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Abstract: Idiopathic pulmonary fibrosis (IPF) is a serious disease of the lung, which leads to extensive
parenchymal scarring and death from respiratory failure. The most accepted hypothesis for IPF
pathogenesis relies on the inability of the alveolar epithelium to regenerate after injury. Alveolar
epithelial cells become apoptotic and rare, fibroblasts/myofibroblasts accumulate and extracellular
matrix (ECM) is deposited in response to the aberrant activation of several pathways that are
physiologically implicated in alveologenesis and repair but also favor the creation of excessive
fibrosis via different mechanisms, including epithelial-mesenchymal transition (EMT). EMT is a
pathophysiological process in which epithelial cells lose part of their characteristics and markers, while
gaining mesenchymal ones. A role for EMT in the pathogenesis of IPF has been widely hypothesized
and indirectly demonstrated; however, precise definition of its mechanisms and relevance has been
hindered by the lack of a reliable animal model and needs further studies. The overall available
evidence conceptualizes EMT as an alternative cell and tissue normal regeneration, which could open
the way to novel diagnostic and prognostic biomarkers, as well as to more effective treatment options.
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a specific form of interstitial pneumonia that leads to
progressive, irreversible scarring of the lung and death due to respiratory failure within five years in
approximately 50% of the patients [1]. Survival rate has not been improved by the recent introduction
of two antifibrotic drugs, thus lung transplantation remains the only effective treatment [2]. Clinical
and functional worsening are generally proportional to the spreading of the histopathological pattern
UIP (usual interstitial pneumonia), which is characterized by patchy areas of dense fibrosis with basal
and subpleural predominance causing extensive remodeling of lung architecture [3,4]. Hallmarks of
UIP are the presence of areas of mesenchymal cells surrounded by extracellular matrix (fibroblast foci),
the hyperplasia of alveolar type-II cells (AT-II) and the absence of inflammatory infiltrates [3].

IPF prevalence is increasing worldwide and incidence increases with age, suggesting that
senescence-related mechanisms could be major drivers in the pathogenesis of the disease [1,5,6]. Several
associated risk factors and genetic defects have been described in both familial and sporadic cases.
Particularly, several familial cases of pulmonary fibrosis exhibit mutations in genes normally expressed
by AT-II cells (e.g., Surfactant proteins, Mucin-5B, and ATP-binding cassette A3) [1]. The current
paradigm considers alveolar epithelial cells as central players in the pathogenesis due to reduction of
their regenerative potential [7]. Alveolar epithelial type-II cells (AT-1I) are facultative progenitor cells
in normal lung and allow regeneration of the alveolar epithelium via trans-differentiation into alveolar
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type-I cells (AT-I) after injury [8,9]. It has been suggested that epithelial cells in IPF lung are not able to
fulfill this stem-like process, leading to apoptosis and favoring excessive deposition of extracellular
matrix (ECM), which eventually causes fibrosis [1,4,7,10].

Similar to other organs, normal healing of the lung requires a coordinated response that leads to
repair of the barrier integrity through formation of a provisional matrix, myofibroblasts migration and
wound contraction, followed by epithelial regeneration of the damaged area, remodeling and removal
of debris and extracellular matrix [11,12]. On the contrary, stem cell exhaustion in IPF lung seems to
drive abnormal repair and failure of alveolar regeneration with aberrant expression of Wnt/3-catenin
and other developmental pathways [13,14] (Figure 1). This creates a profibrotic environment in which
collagen-producing fibroblasts and myofibroblasts accumulate through different mechanisms such
as proliferation and differentiation of resident lung fibroblasts, transition of bone-marrow derived
fibrocytes or other circulating progenitors to fibroblasts and epithelial-to-mesenchymal transition
(EMT) [15,16].
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Figure 1. Key pathways regulating lung fibrosis. Repetitive injuries of lung lead to an aberrant
activation of developmental/EMT (epithelial-mesenchymal transition) pathways (e.g., Wnt, Sonic
Hedgehog and transforming growth factor-beta (TGF-$3)) due to the inability of the alveolar epithelium
to regenerate. This creates a pro-fibrotic environment in which loss of epithelial phenotype, acquisition
of mesenchymal phenotype, fibroblasts activation and collagen production take place. The combination
of these events leads to lung fibrosis.

2. Epithelial-Mesenchymal Transition

EMT is a biological process in which epithelial cells lose contact adhesion and apical-basal polarity,
alter their shape with dramatic cytoskeletal changes and acquire some mesenchymal features of
invasion, migration and production of ECM [17,18]. EMT is a physiological and often reversible
process necessary for normal embryonic development, but it also occurs during response to injury,
carcinogenesis and fibrosis [14,18]. However, its precise role in adult pathological states remains
elusive [18]. The presence of EMT is defined by the detection of several biomarkers that mirror the loss
of epithelial phenotype and the gain of mesenchymal one, namely proteins involved in cell contact (loss
of E-cadherin and gain of N-cadherin), cytoskeletal proteins (loss of cytokeratins and gain of vimentin,
a-smooth muscle actin, desmin, and fibronectin) and luminal proteins secreted by the original cells
(e.g., loss of surfactant production and gain of extracellular matrix or metalloproteinases secretion) [14].
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Three different functional categories of EMT are traditionally recognized: type I is associated with
physiological processes involved in tissue and organ formation during embryogenesis; type II refers to
normal wound healing and plays a role in excessive tissue repair as seen in IPF; type Il indicates the
acquisition of a migratory phenotype by malignant epithelial cells associated with tumor invasiveness
and metastasis [19].

EMT is regulated by multiple extracellular ligands, such as transforming growth factor-beta
(TGEF-p), epidermal growth factor (EGF), fibroblast growth factor (FGF), interleukin-1 (IL-1), connective
tissue growth factor (CTGEF), insulin-like growth factor-2 (IGF-2), nuclear factor-kB (NF-kB) and Wnt,
that initiate intracellular signaling cascades after binding to surface receptors [18,20]. These pathways
can activate one or more EMT-driving transcription factors such as SNAIL1, SNAIL2, TWIST1, ZEB1
and ZEB2, which directly or indirectly downregulate the expression of adhesion molecules such as
E-cadherin [20]. Additionally, cell environment and pleiotropic signals such as reactive oxygen species
play a role in different signaling pathways leading to EMT [20,21] (Figure 1).

TGF-p is one of the most studied growth factors involved in EMT. After binding, it induces
dimerization of two receptors and subsequent auto-phosphorylation, leading to activation of SMAD2
and SMAD3. The SMAD2/3 dimer forms a complex with SMAD4 that translocates into the nucleus
and participates in the transcriptional regulation of target genes [22]. The SMAD complex then
represses the expression of E-cadherin through SNAIL1 and SNAIL?2 transcription factors, which
induce the expression of mesenchymal proteins such as N-cadherin, fibronectin and metalloproteinases.
Furthermore, TGF3/SMAD signaling drives the EMT transcription response indirectly through induced
expression of TWIST, ZEB1 and ZEB2, and overlaps with other EMT pathways such as Wnt [22,23].

Wnt/Frizzled is a major EMT-driving signal that leads to stabilization of (3-catenin and is strongly
involved in lung remodeling mechanisms under pathological conditions, [13]. 3-catenin activates its
own target genes through interactions with TCF/LEF [24] and it has emerged as an important SMAD
coactivator. Briefly, the ligand Wnt binds to the receptor Frizzled (Fzd) inducing its phosphorylation.
This contributes to the cytosolic accumulation of 3-catenin and translocation into the nucleus, where it
interacts with specific transcription factors, causing modification of cytokeratin expression and
reorganization of the cytoskeleton [14,25]. The canonical Wnt pathway has also been described as a
mediator of TGF-f signaling in alveolar type-II cells and pulmonary fibrosis [23,26,27].

Other signaling pathways such as Notch, nuclear factor-kB and Sonic hedgehog (Shh) have
been shown to participate in EMT at different levels, promoting transcriptional changes that lead
to loss of the adherens junction complex, breakdown of the apical-basal polarity, and cytoskeletal
rearrangement [20,28].

3. The Role of EMT in Idiopathic Pulmonary Fibrosis

While the definition of EMT traditionally encompassed the direct conversion of epithelial cells into
mesenchymal fibroblasts, it has recently evolved to include modest changes in epithelial morphology,
motility, and gene expression at a tissue level [20].

In particular, lung fibrosis has long been categorized as a type Il EMT event [29,30], but the
cellular networks that contribute to tissue scarring have not been well characterized in humans.
Type II EMT is physiologically induced in response to injury and stops when tissue repair leads to
wound healing and subsequent regeneration [19]. During fibrosis, the persistence of EMT-inducing
signals generates ECM accumulation causing tissue remodeling and organ pathology [31]. This was
confirmed by in vitro studies showing that TGF-3 can induce EMT in human AT-II cells in a time and
concentration dependent manner [32,33]. However, in vivo occurrence of EMT in IPF is controversial,
as lineage tracing studies report conflicting results, either supporting or denying a pathogenetic
role for EMT in lung fibrosis [24,34]. For example, Rock et al. [35] followed AT-II cells fate in a
bleomycin-induced murine transgenic model of pulmonary fibrosis and found no transition of labeled
AT-II cells into myofibroblasts. Conversely, in the past decade, experimental research publications show
that AT-II cells undergo EMT during bleomycin-induced pulmonary fibrosis [34,36] but those studies
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have been criticized [35] because of poor evidence. It must be highlighted that the demonstration
of pathobiological processes in bleomycin-induced murine models of pulmonary fibrosis may not
fit human IPF for several reasons: in fact, animal models develop reversible fibrosis preceded by
high levels of inflammation, which mimics neither the histological appearance nor the progressive
behavior of IPF [37,38]. The typical histological finding in UIP is the presence of heterogeneous areas
of progressive scarring, departing from the basal and lateral parts of the lung and leading to extensive
remodeling and organ disfunction [39]. A hallmark of these scarred areas are fibroblast foci, collections
of fibroblasts and myofibroblasts («-SMA positive) that actively produce extracellular matrix [3].
While the source of fibroblast foci has been debated for a long time [31], mesenchymal-derived cells
in IPF are often found to co-express epithelial and mesenchymal markers, denoting an incomplete
transition [40], which has been labeled as partial EMT [41,42].

Some of the pathways involved in EMT are known to play an essential role in normal lung
development and regeneration after damage. Recent evidence shows that individual AT-ITAX"2* stem
cells reside in single-cell fibroblast niches providing juxtacrine Wnt signaling that maintains them as stem
cells during homeostasis [43]. Lung injury induces the secretion of autocrine Wnt, allowing proliferation
in response to mitogens and expansion of the progenitor pool [43,44]. It has been suggested that the
inability of exhausted AT-II to trans-differentiate into AT-I and to regenerate the epithelial layer after
continuous damage may cause aberrant activation of the physiological signaling pathways upstream of
this process [10,16,45], which eventually leads to fibrosis. Even if direct confirmation is lacking, evidence
in support of this hypothesis comes from immunohistochemistry staining of IPF lung specimens
showing aberrant activation of major developmental pathways such as canonical Wnt/f3-catenin,
TGEF-, Zinc Finger E-Box Binding Homeobox1 (ZEB1) and 3-tubulin-III (Tub(33) [13,23]. Noteworthily,
all these proteins are partially under the negative control of the microRNA-200 family [23,46]. The Wnt
pathway is mainly activated by the alveolar epithelium that is not able to complete the regeneration
process. Wnt both activates fibroblasts and interacts with TGF-f3, a key mediator of the fibrotic
process [47]. TGF-3 mediates EMT directly via SMAD-operated suppression of epithelial genes and
expression of mesenchymal ones, or indirectly inducing the expression of several transcription factors
such as Twist and ZEB [22]. Additionally, TGF-{3 mediates recruitment, activation and differentiation of
fibroblasts in myofibroblasts, extracellular matrix production and apoptosis of epithelial cells [21,22].

Convincing evidence has recently been provided that EMT contributes to the early development
of interstitial fibrosis via paracrine signaling directed from the alveolar epithelium to underlying
fibroblasts [48]. This epithelial-mesenchymal crosstalk is controlled by ZEB1, which is overexpressed
in alveolar type-II cells adjacent to sites of extracellular matrix (ECM) deposition. Persistent activation
of ZEB1 may create a profibrogenic microenvironment that leads to the development of fibrosis through
an EMT process primarily based on paracrine mechanisms rather than on the direct conversion of
epithelial cells into mesenchymal ones [48].

All these pathways converge to EMT, which may be a chief pathogenic mechanism leading to
pneumocyte loss, myofibroblast accumulation and lung fibrosis. Aberrant EMT can also be directly
triggered by ageing-related mechanisms, including alveolar epithelial cell injury alone, ER stress,
unfolded protein response, overexpression of TGF-f3 and premature apoptosis of ATII cells [15,31].
Particularly, the secretome of apoptotic alveolar cells seems to be a direct driver of EMT through
ZEBI1 activation [49], which is enhanced by fibroblast-derived TGF- production. It is also known
that mechanical stress is a possible inducer of EMT [50,51]. Since there is a correspondence between
the peripheral localization of early lesions in IPF and the anatomical distribution of mechanical stress
during respiratory movements [52], it has been argued that a deranged activation of lung reparative
processes by mechanical stress may contribute to progressive lung remodeling in IPF via EMT [53].

Similarly, calretinin-positive pleural mesothelial cells (PMC) have been demonstrated in explanted
IPF lung tissue and their number correlates with the degree of fibrotic change. This observation
suggests that trafficking PMCs could play a pathogenetic role in IPF via mesothelial-mesenchymal
transition and invasion of the lung in a centripetal fashion under several stimuli [54,55].
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4. Conclusions

Even if the detailed pathogenetic mechanisms of IPF are not completely understood, most studies
currently acknowledge that EMT occurs to some extent [23,24,40,41,48]. Much of the uncertainties
regarding EMT in human pathology probably come from ambiguities in its own definition, which
mainly relies on loss of epithelial and gain of mesenchymal markers or activation of different upstream
pathways. In fact, what is the lowest expression threshold sufficient to define a process as EMT is
discretionary and difficult to set. It is now clear that EMT takes place in developmental organogenesis;
furthermore, EMT transcription factors have been shown to be involved in alveolar re-epithelization
during normal turnover and in early phases of repair after lung damage. According to the most widely
accepted pathogenetic mechanisms of IPF, it seems appropriate to consider the dysregulated EMT
process as an opposed response to the proper EMT observed during lung repair and regeneration
in healthy subjects. In this context, the aberrant activation of developmental pathways such as
Wnt/B-catenin appears as a marker of attempted and failed lung regeneration [47]. Furthermore,
alveolar epithelial cell senescence is a direct drive of EMT and mediates, through apoptosis and
modification of the extracellular microenvironment, the phenotype of all surrounding tissue.

While further studies are needed to better elucidate the mechanisms and relevance of EMT in
IPF in vivo, these observations may serve as a starting point to the future development of diagnostic
and prognostic biomarkers or treatment options based on the modulation of the pathogenic factors
underlying EMT as a source of pulmonary fibrosis.

Author Contributions: Conceptualization, ES. and M.C.; Writing—original draft preparation, ES.; Writing—review
and editing, M.C., ES. and M.C.V.

Funding: This research received no external funding.

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

References

Richeldi, L.; Collard, H.R ; Jones, M.G. Idiopathic pulmonary fibrosis. Lancet 2017, 389, 1941-1952. [CrossRef]
Kumar, A.; Kapnadak, S.G.; Girgis, R.E.; Raghu, G. Lung transplantation in idiopathic pulmonary fibrosis.
Expert. Rev. Respir. Med. 2018, 12, 375-385. [CrossRef] [PubMed]

3. Raghu, G.; Remy-Jardin, M.; Myers, J.L.; Richeldi, L.; Ryerson, C.J.; Lederer, D.J.; Behr, J.; Cottin, V.;
Danoff, S.K.; Morell, E; et al. Diagnosis of Idiopathic Pulmonary Fibrosis. An Official ATS/ERS/JRS/ALAT
Clinical Practice Guideline. Am. J. Respir. Crit. Care. Med. 2018, 198, e44-e68. [CrossRef] [PubMed]

4. Lynch, D.A.; Sverzellati, N.; Travis, W.D.; Brown, K.K.; Colby, T.V.; Galvin, ].R.; Goldin, J.G.; Hansell, D.M.;
Inoue, Y.; Johkoh, T.; et al. Diagnostic criteria for idiopathic pulmonary fibrosis: A Fleischner Society White
Paper. Lancet Respir. Med. 2018, 6, 138-153. [CrossRef]

5. Selman., M.; Lopez-Otin, C.; Pardo, A. Age-driven developmental drift in the pathogenesis of idiopathic
pulmonary fibrosis. Eur. Respir. J. 2016, 48, 538-552. [CrossRef]

6. Naikawadi, R.P.;; Disayabutr, S.; Mallavia, B.; Donne, M.L.; Green, G.; La, J.L.; Rock, J.R.; Looney, M.R.;
Wolters, PJ. Telomere dysfunction in alveolar epithelial cells causes lung remodeling and fibrosis. JCI Insight
2016, 1, e86704. [CrossRef]

7. Selman, M,; Pardo, A. Revealing the pathogenic and aging-related mechanisms of the enigmatic idiopathic
pulmonary fibrosis. An integral model. Am. J. Respir. Crit. Care Med. 2014, 189, 1161-1172. [CrossRef]

8.  Barkauskas, C.E.; Cronce, M.].; Rackley, C.R.; Bowie, E.J.; Keene, D.R; Stripp, B.R.; Randell, S.H.; Noble, PW.,;
Hogan, B.L.M. Type 2 alveolar cells are stem cells in adult lung. ]. Clin. Invest. 2013, 123, 3025-3036.
[CrossRef]

9. Confalonieri, M.; Buratti, E.; Grassi, G.; Bussani, R.; Chilosi, M.; Farra, R.; Abrami, M.; Stuani, C.; Salton, E;
Ficial, M,; et al. Keratin14 mRNA expression in human pneumocytes during quiescence, repair and disease.
PLoS ONE 2017, 12, €0172130. [CrossRef]

10.  Chilosi, M.; Doglioni, C.; Murer, B.; Poletti, V. Epithelial stem cell exhaustion in the pathogenesis of idiopathic
pulmonary fibrosis. Sarcoidosis Vasc. Diffuse Lung Dis. 2010, 27, 7-18. [PubMed]


http://dx.doi.org/10.1016/S0140-6736(17)30866-8
http://dx.doi.org/10.1080/17476348.2018.1462704
http://www.ncbi.nlm.nih.gov/pubmed/29621919
http://dx.doi.org/10.1164/rccm.201807-1255ST
http://www.ncbi.nlm.nih.gov/pubmed/30168753
http://dx.doi.org/10.1016/S2213-2600(17)30433-2
http://dx.doi.org/10.1183/13993003.00398-2016
http://dx.doi.org/10.1172/jci.insight.86704
http://dx.doi.org/10.1164/rccm.201312-2221PP
http://dx.doi.org/10.1172/JCI68782
http://dx.doi.org/10.1371/journal.pone.0172130
http://www.ncbi.nlm.nih.gov/pubmed/21086900

Medicina 2019, 55, 83 60f8

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Fernandez, LE.; Eickelberg, O. New cellular and molecular mechanisms of lung injury and fibrosis in
idiopathic pulmonary fibrosis. Lancet 2012, 380, 680-688. [CrossRef]

Hogan, B.L.; Barkauskas, C.E.; Chapman, H.A.; Epstein, J.A.; Jain, R.; Hsia, C.C.; Niklason, L.; Calle, E.;
Le, A.; Randell, S.H.; et al. Repair and regeneration of the respiratory system: Complexity, plasticity, and
mechanisms of lung stem cell function. Cell Stem Cell 2014, 15, 123-138. [CrossRef]

Chilosi, M.; Poletti, V.; Zamo, A.; Lestani, M.; Montagna, L.; Piccoli, P.; Pedron, S.; Bertaso, M.; Scarpa, A.;
Murer, B.; et al. Aberrant Wnt/beta-catenin pathway activation in idiopathic pulmonary fibrosis. Am. .
Pathol. 2003, 162, 1495-1502. [CrossRef]

Pain, M.; Bermudez, O.; Lacoste, P; Royer, PJ.; Botturi, K.; Tissot, A.; Brouard, S.; Eickelberg, O.; Magnan, A.
Tissue remodelling in chronic bronchial diseases: From the epithelial to mesenchymal phenotype. Eur. Respir.
Rev. 2014, 23, 118-130. [CrossRef]

Kage, H.; Borok, Z. EMT and interstitial lung disease: A mysterious relationship. Curr. Opin. Pulm. Med.
2012, 18, 517-523. [CrossRef]

Barkauskas, C.E.; Noble, PW. Cellular mechanisms of tissue fibrosis. 7. New insights into the cellular
mechanisms of pulmonary fibrosis. Am. J. Physiol. Cell Physiol. 2014, 306, C987-C996. [CrossRef]

Acloque, H.; Adams, M.S.; Fishwick, K.; Bronner-Fraser, M.; Nieto, M.A. Epithelial-mesenchymal transitions:
the importance of changing cell state in development and disease. J. Clin. Invest. 2009, 119, 1438-1449.
[CrossRef] [PubMed]

Jolly, M.K.; Ward, C.; Eapen, M.S.; Myers, S.; Hallgren, O.; Levine, H.; Sohal, S.S. Epithelial-mesenchymal
transition, a spectrum of states: Role in lung development, homeostasis, and disease. Dev. Dyn. 2018, 247,
346-358.

Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Invest. 2009, 119,
1420-1428. [CrossRef]

Nieto, M.A.; Huang, R.Y;; Jackson, R.A.; Thiery, ].P. EMT: 2016. Cell 2016, 166, 21-45. [CrossRef] [PubMed]
Tanjore, H.; Blackwell, T.S.; Lawson, W.E. Emerging evidence for endoplasmic reticulum stress in the
pathogenesis of idiopathic pulmonary fibrosis. Am. J. Physiol. Lung Cell Mol. Physiol. 2012, 302, L721-L729.
[CrossRef] [PubMed]

Willis, B.C.; Borok, Z. TGF-beta-induced EMT: mechanisms and implications for fibrotic lung disease. Am. J.
Physiol. Lung Cell Mol. Physiol. 2007, 293, L525-L534. [CrossRef] [PubMed]

Chilosi, M.; Calio, A.; Rossi, A.; Gilioli, E.; Pedica, F; Montagna, L.; Pedron, S.; Confalonieri, M.;
Doglioni, C.; Ziesche, R.; et al. Epithelial to mesenchymal transition-related proteins ZEB1, beta-catenin, and
beta-tubulin-III in idiopathic pulmonary fibrosis. Mod Pathol. 2017, 30, 26-38. [CrossRef] [PubMed]

Kim, K.K.; Wei, Y.; Szekeres, C.; Kugler, M.C.; Wolters, PJ.; Hill, M.L.; Frank, J.A.; Brumwell, AN.;
Wheeler, S.E.; Kreidberg, ].A.; et al. Epithelial cell alpha3betal integrin links beta-catenin and Smad signaling
to promote myofibroblast formation and pulmonary fibrosis. J. Clin. Invest. 2009, 119, 213-224. [PubMed]
Pongracz, J.E.; Stockley, R.A. Wnt signalling in lung development and diseases. Respir. Res. 2006, 7, 15.
[CrossRef] [PubMed]

Derynck, R.; Muthusamy, B.P.; Saeteurn, K.Y. Signaling pathway cooperation in TGF-beta-induced
epithelial-mesenchymal transition. Curr. Opin. Cell Biol. 2014, 31, 56—66. [CrossRef] [PubMed]

Eger, A.; Stockinger, A.; Park, ].; Langkopf, E.; Mikula, M.; Gotzmann, J.; Mikulits, W.; Beug, H.; Foisner, R.
Beta-Catenin and TGFbeta signalling cooperate to maintain a mesenchymal phenotype after FosER-induced
epithelial to mesenchymal transition. Oncogene 2004, 23, 2672-2680. [CrossRef]

Thiery, J.P.; Sleeman, J.P. Complex networks orchestrate epithelial-mesenchymal transitions. Nat. Rev. Mol.
Cell. Biol. 2006, 7, 131-142. [CrossRef] [PubMed]

Thiery, J.P.; Acloque, H.; Huang, R.Y.; Nieto, M. A. Epithelial-mesenchymal transitions in development and
disease. Cell 2009, 139, 871-890. [CrossRef] [PubMed]

Iwano, M.; Plieth, D.; Danoff, TM.; Xue, C.; Okada, H.; Neilson, E.G. Evidence that fibroblasts derive from
epithelium during tissue fibrosis. J. Clin. Invest. 2002, 110, 341-350. [CrossRef] [PubMed]

Kalluri, R.; Neilson, E.G. Epithelial-mesenchymal transition and its implications for fibrosis. J. Clin. Invest.
2003, 112, 1776-1784. [CrossRef] [PubMed]

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


http://dx.doi.org/10.1016/S0140-6736(12)61144-1
http://dx.doi.org/10.1016/j.stem.2014.07.012
http://dx.doi.org/10.1016/S0002-9440(10)64282-4
http://dx.doi.org/10.1183/09059180.00004413
http://dx.doi.org/10.1097/MCP.0b013e3283566721
http://dx.doi.org/10.1152/ajpcell.00321.2013
http://dx.doi.org/10.1172/JCI38019
http://www.ncbi.nlm.nih.gov/pubmed/19487820
http://dx.doi.org/10.1172/JCI39104
http://dx.doi.org/10.1016/j.cell.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27368099
http://dx.doi.org/10.1152/ajplung.00410.2011
http://www.ncbi.nlm.nih.gov/pubmed/22287606
http://dx.doi.org/10.1152/ajplung.00163.2007
http://www.ncbi.nlm.nih.gov/pubmed/17631612
http://dx.doi.org/10.1038/modpathol.2016.147
http://www.ncbi.nlm.nih.gov/pubmed/27586205
http://www.ncbi.nlm.nih.gov/pubmed/19104148
http://dx.doi.org/10.1186/1465-9921-7-15
http://www.ncbi.nlm.nih.gov/pubmed/16438732
http://dx.doi.org/10.1016/j.ceb.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25240174
http://dx.doi.org/10.1038/sj.onc.1207416
http://dx.doi.org/10.1038/nrm1835
http://www.ncbi.nlm.nih.gov/pubmed/16493418
http://dx.doi.org/10.1016/j.cell.2009.11.007
http://www.ncbi.nlm.nih.gov/pubmed/19945376
http://dx.doi.org/10.1172/JCI0215518
http://www.ncbi.nlm.nih.gov/pubmed/12163453
http://dx.doi.org/10.1172/JCI200320530
http://www.ncbi.nlm.nih.gov/pubmed/14679171
http://dx.doi.org/10.1186/1465-9921-6-56
http://www.ncbi.nlm.nih.gov/pubmed/15946381

Medicina 2019, 55, 83 70f8

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Yao, HW.; Xie, Q.M.; Chen, J.Q.; Deng, Y.M.; Tang, H.F. TGF-betal induces alveolar epithelial to mesenchymal
transition in vitro. Life Sci. 2004, 76, 29-37. [CrossRef]

Kim, KK.; Kugler, M.C.; Wolters, PJ.; Robillard, L.; Galvez, M.G.; Brumwell, AN.; 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]
Rock, J.R.; Barkauskas, C.E.; Cronce, M.].; Xue, Y.; Harris, ].R.; Liang, J.; Noble, PW.; Hogan, B.L. Multiple
stromal populations contribute to pulmonary fibrosis without evidence for epithelial to mesenchymal
transition. Proc. Natl. Acad. Sci. USA 2011, 108, E1475-E1483. [CrossRef] [PubMed]

Tanjore, H.; Xu, X.C.; Polosukhin, V.V,; Degryse, A.L.; Li, B.; Han, W.; Sherrill, T.P; Plieth, D.; Neilson, E.G.;
Blackwell, T.S.; et al. Contribution of epithelial-derived fibroblasts to bleomycin-induced lung fibrosis. Am.
J. Respir. Crit. Care Med. 2009, 180, 657-665. [CrossRef]

Izbicki, G.; Segel, M.].; Christensen, T.G.; Conner, M.W.; Breuer, R. Time course of bleomycin-induced lung
fibrosis. Int. J. Exp. Pathol. 2002, 83, 111-119. [CrossRef] [PubMed]

Peng, R,; Sridhar, S.; Tyagi, G.; Phillips, ].E.; Garrido, R.; Harris, P.,; Burns, L.; Renteria, L.; Woods, J.; Chen, L.;
et al. Bleomycin induces molecular changes directly relevant to idiopathic pulmonary fibrosis: a model for
“active” disease. PLoS ONE 2013, 8, e59348. [CrossRef]

King, TEE., Jr.; Pardo, A.; Selman, M. Idiopathic pulmonary fibrosis. Lancet 2011, 378, 1949-1961. [CrossRef]
Gjorevski, N.; Boghaert, E.; Nelson, C.M. Regulation of Epithelial-Mesenchymal Transition by Transmission
of Mechanical Stress through Epithelial Tissues. Cancer Microenviron. 2012, 5, 29-38. [CrossRef] [PubMed]
Yamaguchi, M.; Hirai, S.; Tanaka, Y.; Sumi, T.; Miyajima, M.; Mishina, T.; Yamada, G.; Otsuka, M.; Hasegawa, T.;
Kojima, T.; etal. Fibroblastic foci, covered with alveolar epithelia exhibiting epithelial-mesenchymal transition,
destroy alveolar septa by disrupting blood flow in idiopathic pulmonary fibrosis. Lab. Invest. 2017, 97,
232-242. [CrossRef]

Gabasa, M.; Duch, P; Jorba, I.; Giménez, A.; Lugo, R.; Pavelescu, I.; Rodriguez-Pascual, F.; Molina-Molina, M.;
Xaubet, A.; Pereda, J.; et al. Epithelial contribution to the profibrotic stiff microenvironment and myofibroblast
population in lung fibrosis. Mol. Biol. Cell 2017, 28, 3741-3755. [CrossRef] [PubMed]

Nabhan, A.N.; Brownfield, D.G.; Harbury, P.B.; Krasnow, M.A.; Desai, T.J. Single-cell Wnt signaling niches
maintain stemness of alveolar type 2 cells. Science 2018, 359, 1118-1123. [CrossRef] [PubMed]

Leach, ].P; Morrisey, E.E. Repairing the lungs one breath at a time: How dedicated or facultative are you?
Genes Dev. 2018, 32, 1461-1471. [CrossRef]

Crosby, L.M.; Waters, C.M. Epithelial repair mechanisms in the lung. Am. J. Physiol. Lung Cell Mol. Physiol.
2010, 298, L715-L731. [CrossRef] [PubMed]

Yang, S.; Banerjee, S.; de Freitas, A.; Sanders, Y.Y.; Ding, Q.; Matalon, S.; Thannickal, V].; Abraham, E.; Liu, G.
Participation of miR-200 in pulmonary fibrosis. Am. J. Pathol. 2012, 180, 484-493. [CrossRef]

Konigshoff, M.; Eickelberg, O. WNT signaling in lung disease: a failure or a regeneration signal? Am. .
Respir. Cell Mol. Biol. 2010, 42, 21-31. [CrossRef] [PubMed]

Yao, L.; Conforti, F; Hill, C.; Bell, J.; Drawater, L.; Li, J.; Liu, D.; Xiong, H.; Alzetani, A.; Chee, S.J.; et al.
Paracrine signalling during ZEB1-mediated epithelial-mesenchymal transition augments local myofibroblast
differentiation in lung fibrosis. Cell Death Differ. 2018. [CrossRef] [PubMed]

Liu, Y;; El-Naggar, S.; Darling, D.S.; Higashi, Y.; Dean, D.C. Zebl links epithelial-mesenchymal transition and
cellular senescence. Development 2008, 135, 579-588. [CrossRef] [PubMed]

Heise, R.L.; Stober, V.; Cheluvaraju, C.; Hollingsworth, ].W.; Garantziotis, S. Mechanical stretch induces
epithelial-mesenchymal transition in alveolar epithelia via hyaluronan activation of innate immunity. J. Biol.
Chem. 2011, 286, 17435-17444. [CrossRef] [PubMed]

Carloni, A.; Poletti, V.; Fermo, L.; Bellomo, N.; Chilosi, M. Heterogeneous distribution of mechanical stress in
human lung: A mathematical approach to evaluate abnormal remodeling in IPF. J. Theor. Biol. 2013, 332,
136-140. [CrossRef] [PubMed]

Zhang, R.; Pan, Y;; Fanelli, V.; Wu, S.; Luo, A.A.; Islam, D.; et al. Mechanical Stress and the Induction of Lung
Fibrosis via the Midkine Signaling Pathway. Am. J. Respir. Crit. Care Med. 2015, 192, 315-323. [CrossRef]
[PubMed]

Morbini, P,; Inghilleri, S.; Campo, 1.; Oggionni, T.; Zorzetto, M.; Luisetti, M. Incomplete expression of
epithelial-mesenchymal transition markers in idiopathic pulmonary fibrosis. Pathol. Res. Pract. 2011, 207,
559-567. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.lfs.2004.06.019
http://dx.doi.org/10.1073/pnas.0605669103
http://dx.doi.org/10.1073/pnas.1117988108
http://www.ncbi.nlm.nih.gov/pubmed/22123957
http://dx.doi.org/10.1164/rccm.200903-0322OC
http://dx.doi.org/10.1046/j.1365-2613.2002.00220.x
http://www.ncbi.nlm.nih.gov/pubmed/12383190
http://dx.doi.org/10.1371/journal.pone.0059348
http://dx.doi.org/10.1016/S0140-6736(11)60052-4
http://dx.doi.org/10.1007/s12307-011-0076-5
http://www.ncbi.nlm.nih.gov/pubmed/21748438
http://dx.doi.org/10.1038/labinvest.2016.135
http://dx.doi.org/10.1091/mbc.e17-01-0026
http://www.ncbi.nlm.nih.gov/pubmed/29046395
http://dx.doi.org/10.1126/science.aam6603
http://www.ncbi.nlm.nih.gov/pubmed/29420258
http://dx.doi.org/10.1101/gad.319418.118
http://dx.doi.org/10.1152/ajplung.00361.2009
http://www.ncbi.nlm.nih.gov/pubmed/20363851
http://dx.doi.org/10.1016/j.ajpath.2011.10.005
http://dx.doi.org/10.1165/rcmb.2008-0485TR
http://www.ncbi.nlm.nih.gov/pubmed/19329555
http://dx.doi.org/10.1038/s41418-018-0175-7
http://www.ncbi.nlm.nih.gov/pubmed/30050057
http://dx.doi.org/10.1242/dev.007047
http://www.ncbi.nlm.nih.gov/pubmed/18192284
http://dx.doi.org/10.1074/jbc.M110.137273
http://www.ncbi.nlm.nih.gov/pubmed/21398522
http://dx.doi.org/10.1016/j.jtbi.2013.04.038
http://www.ncbi.nlm.nih.gov/pubmed/23665208
http://dx.doi.org/10.1164/rccm.201412-2326OC
http://www.ncbi.nlm.nih.gov/pubmed/25945397
http://dx.doi.org/10.1016/j.prp.2011.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21798671

Medicina 2019, 55, 83 80f8

54. Mubarak, K.K.; Montes-Worboys, A.; Regev, D.; Nasreen, N.; Mohammed, K.A.; Faruqi, I.; Hensel, E.;
Baz, M.A.; Akindipe, O.A.; Fernandez-Bussy, S.; et al. Parenchymal trafficking of pleural mesothelial cells in
idiopathic pulmonary fibrosis. Eur. Respir. ]. 2012, 39, 133-140. [CrossRef]

55. Batra, H.; Antony, V.B. Pleural mesothelial cells in pleural and lung diseases. J. Thorac. Dis. 2015, 7, 964-980.
[PubMed]

@ © 2019 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 (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1183/09031936.00141010
http://www.ncbi.nlm.nih.gov/pubmed/26150910
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Epithelial–Mesenchymal Transition 
	The Role of EMT in Idiopathic Pulmonary Fibrosis 
	Conclusions 
	References

