured in a 5% humidified carbon dioxide atmosphere at 37 ◦C in phenol
red-free Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Meilunbio, Dalian, China)
with 10% foetal bovine serum, 50 mg/mL streptomycin, and 50 U/mL penicillin. One
micromolar medroxyprogesterone-17-acetate (MPA) (HY-B0469, MedChemExpress, NJ,
USA) and 0.5 mM N6,20-O-dibutyryladenosine cAMP sodium salt (db-cAMP) (HY-B0764,
MedChemExpress, Monmouth Junction, NJ, USA) were added to the culture for 6 days to
induce hESC decidualization in vitro [14].

4.3. SW033291 and ICG Treatment

Cells were treated with 500 nM SW033291 (HY-16968, MedChemExpress, Monmouth
Junction, NJ, USA) [8] to inhibit 15-PGDH or with 67 µM indocyanine green (ICG) (HY-
D0711, MedChemExpress, Monmouth Junction, NJ, USA) to inhibit PGT.

4.4. Western Blot Analysis

Total protein was extracted from cells with RIPA buffer, PMSF protease inhibitors,
and a phosphatase inhibitor (all from Servicebio, Wuhan, China) and then ultrasonicated
and centrifuged at 12,000 rpm for 10 min at 4 ◦C. The supernatants, fixed with loading
buffer (Elabscience, Wuhan, China), were heated for 5 min at 100 ◦C and then kept at
−20 ◦C. Protein from each sample was resolved through 10% SDS-PAGE (PG212 Omni-
EastTM, EpiZyme, Shanghai, China) and then transferred to polypropylene difluoride
membranes (Millipore, USA) for 30 min (PS108P, EpiZyme, Shanghai, China). The mem-
branes were blocked in blocking buffer (PS108P, EpiZyme, Shanghai, China) for 15 min
at room temperature and then immunoblotted with primary antibodies against 15-PGDH
(11035-1-AP, Proteintech, Wuhan, China), PGT (ab150788, Abcam, Cambridge, UK), E-
cadherin, also named CDH1, (20874-1-AP, Proteintech, Wuhan, China), N-cadherin, also
named CDH2, (22018-1-AP, Proteintech, Wuhan, China), vimentin (10366-1-AP, Proteintech,
Wuhan, China), IGFBP1 (Ab-DF7130, Affinity, Jiangsu, China), prolactin/PRL (Ab-DF6506,
Affinity, Jiangsu, China), HLA-G (66447-1-Ig, Proteintech, Wuhan, China), and GAPDH
(10494-1-AP, 1:5000, Proteintech, Wuhan, China) overnight at 4 ◦C, followed by incubation
with goat anti-rabbit IgG (H + L) or goat anti-mouse IgG (H + L) (GB23303, 1:1000, Ser-
vicebio Technology Co., Wuhan, China) for 1.5 h at 4 ◦C. Protein expression was detected
by a chemiluminescent detection system (Bio-Rad, Hercules, CA, USA) using ECL Plus
reagents (Servicebio Technology Co., Wuhan, China). The expression levels of targeted
proteins were normalized to GAPDH. Western blot analysis was conducted using ImageJ
Pro Plus version 6.0 software.

4.5. Immunohistochemistry

Paraffin-embedded placental tissues and decidua tissues were sectioned at a thickness
of 10 nm, dewaxed, rehydrated and blocked with BSA. Sections were incubated overnight
with primary antibodies as described for Western blotting. Sections for negative control
were incubated without primary antibody. After washing with phosphate-buffered saline
(pH 7.4), the sections were incubated for 2 h with HRP-conjugated secondary antibod-
ies: Alexa Fluor 488-conjugated goat anti-mouse IgG (A32723; Thermo Fisher Scientific,
Waltham, MA, USA) and Alexa Fluor 568-conjugated goat anti-rabbit IgG (A11011; Thermo
Fisher Scientific, Waltham, MA, USA). Nuclei were visualized with DAPI (Beyotime, Shang-
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hai, China). The digital image processing system ImageJ Pro Plus version 6.0 was then
employed to evaluate Area and IntDen of IHC. Average optical density (AOC) = Int-
Den/area, and AOD was calculated.

After deparaffinization and rehydration, standard H&E staining was performed for
morphological analysis.

4.6. Immunofluorescence

The steps before incubation with primary antibodies were the same as those used
for immunohistochemistry. The samples were incubated with the desired dilutions of
primary antibodies overnight at 4 ◦C. The samples were then incubated with fluorescence-
labelled secondary antibody for 1 h (Beyotime, Shanghai, China) at room temperature and
counterstained with 4′-6-diamidino-2-phenylindole (DAPI) (Beyotime, Shanghai, China).
The primary antibodies used in the study were the same as those used for Western blotting.
The secondary antibodies used included anti-rabbit IgG (H + L) Alexa Fluor 555 (Invitrogen,
San Diego, CA, USA; A-31572) and anti-goat IgG (H + L) Alexa Fluor Plus 488 (Invitrogen;
A32814). A confocal laser scanning microscope (Olympus FV1000, Tokyo, Japan) was used
to observe the fluorescence signal. Five visual fields with tissue were selected for analysis.
The pixel intensity per unit area was assessed using ImageJ (1.52a, National Institutes of
Health, Rockville, MD, USA).

4.7. ELISA

The level of PGE2 in cell lysates was identified by ELISA. Ultrasonicated cells were cen-
trifuged at 12,000 rpm for 10 min at 4 ◦C. PGE2 concentrations in the cells were detected by
a PGE2 competitive ELISA kit (EK8103/2, Multi Science, Hangzhou, China). All the above-
mentioned analyses were performed according to the relevant manufacturer’s instructions.

4.8. F-Actin Staining

After treatment with SW033291 or ICG, all round coverslip samples were washed with
PBS and fixed in 3.7% paraformaldehyde (Servicebio, Wuhan, China) for 15 min, and the
coverslips were washed three times with PBS. Then, the coverslips were permeabilized
with 0.1% Triton X-100 for 10 min and stained with rhodamine conjugated to phalloidin
(Phalloidin-iFluor 647 Reagent, Abcam, Cambridge, UK) for 30 min at 37 ◦C. After three
washes with PBS, the nuclei were visualized with DAPI (100 nM) for 10 min.

4.9. Preeclampsia Rat Model Construction

Twenty-five Sprague–Dawley female rats and fifteen Sprague–Dawley male rats,
purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd., China, were
used in our studies. After adapting to culture for 7 days in specific pathogen-free (SPF)
conditions at Renmin Hospital of Wuhan University, the rats were mated, and the day
was recorded as day 0.5 of gestation. Pregnant rats were randomly divided into 4 groups
according to their body weight. The L-NAME group was subcutaneously injected with
NG-nitroarginine methyl ester hydrochloride (L-NAME) (HY-18729A, MedChemExpress,
Monmouth Junction, NJ, USA) from the 10th day of pregnancy to the 18th day of pregnancy
(100 mg/kg× day), while the normal pregnancy control group was injected subcutaneously
with physiological saline. Blood pressure was measured on gestational day 10, 13, 16 and 18
by noninvasive tail-cuff system (CODA system, Kent Scientific, Torrington, CT, USA). Rats
in RUPP group were operated on at 14.5 days of pregnancy. The surgical procedure was
performed as described previously [16,26], and the skin was cut along the midline of the
abdomen. The omentum was gently pushed with two cotton swabs, and the intestinal tube
was pushed with wet gauze to expose the posterior abdominal wall. The abdominal aorta
was found, the surrounding fascial tissue was separated, and then, the abdominal aortic
silver clip was slid to 0.5 cm above the abdominal aortic bifurcation. Then, the ovarian
artery silver clips were placed, as Figure 5C shows (white triangles indicate the position of
the silver clips). No silver clip was placed in rats in the sham group. The sham group means
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negative control group. On gestational day 18, carotid arterial catheters were inserted for
blood pressure measurements. After blood pressure measurement, tissues were collected.
Collection of the maternal–foetal interface: we cut the uterus along the opposite side of
the uterine blood vessels, peeled off the amnion, and cut off the umbilical cord. Without
separating the placenta and the uterus, we completely preserved the maternal–foetal
interface and maintained its morphology. Kidneys and other organs were also collected.
The specimens were washed with sterile PBS and then fixed in 4% paraformaldehyde
for later use. All animal studies were approved by the ethics committee for laboratory
animal welfare (IACUC) of Renmin Hospital of Wuhan University [No. WDRM animal
(f) No. 2022103C].

4.10. Statistical Analysis

Statistical significance was determined by SPSS 20.0 software, and p = 0.05 was the
threshold. Student’s t test or one-way ANOVA was used to analyse differences between
two or more groups.

5. Conclusions

We demonstrate for the first time that abnormal 15-PGDH and PGT expression could
be associated with abnormal EMT/MET in patients with preeclampsia. 15-PGDH inhibition
improves the mesenchymal pattern of both trophoblasts and decidual stromal cells, which
are the most important components of the maternal–foetal interface. Inhibiting 15-PGDH
upregulated PGT expression on the cell membrane. 15-PGDH promotes PE relying on PGT,
which functions as an electrogenic anion exchanger for PG with lactate. The present study
provides new insights into the potential role of 15-PGDH and PGT in PE treatment.
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Abstract: Extracellular matrix (ECM) provides various mechanical cues that are able to affect the
self-renewal and differentiation of mesenchymal stem cells (MSC). Little is known, however, how
these cues work in a pathological environment, such as acute oxidative stress. To better understand
the behavior of human adipose tissue-derived MSC (ADMSC) in such conditions, we provide
morphological and quantitative evidence for significantly altered early steps of mechanotransduction
when adhering to oxidized collagen (Col-Oxi). These affect both focal adhesion (FA) formation
and YAP/TAZ signaling events. Representative morphological images show that ADMSCs spread
better within 2 h of adhesion on native collagen (Col), while they tended to round up on Col-Oxi. It
also correlates with the lesser development of the actin cytoskeleton and FA formation, confirmed
quantitatively by morphometric analysis using ImageJ. As shown by immunofluorescence analysis,
oxidation also affected the ratio of cytosolic-to-nuclear YAP/TAZ activity, concentrating in the
nucleus for Col while remaining in the cytosol for Col-Oxi, suggesting abrogated signal transduction.
Comparative Atomic Force Microscopy (AFM) studies show that native collagen forms relatively
coarse aggregates, much thinner with Col-Oxi, possibly reflecting its altered ability to aggregate.
On the other hand, the corresponding Young’s moduli were only slightly changed, so viscoelastic
properties cannot explain the observed biological differences. However, the roughness of the protein
layer decreased dramatically, from RRMS equal to 27.95 ± 5.1 nm for Col to 5.51 ± 0.8 nm for Col-Oxi
(p < 0.05), which dictates our conclusion that it is the most altered parameter in oxidation. Thus,
it appears to be a predominantly topographic response that affects the mechanotransduction of
ADMSCs by oxidized collagen.

Keywords: mesenchymal stem cells; mechanotransduction; collagen; oxidation; YAP/TAZ; focal adhesion

1. Introduction

The extracellular matrix (ECM) initiates several mechanical cues that are able to ac-
tivate intracellular signaling events through cell–matrix interactions [1–4]. It is generally
agreed that the quality and quantity of ECM determine its physical parameters, affecting
cellular response [5], which also applies to the behavior of stem cells [3,6–9]. Each organ or
tissue provides specific mechanical cues [3] that have to be understood in the context of
the entire multicellular organization [5,10]. The situation is different, however, when cells
interact with surfaces (in a 2D system), which is often the case with implanted biomaterials.
Here the surface roughness and surface energy (unified as nanotopography) play a pivotal
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role [7–10]. The surface nanotopography strongly influences osteoblastic proliferation,
differentiation, and extracellular matrix protein expression [5]. A line of research proves
that surface roughness modification of titanium implants improves bone-to-implant con-
tact [11,12]. Other examples are the nanofibers [13] or other linear structures, where the
organization of adhesive sites dictates the cellular response [3]. Collectively, a growing
body of evidence suggests that both surface stiffness and surface topography affect cell
fate, gene expression, and whole cell cycle progression in various cell types [9,14–16]. The
cell–matrix interaction is mediated by focal adhesions (FA), the main hub for mechanotrans-
duction, connecting the ECM proteins, integrins, and the cytoskeleton [17]. Focal adhesions,
however, develop better on 2D surfaces, driven by the stiffness, topography, and surface
energy [18], as well as by the organization of adsorbed adhesive proteins [13,19]. The forces
exerted on cell adhesion molecules further regulate the RhoA signaling pathway by con-
trolling the activities of guanine nucleotide exchange factors (GEFs) and GTPase activating
proteins (GAPs) [1]. Recently, it has become clear that the intracellular Hippo signaling
pathway is the next hub that regulates a number of important biological processes, includ-
ing cellular proliferation, survival, and differentiation [20–23], and thus determines organ
size and tissue homeostasis [20–22]. Originally discovered in Drosophila melanogaster, the
Hippo pathway is highly conserved across species, as equivalent genes and their products
can be found in mammals [20] as a complex cascade of serine/threonine-protein kinases
STK3 and STK4 [2,4]. They form a complex with the adaptor/Salvador protein (SAV1) that
can phosphorylate and activate the effector protein, large tumor suppressor 1/2 (LATS1/2).
At the same time, it inhibits the transcription cofactors “Yes” associated protein (YAP1) and
its transcriptional co-activator with PDZ-binding motif (TAZ) [19,20,24–27].

A growing body of evidence suggests that YAP/TAZ signaling is the next intracellular
key for driving cell behavior via the Hippo pathway. When “off,” the phosphorylated
YAP/TAZ retains in the cytoplasm where it could undergo proteolytic degradation [5,19]
but when “on,” the unphosphorylated YAP/TAZ moves into the nucleus and binds to
transcription factors called TEA DNA-binding proteins (TEAD1–4), regulating various
proliferative and pro-survival genes, thus having a critical impact on cell behavior [20–26].

Research from the past decade has tremendously expanded our knowledge about
mesenchymal stem cell (MSC) physiology in response to physical signals in the envi-
ronment [3,6–8]. MSCs are a group of progenitor cells characterized by their ability for
self-renewal and directed differentiation [3,28]. Within their local tissue microenviron-
ment or niche, MSCs communicate with the ECM accepting various chemical, physical,
and mechanical cues to regulate their fate and behavior [3,7,8,27,29–31]. Nowadays, it is
generally agreed that MSCs perceive their microenvironment through soluble (diffusible)
signals and mechanical cues, such as ECM stiffness, nanotopography, or confined adhe-
siveness [3,23–27,29]. For example, MSCs have the ability to differentiate into neuroblast,
chondrocyte, osteoblast, adipocyte, and numerous other cell types when they reside within
matrices that mimic the stiffness of their native substrate [10,20,24,29]. However, it reflects
their physiological environment providing specific viscoelastic properties, while the topo-
graphic response is less studied—though it is proposed that this may also determine the
local response of stem cells toward tissue repair and regeneration [24]. Collagen is the most
abundant protein in the ECM, critical for its mechanical properties, including stiffness,
roughness, extracellular forces, and topography, thus affecting various cell functions and
communications [32–34]. Though our knowledge of the composition of natural ECM is
continuously growing, the impact of its structural organization on the adjacent cellular
microenvironment is not well understood, particularly in pathological conditions [32,35].

Oxidative stress is one such condition known to affect the collagen structure and
turnover strongly [36,37], including its extracellular processing [32], and remodeling [38,39].
Although these processes are extensively studied, direct investigations utilizing adsorbed
collagen layers are rather sparse. From this point, our recent study showed that the
oxidation of adsorbed type I collagen alters its remodeling by stem cells [39], opening the
door for further research.
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The use of adipose tissue-derived MSCs (ADMSCs) as a cellular model also draws
considerable attention as they combine relatively easy availability and less donor site
morbidity, and possess the characteristic multi-potency making them very suitable for tissue
engineering applications [31,39,40]. Here, we provide morphological and quantitative
(morphometric) evidence for the altered mechanotransduction of ADMSCs adhering to
oxidized collagen involving both focal adhesions (FA) and YAP/TAZ signaling pathways,
aiming to understand better the stem cells’ behavior in conditions of acute oxidative stress.

2. Results
2.1. Initial Cell Attachment

Glass coverslips were coated with native (Col) or oxidized collagen (Col-Oxi) produced
by previously described procedure [41] to follow the initial attachment of ADMSCs after
2 h of incubation in a serum-free medium. This study was focused on the early signaling
events (see below) since, at later stages, it was expectable that cells would produce a
plethora of matrix proteins that may scramble the collagen effect alone. For the same
reason, the serum was omitted from the medium. After incubation, the cells were fixed
and permeabilized before being stained according to protocol 1 (see Methods section)
for actin (to view the cytoskeleton), vinculin (to visualize the focal adhesions), and the
nucleus. Phase contrast pictures of living cells were also captured; representative images
are shown in Figure 1. As evident from the low magnification phase contrast pictures (A
and D) and the morphometric data in Table 1, ADMSCs attached equally well on both
substrates but spread differently: much better on native Col (A) with a spreading area
of 216.0 µM2 versus 179.6 µM2 for the oxidized samples (D). At the same time, the cells
display more rounded morphology on Col-Oxi, as pointed at with yellow arrows on (D),
and are confirmed quantitatively by the higher CSI index for the oxidized samples (0.33),
lowering to (0.25) for the native ones, as presented in Table 1. Note that the CSI index tends
to 1.0 for a circle and 0 for a line, thus quantitatively reflecting the tendency for the delayed
spreading of ADMSC (more rounded morphology) when attached to Col-Oxi. This effect
corroborates with the less actin cytoskeleton development and focal adhesion formation in
the oxidized samples compared to native ones, pointed out with white arrows in Figure 1
(B and C, respectively).
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channel of a fluorescent microscope to view the actin cytoskeleton (B,E) or red for focal adhesions 
(C,F). The yellow arrow on (D) points to a delayed spreading of ADMSC on oxidized collagen (more 
rounded cells), while the arrows on (B,C) point to the better actin cytoskeleton development and 
focal adhesions formation in native collagen samples when compared to oxidized counterparts ((E) 
and (F), respectively). Bars on (B,C,E,F) are 20 μm. 
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Spreading Area, Cell Shape Index (CSI), Aspect Ratio (AR), and corresponding р values. 

Cellular Parameters Col Col-Oxi  p 
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Cell Shape Index (CSI) 0.25 0.33 p < 0.05 
Cell Aspect Ratio (CAR) 3.33 2.61 p > 0.05 

The quantitative data for FA formation are presented in Table 2. These confirm again 
the significantly higher values for ADMSC adhering to native collagen, namely, the num-
ber of FA, total FA area, and the mean area per a single FA, amounting, respectively, to 
317, 1085, and 3.66 vs. 143, 406, and 2.84 for the oxidized samples. These data were calcu-
lated from the images [42–44]. 

Table 2. Focal adhesion formation: number of FA, total area of FA, and mean area per FA. 

Cell Col Col-Oxi  p 
Number of FA  317 143 p < 0.05 

Total FA Area (μm2) 1085 406 p < 0.05 
Mean Area per FA (μm2) 3.66 2.84 p > 0.05 

We also conducted a study covering the later stages of adhesion. As evident from 
Figure 2, all these morphological differences did not persist at the 24th hour of incubation, 
apparent from the phase contrast pictures (A,D), equally developed actin cytoskeleton 
(B,E), and focal adhesions formation (C,E) on both the Col (upper row) and Col-Oxi sam-
ples (bottom row). Quantitative analyses were not performed here. In fact, this result sup-
ported our initial desire to focus on the early stages of cellular interaction and signaling 
events giving the option to evaluate the specific effect of collagen oxidation. 

Figure 1. Initial adhesion of ADMSCs to native (A–C) and oxidized collagen (D–F) for 2 h in a
serum-free medium. The samples were viewed at 10× phase contrast (A,D) or 40× using the green
channel of a fluorescent microscope to view the actin cytoskeleton (B,E) or red for focal adhesions
(C,F). The yellow arrow on (D) points to a delayed spreading of ADMSC on oxidized collagen (more
rounded cells), while the arrows on (B,C) point to the better actin cytoskeleton development and focal
adhesions formation in native collagen samples when compared to oxidized counterparts ((E) and (F),
respectively). Bars on (B,C,E,F) are 20 µm.
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Table 1. Morphometric analysis of ADMSC adhering to native and oxidized collagen, including Cell
Spreading Area, Cell Shape Index (CSI), Aspect Ratio (AR), and corresponding p values.

Cellular Parameters Col Col-Oxi p

Cell Spreading Area (µm2) 216.0 179.6 p > 0.05
Cell Shape Index (CSI) 0.25 0.33 p < 0.05

Cell Aspect Ratio (CAR) 3.33 2.61 p > 0.05

The quantitative data for FA formation are presented in Table 2. These confirm again
the significantly higher values for ADMSC adhering to native collagen, namely, the number
of FA, total FA area, and the mean area per a single FA, amounting, respectively, to 317,
1085, and 3.66 vs. 143, 406, and 2.84 for the oxidized samples. These data were calculated
from the images [42–44].

Table 2. Focal adhesion formation: number of FA, total area of FA, and mean area per FA.

Cell Col Col-Oxi p

Number of FA 317 143 p < 0.05
Total FA Area (µm2) 1085 406 p < 0.05

Mean Area per FA (µm2) 3.66 2.84 p > 0.05

We also conducted a study covering the later stages of adhesion. As evident from
Figure 2, all these morphological differences did not persist at the 24th hour of incubation,
apparent from the phase contrast pictures (A,D), equally developed actin cytoskeleton (B,E),
and focal adhesions formation (C,E) on both the Col (upper row) and Col-Oxi samples
(bottom row). Quantitative analyses were not performed here. In fact, this result supported
our initial desire to focus on the early stages of cellular interaction and signaling events
giving the option to evaluate the specific effect of collagen oxidation.
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for actin, nucleus, and TAZ activity (see protocol 2 in the Subsection 4.5.3). 

Figure 3 shows typical images of cells examined sequentially on the red, blue, and 
green channels. 

 
Figure 3. Immunofluorescent visualization of YAP/TAZ activity in ADMSCs adhering to native (A–
C) and oxidized collagen samples (D–F). The same field was viewed at different channels of the 
microscope: red (actin cytoskeleton), blue (nucleus), and green (for TAZ activity). Arrows on all the 
images show the location of the nucleus. Bar 20 μm 

As evident from these images (Figure 3) and the supporting quantitative analysis 
presented in Table 3, the YAP/TAZ activity that coincides with the nucleus is apparently 
higher for native Col (pointed with arrows in Figure 3 B and C) compared to Col-Oxi 
(pointed with arrows in Figure 3 E and F), corresponding to 229.3 versus 178.2 intensity 
of pixels and ratio 176.2 versus 14.4, respectively, as shown in Table 3. These values sug-
gest a significantly better signal transmission to the nucleus for native collagen samples: 

Figure 2. The approximately equal cell spreading (A,D) corroborates with the similar actin cytoskele-
ton development (B,E) and focal adhesions formation (C,F) at the 24th h of ADMSC adhesion to
native (upper row) and oxidized collagen (bottom row). Bar 20 µm.

2.2. YAP/TAZ Signaling Events

To follow the intracellular signaling events upon adhesion of ADMSCs, we fixed and
permeabilized the cells at the second hour of incubation before staining simultaneously for
actin, nucleus, and TAZ activity (see protocol 2 in the Section 4.5.3).

Figure 3 shows typical images of cells examined sequentially on the red, blue, and
green channels.
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Figure 3. Immunofluorescent visualization of YAP/TAZ activity in ADMSCs adhering to native
(A–C) and oxidized collagen samples (D–F). The same field was viewed at different channels of the
microscope: red (actin cytoskeleton), blue (nucleus), and green (for TAZ activity). Arrows on all the
images show the location of the nucleus. Bar 20 µm.

As evident from these images (Figure 3) and the supporting quantitative analysis
presented in Table 3, the YAP/TAZ activity that coincides with the nucleus is apparently
higher for native Col (pointed with arrows in Figure 3B,C) compared to Col-Oxi (pointed
with arrows in Figure 3E,F), corresponding to 229.3 versus 178.2 intensity of pixels and ratio
176.2 versus 14.4, respectively, as shown in Table 3. These values suggest a significantly
better signal transmission to the nucleus for native collagen samples: the cytosolic TAZ
accumulation was only 1.3 pixels versus 12.4 for the Col-Oxi ones. Conversely, the nuclear
TAZ accumulation was almost 230 pixels for the native samples vs. 178 pixels for Col-Oxi,
resulting in a significantly higher ratio of TAZ nuclei/TAZ cytosol of 176.2 vs. 14.4 for
Col-Oxi (p < 0.05).

Table 3. Nuclear and Cytosolic TAZ values and their ratio.

Parameters Col Col-Oxi p

Nuclear TAZ 229.3 178.2 p < 0.05
Cytosolic TAZ 1.3 12.4 p < 0.05

Ratio TAZ
Nuclei/TAZ Cytosol 176.2 14.4 p < 0.05

Taken together, this uneven distribution of TAZ between the nucleus and cytosol con-
firms the markedly different mechanical signal transduction between native and oxidized
samples, being significantly suppressed in the latter.

Another interesting observation from these images was the difference in the overall
nuclear shape: the nuclei in native collagen were more flattened compared to the Col-Oxi
ones (see Figure 3B vs. Figure 3E), suggesting a more significant pressure from the cy-
toskeleton for ADMSC adhering on native collagen. This observation was partly confirmed
by the nuclear size and shape analysis presented in Table 4: the mean nuclear area per
cell was significantly lower in native collagen samples compared to the oxidized ones,
amounting to 17.0 µM2 versus 21.2 µM2 (p < 0.05). The effect on the nuclear shape was not
so pronounced, and we found only a nonsignificant trend for lowering the mean NSI (0.81
versus 0.86) and the change in NAR from 1.68 versus 1.34 for ADMSC adhering to native
vs. oxidized collagen, respectively.
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Table 4. Morphometric analysis of ADMSC nuclei adhering to native and oxidized collagen: nuclear
area per cell, nuclear shape index (NSI), Nuclear Aspect Ratio (NAR), and corresponding p values.

Nuclear Parameters Col Col-Oxi p

Nuclear Area per cell (µM2) 17.01 21.2 p < 0.05
Nuclear Shape Index (NSI) 0.81 0.86 p > 0.05

Nuclear Aspect Ratio (NAR) 1.68 1.34 p > 0.05

2.3. Comparative Atomic Force Microscopy (AFM) Study

The morphology and the mechanical properties of adsorbed native and oxidized
collagen, compared with the denatured one, were further examined in the nanoscale
using AFM.

For these experiments, collagen was adsorbed to glass coverslips at identic conditions
with cellular studies (at 37 ◦C for 1 h). The measurements were performed by AFM
operating in contact mode at room temperature in the air.

As shown in Figure 4, the native collagen forms relatively large linear structures
(Figure 4A) resembling thick interlaced fibers. More detailed 3D analysis, however, showed
that these structures are sooner coarse aggregates growing to the z-direction (Figure 4D,G).
These linear structures were much thinner on oxidized collagen samples (Figure 4B),
showing a tendency for network formation, combined with less growth in the z-direction
(Figure 4E,H). In the denatured collagen samples, most of these structures were absent
(Figure 4C,F,I). Thermal denaturation curves (Figure 4J–L) obtained by Differential Scanning
Calorimetry (DSC) also confirm the relatively minute structural changes in Col-Oxi, thus
matching our previous investigation for the appearance of a small pre-peak at 35 ◦C, apart
from the complete absence of any thermal changes in denatured collagen.Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 7 of 15 

 

 

 
Figure 4.  Representative 2D AFM images of native (A), oxidized (B), and denatured (C) collagen; 
the corresponding 3D topographical images (D, E, and F) of the images of (A–C) and cross-section 
plot shapes (G,H,I) corresponding to the white lines in (A–C). The images were taken in tapping 
mode in the air at room temperature. The denaturation DSC profiles of native, oxidized, and dena-
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The same AFM scans were used to calculate the roughness values (RRMS) and 
Young’s modules (Ea) to follow the mechanical properties of the obtained collagen fea-
tures. Force–distance curves taken on the collagen samples were selected manually from 
the force images. Only indentation curves at the top of the fibrils and the overlap region 
of the collagen aggregates (Figure 4D–F) were considered. Young’s modulus of the native 
collagen was 56.6 ± 8 MPa, whereas that for the oxidized collagen was 66.8 ± 5 MPa (Table 
5), respectively. However, no significant difference (p > 0.05) was evident between the two 
collagen forms. Conversely, the data in Table 5 shows that upon oxidation, the roughness 
of adsorbed collagen features drops dramatically (approx. seven times) from 27.95 + 5.1 to 
5.51 + 0.8 nm, reflecting a strongly altered ability of the protein to aggregate, apart from 
the native collagen forming large aggregates with a peak to valley distance of about 28 
nm (p < 0.05). The denaturation leads to a relatively vague assembly of collagen in aggre-
gates. 

Table 5. Roughness values and Young’s modulus for native, oxidized, and denatured collagen. 

Samples RRMS (nm) Ea (MPa) 
Collagen Native  27.95 ± 5.1 56.6 ± 8 

Col-Oxidized 5.51 ± 0.8 66.8 ± 5 
Col Denatured  1.04 ± 0.6 3610 ± 59 

Figure 4. Representative 2D AFM images of native (A), oxidized (B), and denatured (C) collagen; the
corresponding 3D topographical images (D–F) of the images of (A–C) and cross-section plot shapes
(G–I) corresponding to the white lines in (A–C). The images were taken in tapping mode in the air at
room temperature. The denaturation DSC profiles of native, oxidized, and denatured collagens were
presented in panels (J–L), respectively.
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The same AFM scans were used to calculate the roughness values (RRMS) and Young’s
modules (Ea) to follow the mechanical properties of the obtained collagen features. Force–
distance curves taken on the collagen samples were selected manually from the force
images. Only indentation curves at the top of the fibrils and the overlap region of the
collagen aggregates (Figure 4D–F) were considered. Young’s modulus of the native collagen
was 56.6 ± 8 MPa, whereas that for the oxidized collagen was 66.8 ± 5 MPa (Table 5),
respectively. However, no significant difference (p > 0.05) was evident between the two
collagen forms. Conversely, the data in Table 5 shows that upon oxidation, the roughness
of adsorbed collagen features drops dramatically (approx. seven times) from 27.95 + 5.1 to
5.51 + 0.8 nm, reflecting a strongly altered ability of the protein to aggregate, apart from
the native collagen forming large aggregates with a peak to valley distance of about 28 nm
(p < 0.05). The denaturation leads to a relatively vague assembly of collagen in aggregates.

Table 5. Roughness values and Young’s modulus for native, oxidized, and denatured collagen.

Samples RRMS (nm) Ea (MPa)

Collagen Native 27.95 ± 5.1 56.6 ± 8
Col-Oxidized 5.51 ± 0.8 66.8 ± 5

Col Denatured 1.04 ± 0.6 3610 ± 59

3. Discussion

It is widely accepted that ECM anchors cells and directs cell functions not only by
biochemical signals but also via specific mechanical cues [2,3]. Stem cells receive such
cues from their microenvironment in the niche through mechanosensing and mechan-
otransduction [7,8,10,13,45], where collagens play a significant role [30,32,46]. Collagen
is crucial because it determines most of the mechanical properties of the tissues and or-
gans [5,32,40,47–49].

It is clear today that the physical cues affect proliferation, self-renewal, and the differ-
entiation of MSCs into specific cell fates [3,8,9]; however, little is known about how these
cues work in pathological environments, such as the acute oxidative stress that affects
numerous homeostatic parameters in the body [36,37]. Recently, we developed a useful
in vitro model to study the effect of collagen oxidation on MSC behavior. More specifically,
we used adsorbed collagen of either native or preoxidized form [39] as a substratum for
ADMSCs adhesion to follow their behavior under conditions that mimic acute oxidative
stress [41]. Using this model, we found that oxidation leads to significant suppression of
extracellular collagen remodeling by ADMSCs due to minute changes in collagen structure,
which opens the door for further applications of this model. Here we show that it may
relate to altered mechanical signal transduction in the cell interior. A reasonable question
arises: how do MSCs sense such altered collagen structure?

Collagen binding is primarily provided by integrins, mainly α1β1 and α2β1 but
also α10β1 and α11β1 [33,34], with an affinity for RGD and GFOGER-like sequences in
collagen molecules [33,34]. Integrins are a family of major cell surface receptors generally
involved in mediating the cellular response to ECM binding [5]. Composed of alpha and
beta subunits, integrins form structural and functional linkages between the ECM fibrils
and the intracellular cytoskeletal linker proteins [34]. Binding to immobilized collagen
promotes integrin activation and clustering in focal adhesions, which are further associated
with intracellular actin filaments through the above-mentioned linker proteins [5]. One
such protein is vinculin, a cytoskeletal constituent associated with cell–cell and cell–matrix
junctions. It is the most used marker for focal adhesions in anchoring F-actin to the
membrane [46,50]. Our results show that ADMSCs hardly develop vinculin-containing
focal contacts upon attachment to oxidized collagen, apart from the native collagen, where
these structures are well pronounced. It correlates with the substantially diminished cell
spreading and cell polarization, which were monitored once morphologically (Figure 1)
and confirmed by ImageJ morphometry analysis (Tables 1–4). We show a significantly
reduced Cell Spreading Area (from 216 to 179 µM2) and CSI tending to 0.33 (i.e., to a more
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circular shape) compared to 0.25 for native Col (Table 1). It has to be noted, however, that
this morphological difference was valid only for the initial stages of cell spreading, as at
the 24th hour it was no longer observed, and ADSCs attached and spread equally well
on both substrates (Figure 2), actually confirming our previous investigation [39]. We are
prone to explain it by the constitutive ability of ADMSCs to produce very soon their own
matrix, containing many other adhesive proteins capable of obliterating the initial collagen
effect. As noted above, this was the reason we focused the present study on the initial
stage of cell adhesion and the related signaling events, just to be sure that ADSCs attach to
collagen only.

Another interesting finding was the observed tendency for flattening of ADMSCs
nuclei in samples with native collagen, while on oxidized ones, the nuclei were larger and
visibly rounding—a trend confirmed quantitatively by morphometry analysis (Table 1).
It is well documented that focal adhesions and stress fibers generated on stiff substrate
transduce mechanical forces to the nucleus, leading to nuclear flattening [5,46,47]. Thus,
we got additional evidence for the successful transmission of the mechanical signal to the
cell nuclei but this was working better for ADMSC adhering to native collagen than on
oxidized collagen. Presumably, and there is proof in this direction, nuclear deformation
increases the nuclear import of signaling molecules by decreasing the mechanical restriction
in nuclear pores [16,47]. Obviously, it also happens in our system, as judged by the
nuclear accumulation of TAZ activity. In fact, using immunofluorescent visualization of the
YAP/TAZ signaling cascade (anti-TAZ antibody), we demonstrated its more substantial
accumulation in the nuclear region at the second hour of incubation (Figure 3), again valid
mainly for the ADMSC adhering to native collagen; moreover, it was confirmed statistically
with morphometry analysis (Table 3), showing that on the oxidized samples, the signal was
considerably fainter (p < 0.05).

However, the question still remains: why does the adsorbed native collagen provide a
better signal to ADMSC during both the initial recognition phase and in the subsequent
steps of signal transmission to the nucleus? Even if we accept the version that oxidized col-
lagen is partly denatured upon oxidation, there is no direct proof that such collagen is worse
recognized by the cells. On the contrary, there is proof that the unwinding of the collagen
molecule releases additional RGD sequences, which improve cellular interaction [49].

On the other hand, the analysis of the DSC curves suggests relatively minute changes
in the collagen structure on oxidation; the thermogram splits with the appearance of
an additional transition, with added melting temperatures of 33.6 ◦C (Figure 4J) to a
native transition characteristic for collagen at 40.1 ◦C (melting) (Figure 4K), confirming our
previous investigation [41].

This structural change in oxidized collagen, however, is far from the curve of denatured
collagen, where the complete absence of temperature transitions was observed (Figure 4L).
Data in the literature regarding the binding of cells to collagen are quite extensive and
sometimes contradictory. As an abundant ECM protein, collagen binds with at least five
different groups of cell receptors, including first integrins but also DDR, Glycoprotein VI,
Osteoclast-associated receptor (OSCAR), LAIR-1, and uPARAP/Endo180 [48]; therefore, it
is difficult to assume that oxidized collagen is not recognized by cells, which directs our
thinking rather to the physical parameters of adsorbed collagen. It was most likely to turn
our attention to its viscoelastic properties, which are known to affect mechanotransduction
significantly [2–5,10]. To our surprise, however, the changes in Young’s modules (Ea) for
the oxidized collagen were relatively slight, with a deviation in Ea of about 20% in the
direction of hardening (Table 2); moreover, these were statistically insignificant (p > 0.05).

On deeper analysis, however, we decided that such a fact should not puzzle us,
considering that this is an adsorbed protein and the role of the underlying substrate stiffness
can hardly be ignored. In contrast, the AFM data demonstrated a significant change in
surface roughness measured over the adsorbed collagen molecules: from relatively thick
linear structures, characterized as coarse aggregates in 3D images, they visibly switch to
much thinner linear features on oxidized samples (Figure 4A–F). Moreover, the calculated
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roughness values (RRMS) showed that upon oxidation, the roughness of adsorbed collagen
features drops dramatically to about 5.5 nm (pick to valley distance), compared to 28 nm
for native collagen samples (i.e., approx. seven times less) reflecting a significantly altered
ability (p < 0.05) of oxidized protein to aggregate under these conditions. It has to be noted
here that the adsorption of proteins was performed at 37 ◦C for 1 h, i.e., in conditions
identical to the cellular studies, meaning that it represented the natural roughness that cells
experience from the substratum.

Though not directly related to collagen, a line of studies confirms the topographic
response of stem cells [7–9,11,16,17]. It necessitates the conclusion that the most altered
parameter to which cells are exposed in our conditions is the roughness of adsorbed protein,
i.e., per se, it is a kind of response of ADMSCs to substrate topography, which determines
the impaired mechanotransduction from oxidized collagen.

4. Materials and Methods
4.1. Collagen Preparation

Collagen type I was produced from rat tail tendon by acetic acid extraction and salting
out with NaCl, as described elsewhere [39,41]. After centrifugation at 4000 rpm at 4 ◦C,
the pellets were redissolved in 0.05 M acetic acid. The excess NaCl was removed by
dialysis against 0.05 M acetic acid. All procedures were performed at 4 ◦C. Thus, a nearly
monomolecular composition of collagen solution, in which the collagen content approaches
100% of the total dry mass, was prepared. The collagen concentration in the solutions was
measured by optical absorbance at 220–230 nm [41].

4.2. Collagen Oxidation Procedure

The collagen solution (2 mg/mL) was incubated in 0.05M acetic acid, pH 4.3, with
50 µM FeCl2 and 5 mM H2O2 for 18 h at room temperature, as previously described [41].
The oxidant solutions were freshly prepared and 10 mM EDTA was used to stop the
oxidation reaction, followed by intensive dialysis versus 0.05 M acetic acid to remove
the excess oxidants. The oxidized collagen, Col-Oxi, was freshly prepared before the
experiments.

4.3. Cells

Human ADMSCs of passage 1 were received from Tissue Bank BulGen using healthy
volunteers with written consent before liposuction. The cells were maintained in DMEM/F12
medium containing 1% GlutaMAX™, 1% Antibiotic-Antimycotic solution, and 10% Gibco
Fetal Bovine Serum (FBS), all purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Every two days, the medium was replaced until the cells reached approximately 90%
confluency to be used for the experiments up to the 7th passage.

4.4. Morphological Study

For the morphological observations, collagen (100 µg/mL) dissolved in 0.05 M acetic
acid was used to coat regular glass coverslips (12 × 12 mm, ISOLAB Laborgeräte GmbH,
Eschau, Germany) for 60 min at 37 ◦C, placed in 6-well TC plates (Sensoplate, Greiner
Bio-one, Meckenheim, Germany). Then, the cells were seeded at 5 × 104 cells/well density
in the final volume of 3 mL serum-free medium before being incubated for 2 h or 24 h. In
a later case, 10% FBS was added at the end of the 2nd hour. The initial cell adhesion and
overall cell morphology were studied at the 2nd hour and imaged under phase contrast
using an inverted microscope, Leica DM 2900, or processed for immunofluorescent analysis
in two protocols, as follows:

4.4.1. First Protocol (Cell Spreading and FA Formation)

After incubations (2 or 24 h) the samples were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Triton X-1000 before fluorescence staining. Green fluorescent
Alexa fluorTM 444 Phalloidin (Invitrogen, Thermo Fisher Scientific Inc Branchburg, NJ,
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USA) was used to visualize the actin cytoskeleton, while the cell nuclei were stained by
Hoechst 33342 (dilution 1:2000) (Sigma-Aldrich/Merck KGaA, Darmstadt, Germany).

Darmstadt, Germany). Focal adhesions were viewed with Anti-Vinculin Mouse Mon-
oclonal Antibody (Clone: hVIN-1, Thermo Fisher Scientific, Waltham, MA, USA) IgG
(1:150) followed by fluorescent Alexa Fluor 555 conjugated goat anti-mouse IgG (minimal
x-reactivity) antibody (both provided by Sigma-Aldrich) used in dilution 1:100;

4.4.2. Second Protocol (YAP/TAZ Signaling Events)

To follow the YAP/TAZ signaling events, separate samples from the same series were
stained with a rabbit polyclonal anti-TAZ antibody followed by green fluorescent Alexa
FluorTM 444 conjugated goat anti-rabbit antibody (both provided by Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany) used in dilution 1:100, further counterstained for cell nuclei
with Hoechst 33342 and red fluorescent Rhodamine Phalloidin (Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany) to view actin cytoskeleton, using dilutions as above.

Finally, all samples were mounted upside down on glass slides with Mowiol and
viewed for 1st protocol using the blue (nuclei), green (actin cytoskeleton), and red (vinculin)
channels of an inverted fluorescent microscope (Olympus BX53, Upright Microscope
Olympus Corporation, Shinjuku Ku, Tokyo, Japan)) with objectives UPlan FLN (40×/0.50).
TAZ samples were viewed separately in the green (TAZ activity), blue (nuclei), and red
(actin) channels. A minimum of three representative images were obtained for each sample.
The respective image processing software merged the different colors. All experiments
were quadruplicated.

4.5. Image Analysis
4.5.1. Quantitative Analysis of Raw Format Images by ImageJ

All image analysis was performed per cell using ImageJ, which provides a wide range
of processing and analysis approaches. The fluorescence intensity of the fibrillary arrays
was measured based on raw format images of cells captured from at least three separate
images under the same conditions. Pixel-based treatments are performed to highlight the
regions of interest (ROIs) and allow the removal of artifacts. A default black-and-white
threshold was used in the segmentation module. Images of equal size (W:1600 px/H:
1200 px) were examined. All measurements were performed at the respective channel of
the two or three colored images.

4.5.2. Quantification of Overall Morphological Parameters

Four metrics were acquired: Spread Area (SA), Cell Shape Index (SCI), Aspect ratio
(AR), and Focal Adhesion size. The individual cellular domains were determined by gen-
erating binary masks using Otsu’s intensity-based thresholding method from fluorescent
actin images. Cellular masks were then used to calculate ADMSC SA and CSI. The CSI was
calculated using the formula:

CSI = 4π×A/P2

where A is the mean cell area and P is the mean cell perimeter.
With this metric, a line and a circle have CSI values of 0 (indicating an elongated

polygon) and 1 (indicating a circle), respectively. AR was calculated as the ratio of the
largest and smallest side of a bounding rectangle encompassing the cell. The same counter
function was used to calculate the nuclear surface area (NSA) and overall nuclear shape
index (NSI) as important morphometric characterization for each cell.

4.5.3. YAP/TAZ Signaling

To quantify the YAP/TAZ nuclear-to-cytosolic ratio, binary masks of the nuclei were
generated using Otsu’s intensity-based thresholding method from fluorescent Hoechst
images and were superimposed with corresponding actin masks to generate masks that
encompass the cytosol yet exclude the nucleus. Fluorescent TAZ images were then super-
imposed either with the nuclear- or cytosol-only masks to isolate the TAZ signal in the
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nucleus or cytosol, respectively. Integral TAZ signal intensity was determined in these
domains, and their ratio was normalized to the corresponding areas. The ratio of TAZ
activity in the nucleus versus cytoplasm was further calculated and compared for both
native and oxidized samples.

4.5.4. Quantification of Focal Adhesions (FA)

Focal adhesions were estimated following the procedure described by Horzum et al.
The steps of image processing were carried out using ImageJ. Briefly, the raw fluorescent
images were processed in several steps, as follows [42]: choose the sliding paraboloid option
with the rolling ball radius set to 50 pixels [43]; enhance the local contrast of the image using
the following values, block size = 19, histogram bins = 256, maximum slope = 6, no mask,
and fast [44]; apply mathematical exponential (exp) to minimize the background further;
adjust brightness and contrast automatically; run log3d (Laplacian of Gaussian or Mexican
Hat) filter, here we define the size of log3Step 1b of log3d filter as sigma X = 5 and sigma
Y = 5); run log3d (Laplacian of Gaussian or Mexican Hat) filter; execute analysis of particles
command using the following parameters, size = 50, infinity and circularity = 0.00–0.99.

4.6. AFM Studies

AFM imaging and force–distance curves of native, oxidized, and denatured collagen
were performed using Atomic Force Microscopy (MFP-3D, Asylum Research, Oxford
Instruments, Santa Barbara, CA 93117, USA). All measurements were taken in the air and
at room temperature. Silicon AFM tips (Nanosensors, type qp-Bio) of 50 kHz resonance
frequency and 0.3 N/m nominal spring constant were used.

For all imaging experiments, collagen solutions were deposited on a clean glass
coverslip and incubated at 37 ◦C for one hour to ensure maximal adsorption for each
sample. Afterward, the collagen-coated glasses were washed gently with distilled water
to avoid buffer crystallization on the surface. Morphometrical (roughness value) and
nanomechanical characterization were accomplished using IgorPro 6.37 software. The
mechanical properties of the three types of collagen were assumed by Young’s modulus
defined by the force–distance (f–d) curves. The value of the elastic modulus was obtained by
fitting the force–indentation data to the Hertz model with the embedded IgorPro software,
considering the Poisson’s ratio to be ≈0.5:

E = 3F(1−ν2)/4
√

(rδ3) (1)

where F is the applied force on the sample, δ is the indentation depth, r is the tip radius,
and E and ν are Young’s modulus and Poisson’s ratio, respectively.

4.7. DSC Measurements

DSC measurements were performed using DASM4’s (Privalov, BioPribor, Moscow,
Russia) built-in, high-sensitivity calorimeter with a cell volume of 0.47 mL. The collagen
concentration was adjusted to 2 mg/mL in 0.05 M acetic acid. A constant pressure of 2 atm
was applied to the cells to prevent any degassing of the solution. The samples were heated
with a scanning rate of 1.0 ◦C/min from 20 ◦C to 65 ◦C and preceded by a baseline run
with buffer-filled cells. Each collagen solution was reheated after cooling from the first scan
to evaluate the reversibility of the thermally induced transitions. The calorimetric curve
corresponding to the second (reheating) scan was used as an instrumental baseline and
was subtracted from the first scans, as collagen thermal denaturation is irreversible. The
calorimetric data were analyzed using the Origin Pro 2018 software package.

4.8. Statistical Analysis

All experiments were conducted with at least 3 independent series with 3–4 cells per
group. One-analysis of variance (ANOVA) followed by Tukey-HSD posthoc tests were
performed on all data sets. Error is reported in bar graphs as the standard error of the mean
unless otherwise noted. Significance was indicated by *, corresponding to p < 0.05.
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Abstract: A state of chronic inflammation is common in organs affected by autoimmune disorders,
such as autoimmune thyroid diseases (AITD). Epithelial cells, such as thyroid follicular cells (TFCs),
can experience a total or partial transition to a mesenchymal phenotype under these conditions. One
of the major cytokines involved in this phenomenon is transforming growth factor beta (TGF-β),
which, at the initial stages of autoimmune disorders, plays an immunosuppressive role. However, at
chronic stages, TGF- β contributes to fibrosis and/or transition to mesenchymal phenotypes. The
importance of primary cilia (PC) has grown in recent decades as they have been shown to play a key
role in cell signaling and maintaining cell structure and function as mechanoreceptors. Deficiencies
of PC can trigger epithelial–mesenchymal transition (EMT) and exacerbate autoimmune diseases. A
set of EMT markers (E-cadherin, vimentin, α-SMA, and fibronectin) were evaluated in thyroid tissues
from AITD patients and controls through RT-qPCR, immunohistochemistry (IHC), and western blot
(WB). We established an in vitro TGF-β–stimulation assay in a human thyroid cell line to assess EMT
and PC disruption. EMT markers were evaluated in this model using RT-qPCR and WB, and PC
was evaluated with a time-course immunofluorescence assay. We found an increased expression of
the mesenchymal markers α-SMA and fibronectin in TFCs in the thyroid glands of AITD patients.
Furthermore, E-cadherin expression was maintained in these patients compared to the controls.
The TGF-β-stimulation assay showed an increase in EMT markers, including vimentin, α-SMA,
and fibronectin in thyroid cells, as well as a disruption of PC. The TFCs from the AITD patients
experienced a partial transition to a mesenchymal phenotype, preserving epithelial characteristics
associated with a disruption in PC, which might contribute to AITD pathogenesis.

Keywords: autoimmune thyroid diseases; Graves’ disease; Hashimoto’s Thyroiditis; TGF-β; EMT;
primary cilia

1. Introduction

Autoimmune thyroid diseases (AITD) are the most prevalent autoimmune disorders
in the global population, with a 5% prevalence, and are most common among middle-aged
women [1,2]. They develop as a consequence of tolerance loss against self-thyroid antigens
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and can be classified into two main types with opposite clinical phenotypes: Hashimoto’s
Thyroiditis (HT) and Graves’ disease (GD). In HT, the thyroid gland is seriously damaged
by a heavy infiltration of immune cells, which results in thyroid cell apoptosis and hy-
pothyroidism [1]. On the other hand, GD is characterized by follicular hyperplasia and
excessive production of thyroid hormones leading to hyperthyroidism. Hyperthyroidism
is mainly due to the overactivation of the thyroid-stimulating hormone receptor (TSH-R)
by stimulating antibodies (TSH-R-Ab) [1]. An extrathyroidal manifestation commonly
observed in GD patients is Graves’ ophthalmopathy (GO). GO is characterized by both an
excessive production of glycosaminoglycans or extracellular matrix (ECM) components by
orbital fibroblasts (OF) and an immune cell infiltration [3,4]. In these phenotypes, other
autoimmune features are present, such as an increase in anti-thyroperoxidase (TPO) and
anti-thyroglobulin (TG) antibodies [1,3,5].

After years of research and despite their high prevalence, the molecular mechanisms
underlying these diseases are still not completely understood [5]. Several studies have
shed light on the genetic predisposition to AITD, reporting relationships of these diseases
with several polymorphisms in different genes [6], as well as epigenetic variations [7]. In
addition, age, sex, and environmental factors have been related to their development [2,8].
AITD are characterized by a disruption in immune homeostasis, where immune cells such
as regulatory T cells (Tregs) show a reduced immune suppression activity, whereas the
function of cells with inflammatory phenotypes, such as T helper (Th) 1, Th2, or Th17
cells, is enhanced [5,9–11]. These changes, together with the influence of several cytokines,
such as interferon gamma (IFN-γ) [12], interleukin 1 beta (IL-1β), tumor necrosis factor
alpha (TNF-α), and transforming growth factor beta (TGF-β), create a chronic inflammation
environment that can lead to thyroid cell destruction [13–17]. These cytokines can also lead
to the acquisition of a mesenchymal phenotype by epithelial cells [18–20].

Epithelial–mesenchymal transition (EMT) is a process that occurs under both phys-
iological and pathological conditions, and it is characterized by the loss of epithelial
characteristics and the acquisition of mesenchymal features by epithelial cells [21]. Accord-
ingly, this process results in changes in cell behavior, morphology, polarity, cytoskeletal
organization, or molecular components in epithelial cells, which lead to cells with increased
motility, migration, plasticity, and secretion of ECM components [22]. Briefly, cells lose ep-
ithelial markers such as E-cadherin, cytokeratin, or Zonula occludens-1 (ZO-1) and acquire
mesenchymal markers such as fibronectin, alpha-smooth muscle actin (α-SMA), fibroblast
specific protein-1 (FSP-1/S100A4), or vimentin, among others. Also, mesenchymal cells syn-
thesize ECM components, such as collagen I, which may trigger fibrosis caused by excessive
fibrous connective tissue deposition [22,23]. The accumulation of fibrotic components can
impair the organ affected. Indeed, EMT is a major feature in several autoimmune diseases,
such as rheumatoid arthritis (RA), inflammatory bowel disease (IBD), and primary Sjögren
syndrome (pSS) [24–29]. In this context, although fibrosis is one of the main pathological
characteristics of HT and the transition of orbital fibroblasts to myofibroblasts contributes
to the pathogenesis of GO [3], studies on EMT in AITD are scarce [19]. EMT is triggered by
several factors, such as genetic/epigenetic alterations, chronic inflammation, and cytokines,
such as TGF-β, among others [30–35].

By integrating miRNA and mRNA data from AITD thyroid tissue samples, we recently
reported dysregulation of primary cilia (PC) as a novel susceptibility pathway that controls
AITD pathogenesis. Indeed, the number of PC was dramatically reduced in AITD, and, in
some cases, they almost disappeared [36]. PC are defined as individual organelles in a pro-
trusion in the apical surface of the cell. PC trigger several intracellular signal transduction
cascades that are indispensable for cell development, proliferation, differentiation, survival,
and migration [37]. In thyroid follicular cells (TFCs), PC can also play a role in modulating
hormone secretion [38,39]. In addition, it was recently described that the deficiency of
primary cilia triggers EMT under resting condition and exacerbates it under the influence
of fibrotic signals such as TGF-β [40,41].
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Keeping all this in mind and regarding our previous results on primary cilia defects
in AITD [36] and their possible involvement in EMT, we evaluated the expression of
epithelial and mesenchymal markers in thyroid tissue samples from AITD and correlated
their expression with patients’ clinical outcomes. Our data indicate that there is an increase
in the acquisition of mesenchymal markers by TFCs in AITD that could contribute to
the pathogenesis of these diseases. Furthermore, EMT induction by TGF-β in thyroid
cells suggests the potential usefulness of this pathway as a novel therapeutic avenue to
treat AITD.

2. Results
2.1. EMT Markers in AITD

Concomitant expression of epithelial and mesenchymal markers is often used to
identify cells that are undergoing EMT. Thus, we first analyzed RNA levels of epithelial and
mesenchymal markers within thyroid tissue from AITD patients and controls. E-cadherin
(CDH1), a marker of epithelial cells, was significantly downregulated in HT tissue in
comparison to the control and GD thyroid tissue (mean relative expression 0.05 in HT vs.
0.13 in controls and 0.14 in GD; p = 0.001 and 0.0001, respectively) (Figure 1A). Interestingly,
when we correlated the expression levels of the different markers with clinical parameters,
we observed that CDH1 expression had a strong inverse correlation with thyrotropin (TSH)
(r = −0.7680; p < 0.0001) and a significant positive correlation with levels of free-T4 (FT4)
(r = 0.7833; p = 0.0172) and TSH-R-Ab (r = 0.73 and p = 0.045) (Figure 1B).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 17 
 

 

play a role in modulating hormone secretion [38,39]. In addition, it was recently described 
that the deficiency of primary cilia triggers EMT under resting condition and exacerbates 
it under the influence of fibrotic signals such as TGF-β [40,41]. 

Keeping all this in mind and regarding our previous results on primary cilia defects 
in AITD [36] and their possible involvement in EMT, we evaluated the expression of epi-
thelial and mesenchymal markers in thyroid tissue samples from AITD and correlated 
their expression with patients’ clinical outcomes. Our data indicate that there is an in-
crease in the acquisition of mesenchymal markers by TFCs in AITD that could contribute 
to the pathogenesis of these diseases. Furthermore, EMT induction by TGF-β in thyroid 
cells suggests the potential usefulness of this pathway as a novel therapeutic avenue to 
treat AITD. 

2. Results 
2.1. EMT Markers in AITD 

Concomitant expression of epithelial and mesenchymal markers is often used to 
identify cells that are undergoing EMT. Thus, we first analyzed RNA levels of epithelial 
and mesenchymal markers within thyroid tissue from AITD patients and controls. E-cad-
herin (CDH1), a marker of epithelial cells, was significantly downregulated in HT tissue 
in comparison to the control and GD thyroid tissue (mean relative expression 0.05 in HT 
vs. 0.13 in controls and 0.14 in GD; p = 0.001 and 0.0001, respectively) (Figure 1A). Inter-
estingly, when we correlated the expression levels of the different markers with clinical 
parameters, we observed that CDH1 expression had a strong inverse correlation with thy-
rotropin (TSH) (r = −0.7680; p < 0.0001) and a significant positive correlation with levels of 
free-T4 (FT4) (r = 0.7833; p = 0.0172) and TSH-R-Ab (r = 0.73 and p = 0.045) (Figure 1B). 

 
Figure 1. RNA expression of EMT-associated markers in thyroid tissue from controls, HT, and GD 
patients. (A) RT-qPCR expression of E-cadherin (CDH1), vimentin (VIM), fibronectin (FN1), and α-
SMA (ACTA2) in bulk thyroid tissue samples. Data correspond to the arithmetic mean ± SD. (B) 
Significant correlation analysis of the genes analyzed by RT-qPCR with different clinical laboratory 
parameters. Abbreviations—ns: not significant, TSH: thyroid-stimulating hormone; FT4: free-T4 
hormone; TSH-R-Ab: TSH receptor antibody. ** p < 0.01; *** p < 0.005. 

Regarding markers of mesenchymal cells, vimentin (VIM) was significantly upregu-
lated in GD compared to HT tissue (mean relative expression 4.75 vs. 2.53, respectively; p 
= 0.0062); however, no significant differences were found when compared to the controls. 
Although RNA levels of α-SMA (ACTA2) and fibronectin (FN1) did not exhibit a signifi-
cant variation between AITD and control thyroid tissue, FN1 had a tendency to be upreg-
ulated in HT compared to control samples (Figure 1A). 

Figure 1. RNA expression of EMT-associated markers in thyroid tissue from controls, HT, and
GD patients. (A) RT-qPCR expression of E-cadherin (CDH1), vimentin (VIM), fibronectin (FN1),
and α-SMA (ACTA2) in bulk thyroid tissue samples. Data correspond to the arithmetic mean ± SD.
(B) Significant correlation analysis of the genes analyzed by RT-qPCR with different clinical laboratory
parameters. Abbreviations—ns: not significant, TSH: thyroid-stimulating hormone; FT4: free-T4
hormone; TSH-R-Ab: TSH receptor antibody. ** p < 0.01; *** p < 0.005.

Regarding markers of mesenchymal cells, vimentin (VIM) was significantly upregu-
lated in GD compared to HT tissue (mean relative expression 4.75 vs. 2.53, respectively;
p = 0.0062); however, no significant differences were found when compared to the controls.
Although RNA levels of α-SMA (ACTA2) and fibronectin (FN1) did not exhibit a significant
variation between AITD and control thyroid tissue, FN1 had a tendency to be upregulated
in HT compared to control samples (Figure 1A).

In order to confirm these results and identify cells undergoing EMT, we studied the
protein expression of these markers with immunohistochemistry in 50 thyroid samples.
Regarding the epithelial marker E-cadherin, we did not observe significant differences
between thyroid follicular cells from HT, GD, and control tissues (Figure 2A). Regarding
mesenchymal markers, we observed a significant increase in AITD for fibronectin (mean
immunohistochemistry [IHC] score of 1.15 in HT and 1.25 in GD vs. 0.1563 in control
thyroid tissues; p = 0.0001 in both cases) and α-SMA (mean IHC score of 1.68 in HT and
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1.80 in GD vs. 0.89 in control thyroid tissues; p = 0.0194 and p = 0.0070, respectively)
(Figure 2B–D). Although we did not detect an increase in vimentin expression, we observed
a significant differential distribution pattern in the GD tissue with a location change
from a cytoplasmic and perinuclear staining to a peripheral cell distribution toward the
basal membrane (basal vimentin mean expression 1.06 in GD vs. 0.22 in control thyroid
tissues; p < 0.0001) (Figure 2E). Regarding correlations between EMT markers and clinical
parameters, positive significant correlations were observed between fibronectin and basal
vimentin, fibronectin and α-SMA, and α-SMA and TSH-R-Ab (Figure 2F).
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Figure 2. Immunostaining analysis of EMT markers in thyroid tissue from controls, HT, and GD
patients. (A–D) Immunohistochemistry analysis of E-cadherin, vimentin (VIM), fibronectin (FN), and
α-SMA. Scale bar A, B, and C: 200 µm, zoom 100 µm. Scale Bar D: 500 µm, zoom 100 µm. (E) Immuno-
histochemistry (IHC) score quantitation of basal vimentin, fibronectin, and α-SMA. (F) Correlation of
marker IHC score with clinical laboratory parameters. Data correspond to the arithmetic mean ± SD.
Abbreviations—ns: not significant. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.0001.
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Although an increase in fibronectin and α-SMA was found by immunohistochemistry,
this increase was not corroborated by western blot (WB). However, we detected an increase
in total vimentin (mean expression 1.51 in HT, 1.10 in GD, and 1.21 in AITD vs. 0.50 in
control tissues; p = 0.0091, p = 0.0279 and p = 0.0026, respectively) and cleaved vimentin
(mean expression 0.90 in GD and 0.68 in AITD vs. 0.24 in controls; p = 0.0135, p = 0.0047,
respectively). We also evaluated the expression of ADP-ribosylation factors, such as GTPase
13B (Arl13b), which localize to the cilia. We observed a significantly decreased expression
of Arl13b in the AITD tissues compared to the controls (0.23 in HT and 0.25 in AITD tissue
vs. 1.27 in controls; p = 0.0176 and p = 0.0227, respectively) (Figure 3).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 17 
 

 

expression of Arl13b in the AITD tissues compared to the controls (0.23 in HT and 0.25 in 
AITD tissue vs. 1.27 in controls; p = 0.0176 and p = 0.0227, respectively) (Figure 3). 

 
Figure 3. Western blot analysis of EMT markers in thyroid tissue from controls, HT, and GD pa-
tients. (A) Western blot analysis of E-cadherin, vimentin, fibronectin, α-SMA, and Arl13b. (B) Pro-
tein quantitation of the EMT markers indicated above. Data correspond to the arithmetic mean ± 
SD. * p < 0.05; ** p < 0.01. 

2.2. TGF-β Stimulation of Cultured Thyroid Cells 
TGF-β is one of the main agents involved in the acquisition of mesenchymal markers 

by epithelial cells and in their loss of epithelial characteristics [30,31]. In fact, adding TGF-
β to epithelial cells in vitro is a suitable method to induce EMT in different cell models 
[33,42]. To study the possible role of EMT in AITD using in vitro models, we induced EMT 
in the thyroid cell line NThy-ORi 3.1 via stimulation with TGF-β for 48 and 72 h, as previ-
ously described [24]. 

In the TGF-β stimulated cells, we observed an upregulation of RNA levels of FN1 
(0.54 in controls vs. 3.65 in TGF-β stimulated cells; p = 0.0022) and ACTA2 genes (0.0038 
vs. 0.0099; p = 0.0087). Although we did not observe significant changes in CDH1 and VIM, 
VIM expression had a tendency to increase in TGF-β stimulated cells compared to the 
controls (p = 0.0649) (Figure 4A). 

 
Figure 4. EMT markers in the NThy-ORi 3.1 cell line stimulated with TGF-β. (A) RT-qPCR expres-
sion of E-cadherin (CDH1), vimentin (VIM), fibronectin (FN), and α-SMA (ACTA2). Data correspond 
to the arithmetic mean ± SD. (B) Western blot analysis of E-cadherin, vimentin, fibronectin, α-SMA, 
and Arl13b. Quantitation is indicated below. Abbreviations—ns: not significant. ** p < 0.01. 
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2.2. TGF-β Stimulation of Cultured Thyroid Cells

TGF-β is one of the main agents involved in the acquisition of mesenchymal markers
by epithelial cells and in their loss of epithelial characteristics [30,31]. In fact, adding TGF-β
to epithelial cells in vitro is a suitable method to induce EMT in different cell models [33,42].
To study the possible role of EMT in AITD using in vitro models, we induced EMT in the
thyroid cell line NThy-ORi 3.1 via stimulation with TGF-β for 48 and 72 h, as previously
described [24].

In the TGF-β stimulated cells, we observed an upregulation of RNA levels of FN1 (0.54
in controls vs. 3.65 in TGF-β stimulated cells; p = 0.0022) and ACTA2 genes (0.0038 vs. 0.0099;
p = 0.0087). Although we did not observe significant changes in CDH1 and VIM, VIM
expression had a tendency to increase in TGF-β stimulated cells compared to the controls
(p = 0.0649) (Figure 4A).
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Next, we analyzed the protein levels of these markers in cell homogenates using
WB. The significant differences observed in RNA were not found in protein levels, which
showed a tendency to an increased expression of FN and VIM at 72 h (Figure 4B).

2.3. Primary Cilia Disruption after TGF-β Stimulation

Considering the possible role of PC in the pathogenesis of AITD [36] and the asso-
ciation of these structures with EMT [40,41], we performed a morphometric analysis of
PC in serum-starved NThy-ORi 3.1 cultured cells at 24, 48, and 72 h after EMT induction
by TGF-β. Arl13b antibody was used to identify PC (Figure 5A). As expected, in non-
stimulated cells, we observed an increase in cilia length and number in a time-dependent
manner. Interestingly, during the TGF-β stimulation, we observed a significantly reduced
cilia length (from 2.9 µm to 2.57 µm, p = 0.0019) and frequency of cilia (from 35% to 24%,
p = 0.0266) at 24 h compared to non-stimulated cells. As stimulation time progressed, this
reduction was maintained at 48 h (mean length 2.67 µm vs. 2.33 µm, p = 0.0002; frequency
41% vs. 20%, p = 0.0003) and at 72 h (mean length 3.07 µm vs. 2.5 µm, p < 0.0001, and
frequency 55% to 24%, p < 0.0001) (Figure 5B).
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analysis of Arl13b (red) expression in absence or presence of TGF-β (10 ng/mL). Cell nuclei are
stained with DAPI (blue). Scale bar: 25 µm. (B) Quantitation of length, number, and frequency of
cilia. Data correspond to the arithmetic mean ± SD. Abbreviations: ns: not significant. * p < 0.05;
** p < 0.01; *** p < 0.005; **** p < 0.0001.

3. Discussion

TGF-β plays a pivotal role in normal human immune response and is involved in
the pathophysiological spectrum of thyroid autoimmunity [5,13,17,43]. Based on the clear
interplay between TGF-β, EMT, and primary ciliogenesis [30,31,33,40,41], we studied EMT
markers in AITD and found that thyroid follicular cells can acquire mesenchymal markers
and still preserve their epithelial phenotype. Furthermore, the stimulation of human thyroid
cell lines with TGF-β upregulated the mesenchymal markers and disrupted primary cilia,
suggesting a possible role of this mechanism in the pathogenesis of AITD.
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EMT can be classified into three types: developmental (Type I), fibrosis and wound
healing (Type II), and pathological (Type III). Type III is usually associated with cancer
progression and inflammation [22,23]. In autoimmune disorders, the pro-inflammatory
environment affects cells within tissues. If this environment persists, alteration in the
wound-healing process can lead to the accumulation of mesenchymal cells, resulting in
fibrosis and atrophy of the organ. This scenario leads to organ failure and the spreading of
fibrotic cells to nearby healthy areas [44].

E-cadherin is a calcium-dependent tight-junction protein expressed on the cell mem-
brane. Its main function is to maintain cell–cell adhesion, and its loss is one of the main
hallmarks of EMT [45,46]. However, in some kinds of tumors, such as pancreatic cancers,
tumor cells do not experience a downregulation of E-cadherin expression and yet preserve
their epithelial phenotype, also exhibiting motility and the ability to migrate to other tis-
sues [47]. Studies on rheumatoid arthritis (RA), an autoimmune disorder characterized by
synovial tissue hyperplasia, have described a widely spread E-cadherin pattern in patients’
synovial tissue that was related to cell hyperplasia. This expression pattern confirmed
that synoviocytes had both epithelial and mesenchymal features due to the influence of
arthritic synovial fluid [24]. In the context of AITD, in a study performed in HT samples
with RET gene rearrangements, the authors observed a decreased expression of CDH1 in
RET+ HT patients, suggesting an association between RET activation and the loss of cell
adhesion [48]. In our analysis, CDH1 expression levels were downregulated in HT tissue
compared to the controls and GD tissue. Furthermore, CDH1 expression levels had a direct
correlation with FT4 and TSH-R-Ab levels and an inverse correlation with TSH levels. In
GD, hypertrophy and hyperfunction of thyroid follicular cells secondary to the presence of
TSH-R-Abs lead to increased FT4 levels. Thus, the correlation of CDH1 levels with FT4 and
TSH-R-Ab is probably related to the increase in the number and functions of TFCs. On the
contrary, the reduction of this marker in HT can be related to the partial loss of TFCs with
epithelial phenotype and the increase in fibrosis associated with HT.

Vimentin is a major component of intermediate filaments, and it is widely expressed
in mesenchymal cells. It is overexpressed in several epithelial cancers and is recognized as
one of the EMT markers. The upregulation of this protein is associated with an increase in
focal adhesions, cell motility, and cytoskeletal reorganization [49,50]. Vimentin cleavage by
caspases produces a form of the protein that is associated with a disruption in cytoskeletal
organization and, at a final stage, with apoptosis [51]. Indeed, a more diffuse cytoplasmic
distribution pattern of vimentin with a stronger staining near the basal membrane has been
previously described in AITD. This pattern was attributed to a more proliferative state
or hyperplasia [52]. Although in later studies these changes were not considered to be
indicative of a specific thyroid pathologic condition [53], we found an increase in vimentin
expression levels in AITD patients. Furthermore, the increase in cleaved protein could be
explained by the apoptosis of TFCs associated with the progression of HT and by the basal
distribution pattern observed in GD tissue samples.

α-SMA is a protein commonly expressed in vascular smooth-muscle cells or myofi-
broblasts with a main role in fibrogenesis [54,55]. α-SMA expression in fibroblasts correlates
with their activation state; i.e., α-SMA levels positively correlate with the number of ex-
tracellular matrix proteins produced by fibroblasts [56]. In our study, although α-SMA
expression assessed by RNA and WB did not change in AITD samples compared to con-
trols, we could observe a clear increase of α-SMA expression in TFCs from AITD through
immunohistochemical analysis. These results suggest that some TFCs experience a partial
phenotype transition to mesenchymal cells. Indeed, an increased α-SMA expression was
reported in thyroid tissue fibroblasts of patients with GD and HT, showing that these cells
had many similar features to orbit fibroblasts that differentiate from myofibroblasts [57].

Fibronectin (FN) is an extracellular protein that acts as a scaffold between cells and
components of the extracellular matrix [58]. FN is commonly upregulated among other
markers in in vitro EMT-induction models [59]. However, the use of this protein as an
EMT marker is partially limited as it is produced by many cell types, including not only
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fibroblasts but also epithelial cells or mononuclear cells [60,61]. In RA, the increased
expression of FN was associated with the induction of pro-inflammatory responses and
disease progression [62]. In our study, we found a significantly increased staining for FN
in AITD TFCs when compared to control tissues. However, as observed with α-SMA, the
analysis of bulk tissue using RNA and WB did not show a significant change.

Regarding the markers evaluated by immunohistochemistry, staining was heteroge-
neous, and some mesenchymal markers were not expressed in the whole tissue, with some
areas presenting an increased staining, especially those closer to immune infiltrates or con-
nective tissue. This could be explained by the fact that, in the context of AITD, immune cells
secrete cytokines such as IL1-β, TGF-β, or TNF-α that could contribute to the induction of
genes related to a mesenchymal phenotype. For example, the synergy between IL-1β and
TGF-β could lead to an increase in TGF-β-induced EMT [18]. Regarding AITD, a study per-
formed in a mouse model of granulomatous experimental autoimmune thyroiditis (g-EAT)
showed that, at the early stages of the disease, TGF-β induces an immunosuppressive
environment. However, at the final stages, this cytokine plays a profibrotic role. Thus,
g-EAT thyroid samples with fibrosis showed a higher presence of TGF-β and TNF-α than
the control samples [19].

Although we observed the acquisition of these markers through immunohistochem-
istry, our analysis using WB did not corroborate these results, showing only an increase
in cleaved vimentin and a decrease in Arl13b in protein lysates. One of the advantages
of immunohistochemistry is the detection of the exact location (namely, specific cells) of a
target protein within a tissue sample. On the other hand, WB gathers quantitative informa-
tion on global protein levels in the tissue. Thus, the differences observed with the different
methods could also be related to the effect on WB determinations of a more vascularized
tissue or of a higher content of fibrous or connective tissue in AITD, which also express
these markers.

Another key point is the dynamic characteristics of EMT, in which cells progressively
acquire mesenchymal markers without a concomitant complete loss of epithelial markers.
The expression of both mesenchymal and epithelial markers reflects the plasticity of cells
depending on their environment [63,64]. Therefore, EMT does not define the final fate of a
cell since this process is reversible and there is also a mesenchymal–epithelial transition
(MET) where mesenchymal cells can reacquire an epithelial phenotype. In the context of
chronic epithelial degradation, only a few cells experiment with a transition to a mesenchy-
mal state [65], immunostaining being the gold standard technique to analyze them, as bulk
tissue analysis would not detect these alterations.

Regarding the possible role of PC in the pathogenesis of AITD [36], we also analyzed
the effect of TGF-β on these structures. We showed a decrease in the number and length of
PC in TGF-β stimulated cells. PC are involved in TGF-β signaling, as the receptors (TGFBRI
and TGFBRII) for this cytokine are expressed at the cilia base [66]. In chondrocytic cells,
TGF-β was reported to reduce the levels of intraflagellar transport 88 (IFT88), which is
expressed in the cilia, leading to a reduction in cilia length and frequency [67]. Furthermore,
PC were disrupted in a kidney epithelial cell line undergoing a TGF-β induced EMT, as
they changed their morphology to become longer and increased the expression levels of
α-SMA and collagen III genes [40]. In light of these results, we can consider that TGF-β
may also be involved in PC alteration.

This study has some limitations. First, we analyzed the main commonly used EMT
markers to study EMT. Other markers, such as N-cadherin; different types of collagen,
i.e., collagen III, fibroblast secreted protein 1 (FSP-1); transcription factors, such as Snail
or Twist family; signaling pathways, such as the Sonic hedgehog (Shh) pathway or the
Wnt-β-catenin signaling pathway, can be included in future studies. Second, in culture
models, we tried to establish an in vitro model with primary TFCs derived from patients;
however, since the number of samples was a limiting factor, an alternative based on a
human thyroid cell line was chosen.
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To conclude, we have reported the acquisition of mesenchymal features by TFCs in
patchy areas of the thyroid, which can be attributed to a transition to myofibroblasts ex-
pressing mesenchymal markers. TGF-β, a cytokine involved in thyroid autoimmunity, can
be related to the acquisition of this phenotype. Finally, primary cilia disruption may repre-
sent a potential research area within the study of AITD and the acquisition of mesenchymal
phenotypes by TFCs.

4. Materials and Methods
4.1. Patient Samples

Thyroid tissue samples were collected from surgeries from AITD patients at the Hos-
pital Universitario de la Princesa and from non-thyroid pathology laryngectomy samples
or healthy organ donors at the Institut d’Investigació en Ciències de la Salut Germans
Trias i Pujol (IGTP-HUGTIP) Biobank. Clinical diagnoses were all reviewed by a single
experienced endocrinologist based on standard clinical, laboratory, and histological criteria.
Serum free thyroxine (FT4), thyroid-stimulating hormone (TSH), and antibodies against
thyroglobulin (TG), thyroperoxidase (TPO), and TSH receptor (TSH-R) were determined in
all patients at the time of the surgery. Clinical data are shown in Table 1.

Table 1. Clinical parameters of AITD patients included in RT-qPCR analyses.

Parameters HT GD

N 10 10
Gender (F/M) 10/0 9/1

Age, years 62 (57–70) 47 (40–57)
Ophthalmopathy 0 7

TSH, mU/mL 2.59 (1.68–3.26) 0.44 (0.01–0.8)
T4, ng/dL - 1.29 (1.02–1.54)

TG-Ab, UI/mL 626 (143.5–728.5) 20 (20–2279)
TPO-Ab, UI/mL 713.5 (434.75–1421.25) 169 (20–578.5)
TSH-R-Ab, U/L - 5.63 (0.91–7.67)

Values are categorical values and median (interquartile intervals 25–75) for continuous variables. Abbreviations:
F, female; M, male T4, thyroxine (normal range = 0.93–1.7); TG-Ab, anti-thyroglobulin antibody (negative < 344);
TPO-Ab, anti-thyroid peroxidase antibody (negative < 100); TSH, thyrotropin (normal range = 0.27–4.20); TSH-R-
Ab, anti-thyrotropin receptor antibody (negative < 0.7).

This study was approved by the Internal Ethical Review Committee of Hospital
Universitario de la Princesa (Committee Register Number: 2796, approval date: 26 May
2016), and written informed consent was obtained from all patients in accordance with the
Declaration of Helsinki.

4.2. RNA Isolation and RT-qPCR

RNA from fresh-frozen thyroid tissues (10 HT, 10 GD, and 10 control samples) were
isolated with the miRNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions,
and the quality and quantity of RNA were evaluated by NanoDrop ND-1000 analysis.
First-strand cDNA was generated with a high-capacity cDNA reverse transcription kit
with a ribonuclease inhibitor (Applied Biosystems. Waltham, MA, USA), and quantitative
reverse transcription–polymerase chain reaction (RT-qPCR) was performed in triplicate
using SYBR Green qPCR Master Mix (Thermo Fisher Scientific. Waltham, MA, USA). A
list of primers is included in Table 2, and the reaction was performed with the CFX384
Touch Real-Time PCR Detection System (Bio-Rad. Hercules, CA, USA). Ct values were
normalized by the Ct of housekeeping genes such as β-actin and GAPDH.
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Table 2. List of primers used in RT-qPCR analyses.

Primer Orientation Sequence

CDH1 FORWARD GCCGAGAGCTACACGTTCAC
REVERSE ACTTTGAATCGGGTGTCGAG

VIM FORWARD CTCCCTCTGGTTGATACCCAC
REVERSE GGTCATCGTGATGCTGAGAAG

FN1 FORWARD CCTCAATTGTTGTTCGCTGGAGCA
REVERSE GGTGACGGAGTTTGCAGTTTC

ACTA2 FORWARD TGGCTATCCAGGCGGTGCTGTCT
REVERSE ATGGCATGGGGCAAGGCATAGC

GAPDH FORWARD GCCCAATACGACCAAATCC
REVERSE AGCCACATCGCTCAGACAC

β-ACTIN FORWARD GCCGACAGGATGCAGAAGGA
REVERSE CGGAGTACTTGCGCTCAGGA

4.3. Tissue Microarrays

A total of 49 formalin-fixed, paraffin-embedded (FFPE) tissues were evaluated using
tissue microarrays (TMAs). Of these, 30 were AITD thyroid samples with pathological
diagnosis of HT and GD (17 and 16, respectively), and 16 corresponded to control thyroid
samples from surgeries at the Hospital Universitario de la Princesa. All samples had
a duplicate in the same TMA and were taken and managed in accordance with local
regulations with the approval of the local institutional review board. Clinical data are
shown in Table 3.

Table 3. Clinical parameters of patients included in TMA.

Parameters HT GD Controls

N 17 16 16
Gender (F/M) 12/5 15/1 10/6

Age, years 62 (42–66) 48 (43–59) 57 (43–61)
Ophthalmopathy 0 8 0

Smoking 1 6 2
TSH, mU/mL 3.48 (2.15–4.70) 0.15 (0.01–5.04) 1.63 (1.32–2.95)

T4, ng/dL 1.34 (1.11–1.45) 1.05 (0.95–1.51) 1.34 (1.06–1.81)
TG-Ab, UI/mL 80 (20.75–216.25) 95 (23–117) 12 (12–12)

TPO-Ab, UI/mL 86 (22.5–297) 175 (16–223) 4 (4–10)
TSH-R-Ab, U/L - 5.22 (2.98–8.11) -

Values are categorical values and median (interquartile intervals 25–75) for continuous variables. Abbreviations:
F, female; M, male; T4, thyroxine (normal range = 0.93–1.7); TG-Ab, anti-thyroglobulin antibody (negative < 344);
TPO-Ab, anti-thyroid peroxidase antibody (negative < 100); TSH, thyrotropin (normal range = 0.27–4.20); TSH-R-
Ab, anti-thyrotropin receptor antibody (negative < 0.7).

4.4. Immunohistochemistry

FFPE samples from healthy controls and patients with AITD were collected and
processed in order to obtain tissue sections 3 µm in thickness. In the case of TMAs, a
preincubation of the slides with Clear Rite at 65 ◦C for 15 min was performed with the
aim of removing the excess of paraffin. Antigen retrieval was performed in an Agilent
Dako PTlink (Agilent. Santa Clara, CA, USA) in a basic or acid buffer, depending on the
antibody requirements. Endogenous peroxidase was inhibited with a peroxidase-blocking
solution (Dako. Santa Clara, CA, USA). Then, tissue sections were incubated overnight
at 4 ◦C with primary antibodies against E-cadherin (Thermo Fisher Scientific. Waltham,
MA, USA. Cat# 33-4000, RRID:AB_2533118), Vimentin (Thermo Fisher Scientific. Waltham,
MA, USA. Cat# PA5-27231, RRID:AB_2544707), α-SMA (Thermo Fisher Scientific. Waltham,
MA, USA. Cat# PA5-18292, RRID: AB_10980764), and Fibronectin (Thermo Fisher Scientific.
Waltham, MA, USA. Cat# PA5-29578, RRID:AB_2547054). The following day, sections were
incubated with the proper secondary antibodies conjugated to horseradish peroxidase.
Finally, tissue sections were incubated with 3,3′-Diaminobenzidine (DAB), counterstained
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with hematoxylin (Sigma-Aldrich. San Luis, MO, USA), dehydrated in alcohol, cleared
with xylene, and mounted.

4.5. Immunohistochemistry Score

Immunohistochemistry quantification was determined by analyzing the intensity of
staining in the case of α-SMA and fibronectin and assessing the intensity and basal or
cytoplasmatic expression for vimentin. The IHC score was graded as follows: for α-SMA,
0 is for negative staining, 1 is for light staining, 2 is for moderate staining, and 3 is for
intense staining; for fibronectin, 0 is for negative staining, 1 is for light staining, 2 is for
intense staining; and for vimentin, 0 indicates cytoplasmatic expression, 1 is for low basal
expression, and 2 is for wide basal expression.

4.6. Thyroid Cell Cultures

Cell cultures were performed with the human thyroid cell line NThy-ORi 3-1 (ECACC
90011609, kindly provided by Dr. Pilar Santisteban, Instituto de Investigaciones Biomédicas
“Alberto Sols”, Madrid, Spain). The NThy-ORi 3-1 cell line was cultured in RPMI 1640
medium supplemented with Gluta-MAX, 10% fetal bovine serum or FBS (Hyclone. Logan,
UT, USA), and 1% of penicillin/streptomycin (Gibco. Carlsbad, CA, USA).

4.7. TGF-B Stimulation Assays

Cells were cultured until reaching confluence. Thereafter, cells were stimulated or
not with TGF-β 10 ng/mL (Miltenyi Biotec. Bergisch Gladbach, Germany) in serum-free
DMEM. TGF-β was left for 24 h, 48 h, and 72 h. Then, cells were washed and collected
in TRiZol for RNA extraction, then scrapped and resuspended in RIPA + Protease and
phosphatase inhibitor cocktail HaltTM. (ThermoFisher Scientific. Waltham, MA, USA) for
WB and in round coverslips for immunofluorescence analysis.

4.8. Immunofluorescence Microscopy Analysis

Cells were cultured on round coverslips in 6-well plates, as previously described [7].
Briefly, cells were washed with PBS and fixed with 4% paraformaldehyde. Later, cells
were permeabilized with PBS 0.1% Triton X-100 at room temperature and blocked with 5%
bovine serum albumin and 10% BSA-PBS.

Cells were incubated with an anti-Arl13b antibody (Proteintech. Rosemont, IL, USA.
Cat# 17711-1-AP, RRID:AB_2060867) overnight at 4 ◦C. Then, slides were incubated for 1 h
with an Alexa Fluor 568 labeled goat anti-mouse IgG antibody (Thermo Fisher Scientific.
Waltham, MA, USA. Cat# A-11031, RRID: AB_144696). Finally, cell nuclei were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI) and analyzed in a Leica Sp5 confocal
microscope (Leica Biosystems. Wetzlar, Germany).

The frequency of cilia was estimated manually by analyzing Z-stacked images cap-
tured in a confocal microscope. The frequency of ciliated cells was estimated by analyzing
the relative number of PC vs. the number of nuclei. A total of 1307 nuclei in non-stimulated
cells and 1372 nuclei in stimulated cells were analyzed. The PC length was measured using
the ROI measurement tool of ImageJ 1.52i software (National Institutes of Health. Bethesda,
MD, USA) for a total of 576 cilia in non-stimulated and 302 in stimulated cells.

4.9. Western Blot Analysis

Thyroid tissue samples were mechanically disaggregated in liquid nitrogen and re-
suspended in RIPA buffer (Sigma-Aldrich. San Luis, MO, USA) containing a protease
inhibitor cocktail HaltTM (Thermo Fisher Scientific. Waltham, MA, USA). After 30 min on
ice, samples were sonicated, and cell lysates were centrifuged at 4 ◦C. The supernatant was
recovered and stored at −80 ◦C until use.

Protein samples obtained from the NThy-ORi 3-1 cell line were lysed in RIPA buffer
with protease inhibitors at 4 ◦C in shaking conditions. Later, cells were scrapped and
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sonicated, followed by a centrifugation step. The resultant supernatant was transferred to
another tube and stored at −80 ◦C until use.

WB was performed in an 8–15% mini-protean TGX precast gel (Bio-Rad. Hercules,
CA, USA) and transferred to nitrocellulose membranes. Membranes were blocked and
incubated overnight at 4 ◦C with primary antibodies against E-cadherin (Thermo Fisher
Scientific. Waltham, MA, USA. Cat# 33-4000, RRID:AB_2533118), Vimentin (Thermo Fisher
Scientific. Waltham, MA, USA. Cat# PA5-27231, RRID:AB_2544707), α-SMA (Thermo Fisher
Scientific. Waltham, MA, USA. Cat# PA5-18292, RRID: AB_10980764), fibronectin (Thermo
Fisher Scientific. Waltham, MA, USA. Cat# PA5-29578, RRID:AB_2547054), and Arl13b
(Proteintech. Rosemont, IL, USA. Cat# 17711-1-AP, RRID:AB_2060867). The next day, mem-
branes were washed with TBS-Tween, incubated with secondary antibodies conjugated to
horseradish peroxidase, and visualized using the PierceTM ECL Western Blotting Substrate
chemiluminescent detection reagent kit (Thermo Fisher Scientific. Waltham, MA, USA).
After that, membranes were stripped with Restore™ Plus Stripping Buffer (Thermo Fisher
Scientific. Waltham, MA, USA) at 37 ◦C in a shaking incubator, followed by washing steps
with TBS-Tween. Finally, membranes were blocked and incubated with anti-β–actin-HRP
(Santa Cruz Biotechnology. Dallas, TX, USA. Cat# sc-47778, RRID:AB_626632) polyclonal
antibody. ImageJ 1.52i software (National Institutes of Health. Bethesda, MD, USA) was
used to quantify the amount of protein in each band.

4.10. Statistics

Results were expressed as the arithmetic mean and standard deviation (SD), and
differences between groups were compared by the Mann–Whitney or unpaired t-test
for two-population experiments and one-way ANOVA or Kruskal–Wallis analyses for
experiments with more than two populations. Spearman’s rho analyses were performed to
detect correlations between the different markers examined by immunohistochemistry and
clinical parameters. In addition, p values < 0.05 were considered statistically significant.
All statistical analyses were performed with the GraphPad Prism 6.0 software (GraphPad
Software. Boston, MA, USA).

5. Conclusions

In conclusion, an interconnection between EMT, TGF-β, and AITDs is described in
this manuscript. TFCs experience a transition or partial transition to mesenchymal cells as
they acquire mesenchymal markers, such as fibronectin and α-SMA. This effect is probably
caused by the pro-inflammatory microenvironment in AITD and mainly by the influence
of TGF-β. TFCs do not lose their epithelial phenotype completely. Finally, PC disruption
by TGF-β can contribute to the acquisition of mesenchymal markers by TFCs.
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