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An understanding of the mechanisms underlying pulmonary fibrosis
remains elusive. Once believed to result primarily from chronic in-
flammation, it is now clear that inflammation and chronic fibrosis,
especially in diseases such as idiopathic pulmonary fibrosis/usual
interstitial pneumonia, are often dissociated, and that inflammation
is neither necessary nor sufficient to induce fibrosis. The origin of
the primary effector cell of fibrosis in the lung, the myofibroblast,
is not clearly established. Three potential sources have been hypoth-
esized. Although conversion of resident fibroblasts and differentia-
tion of circulating bone marrow-derived progenitors likely play a
role, the possible contribution of alveolar epithelial cells (AECs),
through a process termed “epithelial-mesenchymal transition”
(EMT), has only recently received consideration. A process by which
epithelial cells lose cell-cell attachment, polarity and epithelial-
specific markers, undergo cytoskeletal remodeling, and gain a mes-
enchymal phenotype, EMT plays a prominent role in fibrogenesis
in adult tissues such as the kidney. This review summarizes the
evidence supporting a central role for EMT in the pathogenesis of
lung fibrosis, the potential for EMT in AECs in vitro and in vivo
and role of transforming growth factor-B1 in this process, and the
implications of epithelium-driven fibrosis on future research and
treatment. Potential pathways involved in EMT are also discussed.
It is hoped that a major shift in current paradigms regarding the
genesis of pulmonary fibrosis and dissection of the relevant path-
ways may allow development of targeted interventions that could
potentially reverse the process and ameliorate the debilitating ef-
fects of abnormal repair and progressive fibrosis.
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Changes in paradigms, although slow and usually difficult, are
fundamental to most significant advances in science. Such a para-
digm change may be underway in the current investigation into
mechanisms of chronic injury and fibrosis in the lung. Histori-
cally, idiopathic pulmonary fibrosis/usual interstitial pneumonia
(IPF/UTP) has been viewed as the result of ongoing inflammation
and cellular injury, with subsequent activation and proliferation
of resident mesenchymal elements in the lung (1). Observations
from both animal models of fibrosis and patients with IPF have
led to recent reassessment of the concept that inflammation is the
major pathogenic event in IPF. Inflammation is not a prominent
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feature in IPF biopsies and antiinflammatory therapies have
shown little benefit in the treatment of IPF. avB6 integrin
knockout mice that cannot activate transforming growth factor
(TGF)-B1 develop an exaggerated inflammatory response to
bleomycin, yet have near-complete attenuation of the fibrotic
response, indicating that inflammation and fibrosis can be disso-
ciated (2). These and other observations have contributed to
the evolving view that IPF is a disorder that involves abnormal
wound healing, and that ongoing epithelial injury and/or activa-
tion may lie at the heart of fibrogenesis and mesenchymal cell
proliferation, independent of inflammation. This hypothesis has
been advanced in a number of recent reviews (3, 4). This article
outlines the evidence that supports a central role for the alveolar
epithelium in the development of IPF and reviews recent data
that suggest that, more than just serving as the pathogenic instiga-
tor, alveolar epithelial cells (AECs) themselves may acquire a
mesenchymal phenotype and serve as an important source of
fibroblasts and myofibroblasts through a process known as
epithelial-mesenchymal transition (EMT). Under this new para-
digm, the alveolar epithelium should be viewed as one of the
key participants in fibrosis, serving as a “multipotent” progenitor
with considerable plasticity and the capacity to participate in
alternate pathways: re-epithelialization to restore normal alveo-
lar architecture, apoptosis, or fibrogenesis through EMT. Under-
standing the factors that determine cell fate decisions of AECs
along these pathways will be important in further elucidating
the pathogenesis of IPF.

MYOFIBROBLASTS ARE KEY MEDIATORS OF FIBROSIS
IN THE LUNG

The myofibroblast is believed to play a central role in the patho-
genesis of IPF. Increased numbers of fibroblastic foci are associ-
ated with disease progression and a worse prognosis in IPF/UIP
(5), and the rapid development of fibrotic lesions composed of
proliferating myofibroblasts and fibroblasts underlies the patho-
genesis of irradiation-induced pulmonary fibrosis (6). These acti-
vated fibroblasts are characterized by a spindle or stellate
morphology with intracytoplasmic stress fibers, a contractile phe-
notype, expression of various mesenchymal immunocytochemi-
cal markers (including, most reliably, a-smooth muscle actin
[a-SMAY]), and collagen production (7). They are the key mediators
of extracellular matrix deposition, structural remodeling, and
destruction of alveocapillary units during and after lung injury
(8), and as such, knowledge of their cellular source is critical to
the understanding of the pathogenesis of IPF in particular and
fibrosis of the lung in general. Three hypotheses have been
proposed with regard to the cellular origin of the myofibroblast.
The first, and historically most prevalent, hypothesis postulates
that resident intrapulmonary fibroblasts respond to a variety of
stimuli during fibrogenic responses and differentiate into myofi-
broblasts (8). TGF-B1, a key regulator of fibrosis, induces trans-
differentiation of fibroblasts in vitro through a Smad3-dependent
mechanism (9). Although this hypothesis is tempting in its
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simplicity, an alternate hypothesis has recently been proposed
that bone marrow—derived progenitors contribute to myofi-
broblast induction and proliferation during pulmonary fibrosis.
Epperly and colleagues (6) demonstrated using transplantation
of green fluorescent protein—positive bone marrow into wild-
type mice that marrow-derived cells constitute 20 to 50% of cells
in fibrotic areas during irradiation-induced fibrosis. Direkze and
colleagues (10) demonstrated multiple organ engraftment by
bone marrow—derived fibroblasts and myofibroblasts in mice
after radiation injury. Consistent with these results, Hashimoto
and colleagues (11) showed that collagen-producing lung fibro-
blasts in bleomycin-induced pulmonary fibrosis can be derived
from bone marrow progenitor cells. However, these marrow-
derived fibroblasts did not express a-SMA and were resistant
to fibroblast-myofibroblast conversion by TGF-B1. A novel third
possible source of fibroblasts and/or myofibroblasts in pulmo-
nary fibrosis has recently been proposed: that AECs, through
the process of EMT, also play a significant role. It is important
to stress here that these potential sources of myofibroblasts are
not mutually exclusive and the relative contribution of each
source to the progression of fibrosis remains to be determined.

EMT

EMT is a process by which fully differentiated epithelial cells
undergo phenotypic transition to fully differentiated mesenchy-
mal cells, often fibroblasts and myofibroblasts (12). This is a
form of metaplasia, but does not always require cell division.
For clarity, it is important, especially in the case of the alveolar
epithelium, to distinguish this type of transition from epithelial-
epithelial transdifferentiation processes, which classically refer
to differentiated cells changing into other differentiated cells
(13). Although transdifferentiation of one AEC type to another
(e.g., type II [AT2] to type I [AT1]) is well described (14, 15),
complete phenotypic switching of fully differentiated alveolar
epithelium across embryonic lineages has been believed until
recently to be unlikely. However, the notion that many adult
cell types can exhibit considerable phenotypic plasticity is being
increasingly accepted (13).

The process of EMT has long been known to play a pivotal
role in cellular transdifferentiation during development and tu-
mor progression. Epiblasts undergo EMT early in development
to form primary mesenchyme. Secondary epithelia are created
through mesenchymal-epithelial transitions. These secondary
epithelia then differentiate to form fully differentiated adult
epithelia, or can undergo a second round of EMT to form a
variety of mesenchymal and connective tissue cells, such as adi-
pocytes, chondrocytes, osteoblasts, myocytes, and fibroblasts
(16). One of the critical aspects of EMT is the ability of epithelial
cells to lose polarity, disassemble cell adhesion systems, produce
cell-motility machinery, and move from one location to another
(12).

Increasingly, it is being recognized that, in the adult, injury can
induce epithelial cells to undergo transition to a mesenchymal
phenotype, thereby contributing to fibrosis in a number of organs
(17, 18). Fibroblasts and myofibroblasts that have differentiated
from epithelium are commonly identified in these tissues through
morphologic changes (e.g.. a change from a cuboidal cell shape
to an elongated or spindle-shaped form), the acquisition of
fibroblast- or myofibroblast-specific markers (e.g., fibroblast-
specific protein [FSP1] and a-SMA, respectively), and the loss
of characteristic epithelial markers (e.g., E-cadherin and zonula
occludens-1[ZO-1]) (19). EMT has been most extensively inves-
tigated as a mechanism underlying fibrosis in renal and lens
epithelium. Renal tubular epithelial cells express FSP1 (a mem-
ber of the S100 family of calcium-binding proteins exclusively
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expressed in fibroblasts) early after injury during kidney fibrosis
in transgenic mice, migrate through damaged basement mem-
branes into the interstitium, and fully transdifferentiate into fi-
broblasts and myofibroblasts (16, 20). In this setting, 36% of
new fibroblasts come from EMT of local epithelium (17).
In vitro, rat kidney tubular epithelial cells treated with TGF-1
lose expression of the epithelial marker E-cadherin, acquire an
elongated shape, and increase expression of a-SMA (20). Lens
epithelial cells have also been shown to undergo EMT in vivo
and in response to TGF-B in vitro, likely via a Smad3-dependent
pathway (18). Clearly, EMT may play a pivotal role in the normal
differentiation processes of adult tissues and in response to
injury.

In nearly every case of EMT in adult tissues, a crucial role
for the stimulatory input of soluble growth factors and/or extra-
cellular matrix components (usually collagen) has been demon-
strated. Most commonly, epidermal growth factor (EGF), hepa-
tocyte growth factor (HGF), fibroblast growth factors (FGF),
and especially the TGF- family of factors are directly involved
(16, 21). Under the influence of these factors, epithelial cells
lose polarity, express basement membrane—-degrading matrix
metalloproteinases, undergo cytoskeletal rearrangements, and
express machinery necessary for motility, which often leads to
migration and complete transition to a mesenchymal phenotype
(16, 19). Whether this transition is irreversible and represents
true transdifferentiation has been debated, with some suggestion
of an epithelial “phenocopy,” termed “reversible scatter,” being
an alternative possibility (19). This reversible scatter is defined
as epithelial cells undergoing partial dedifferentiation with loss
of polarity and down-regulation of epithelial markers, but losing
these characteristics once the inciting stimulus is removed. Im-
portantly, cells undergoing “scatter” do not express appreciable
amounts of mesenchymal markers. EGF, HGF, FGF, and
TGF-B1 alone often induce a reversible scatter phenomenon.
However, prolonged exposure to TGF-1 (> 4-6 d) is a powerful
inducer of complete EMT in many cases, often acting in conjunc-
tion with a variety of costimuli (including EGF and activation
of the small GTPases Ras and RhoA) (22, 23).

ROLE OF TGF-3 IN EMT

TGF-B has been implicated as a “master switch” in the induction
of fibrosis in many organs, including the lung (24). Targeted
expression of TGF-B1 alone in the lungs of newborn and adult
rats induces a dramatic fibrotic response with minimal inflam-
mation (25) and, as discussed above, inability to activate TGF-1
affords significant protection from bleomycin-induced fibrosis in
transgenic mice (2). It makes intuitive sense that TGF-B1 would
also play a pivotal role in the induction of EMT, given the
progressively more apparent role of EMT in fibrotic processes,
the key role of TGF-B1 in fibrosis, and the ability of TGF-1
to promote loss of the epithelial phenotype. Most commonly,
TGF-B1 stimulation of epithelial cells leads to the induction of
Smad proteins, which serve both as transcription factors them-
selves and as inducers of other transcription factors, including
Slug, Snail, Scatter, lymphoid enhancing factor-1, and B-catenin
(16). These transcription factors lead to expression of the “EMT
proteome,” including the cellular machinery necessary for junc-
tional disassembly, cytoskeletal rearrangement, and cellular mo-
tility (12). The majority of Smad-dependent target gene tran-
scription is controlled by Smad3 (26), which partners with Smad4
on activation by TGF-B receptor serine/threonine kinases and
translocates to the nucleus. EMT in many tissues, including ret-
ina, lens, and kidney, is dependent on Smad3 (18, 26).
TGF-B1 can also activate non-Smad-mediated cellular signal-
ing pathways, most importantly involving Rho kinase, which
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directly activates the cellular machinery necessary for cyto-
skeletal rearrangement, basement membrane detachment, and
E-cadherin down-regulation (27). In most cases, stimulation of
these cooperative signaling pathways provides the important
physiologic context that allows for induction and specification
of EMT within particular tissues. Cross-talk between classical
TGF-B pathways and Rho, as well as a host of other modulatory
signaling molecules, including Ras, extracellular signal-related
kinase (ERK), p38 mitogen-activated proteins kinase (MAPK),
Notch, Wnt proteins, nuclear factor-kB, and PI3K, have all been
demonstrated to affect the extent and reversibility of EMT (12).

ROLE OF THE ALVEOLAR EPITHELIUM IN FIBROGENESIS

Classically, the alveolar epithelium has been thought of as a
passive bystander in the process of pulmonary fibrosis. Recently,
there has been a return to the notion proposed by Adamson
and colleagues (28) that ongoing AEC injury and retarded
wound repair may be central to the pathogenesis of pulmonary
fibrosis (3, 4). These authors demonstrated that epithelial injury
and blunted epithelial repair is sufficient to promote pulmonary
fibrotic processes (28). The extent of hyperoxia-induced fibrosis
in cultured murine lung explants correlated directly with the
degree of epithelial injury, and inflammatory mechanisms involv-
ing alveolar macrophages or polymorphonuclear cells were un-
necessary. Consistent with this, AEC apoptosis is detected adja-
cent to myofibroblast-containing fibroblastic foci, the presumed
primary sites of epithelial injury in IPF/UIP. Ongoing apoptosis
is believed to be a key component in the progression of IPF/
UIP (28, 29) and appears to be essential for the development
of TGF-Bl-induced lung fibrosis (30).

It has long been recognized that the epithelial cells overlying
fibroblastic foci are hyper- and dysplastic, with abnormal mor-
phology and gene expression patterns (1, 31). These cells secrete
a variety of profibrotic cytokines, participating in a bidirectional
communication network with neighboring fibroblasts whereby
each cell type influences the proliferation/survival of the other.
The alveolar epithelium serves as a major source of TGF-B1
and many other cytokines, including endothelin-1 and tumor
necrosis factor-a,, during lung injury and fibrosis (32-34), inde-
pendent of proinflammatory mediators (35). Instead, changes in
and activation of epithelial cells appear to be critical inciting
factors in fibrosis initiation. The alveolar epithelium also regu-
lates an intrinsic capacity to respond to TGF-B1 stimulation
through differential expression of TGF-B1 receptor subtypes
(36). Taken together, these data suggest that the alveolar epithe-
lium plays a major role in the pathogenesis of lung fibrosis, with
the capacity to both produce and respond to TGF-B1, regulate
the function and differentiation of fibroblasts, and modify cell
morphology and gene expression in response to injury, all inde-
pendent of the degree of inflammation.

The exact nature of the epithelial injury in IPF/UIP is un-
known, although it has been speculated that viral infection may
play a role. As discussed below, for re-epithelialization to occur,
AT2 cells must proliferate and differentiate into AT1 cells. In
IPF, this process appears to be impaired, with detection of abnor-
mal, hyperplastic AT2 cells with an intermediate phenotype
overlying fibroblastic foci (31). Thus, depending perhaps on the
degree and nature of the injury, extent of disruption of underly-
ing basement membrane, and the exact cytokine milieu, injured
AECs may face one of several choices: apoptosis; proliferation
and differentiation into AT1 cells to effect re-epithelialization;
or, as has been recently suggested, EMT, thereby contributing
directly to fibrosis.
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EMT IN LUNG

The critical importance of the alveolar epithelium and epithelial
injury to the process of fibrosis, together with the crucial role
for EMT in fibrogenesis in other tissues, naturally raise the
question of whether EMT contributes to the pathogenesis of
fibrosis in the lung. This possibility seems especially inviting
when considering the role of the “multipotent” AT2 cell after
injury and recent demonstrations of AEC plasticity. AT2 cells
are believed to serve as the progenitors for repair of the alveolar
epithelium after injury, being capable of both self-renewal and
of giving rise to AT1 cells through a process of transdifferentia-
tion (37). Similar to observations in vivo, AT2 cells in primary
culture lose their phenotypic hallmarks and gradually acquire
the morphologic features of AT1 cells (38). The cells increasingly
express all available AT1 cell phenotypic markers, suggesting
that AT2 cells in vitro transdifferentiate toward an AT1 cell
phenotype (ATl-like cells) (15, 39). Experimental conditions
have also been developed that induce cells that have acquired
ATT1 cell characteristics to revert to an AT2 cell phenotype (39),
suggesting far greater plasticity in expression of the differenti-
ated AEC phenotypes than previously believed. This remarkable
phenotypic plasticity suggests that, under certain conditions in
which transition to an AT1 cell phenotype is inhibited (e.g.,
injury), AT2 cells may also have the capacity to undergo transi-
tion to fibroblasts and myofibroblasts through the process of
EMT.

There have been hints that this may in fact be the case.
AECs overlying fibroblastic foci in IPF/UIP appear histologically
somewhat similar to fibroblasts (4). Iyonaga and colleagues (40)
detailed marked changes in cytokeratin expression patterns in
AECs from patients with IPF/UIP, and noted that epithelial
cells in IPF lung tissues may be fundamentally different in func-
tion and nature. AECs exposed to TGF-B1 down-regulate surfac-
tant protein C production and express extracellular matrix
components, such as fibronectin (41). One important study dem-
onstrating Wnt pathway activation in IPF/UIP postulated that
some fraction of the abnormal fibroblasts in IPF/UIP could di-
rectly derive from epithelial cell precursors at sites of ongoing
injury and repair (42). These findings suggest a significant alter-
ation in AEC differentiation state and function during fibrosis
and in response to fibrogenic stimuli.

Recently, our group directly addressed the hypothesis that
AECs undergo EMT. We demonstrated that pure cultures of
primary AECs, as well as an AEC line (RLE-6TN), undergo
EMT in response to extended exposure to TGF-B1 in culture
(43). TGF-B1 causes loss of epithelial cell markers such as
aquaporin-5, cytokeratins, and ZO-1, while dramatically up-
regulating mesenchymal cell markers, including «a-SMA, vimen-
tin, desmin, and type I collagen, concurrent with transition to a
fibroblast-like morphology. Analysis of the transition over time
reveals a gradual increase in a-SMA expression concomitant
with a progressive increase in longitudinal stress fiber formation
(Figure 1). This gradual change parallels a decrease in nuclear
expression of thyroid transcription factor (TTF)-1, an epithelial-
specific transcription factor. Complete transition in primary cells
requires prolonged exposure to TGF-B1 of nearly 2 wk, although
coexpression of epithelial and mesenchymal markers can be seen
as early as Day 4 after addition of TGF-B1. We also examined
tissue from patients with advanced IPF/UIP. Over 80% of the
hyperplastic epithelial cells overlying fibroblastic foci were noted
to coexpress epithelial (TTF-1 and pro-surfactant protein B)
and mesenchymal (a-SMA) markers (Figure 2), suggesting that
they may have been undergoing EMT at the time of tissue
sampling. Altogether, these findings conclusively demonstrate
the occurrence of EMT in AECs in vivo, and suggest that EMT
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Figure 1. Alveolar epithelial-mesenchymal transition (EMT)
in vitro. Colocalization of mesenchymal (a-smooth muscle
actin [a-SMA]) and epithelial (thyroid transcription factor
[TTF]-1) markers in primary alveolar epithelial cells (AECs)
during EMT. Immunoreactivity for a-SMA (green) and TTF-1
(red) was assessed on Days 6, 8, and 10 of primary culture
of AECs in minimal defined serum-free medium (MDSF)
+ TGF-B1. On Day 6, individual AECs are identified that
coexpress both nuclear TTF-1 and cytoplasmic a-SMA. Ex-
pression of a-SMA increased gradually over time in culture
(A-C, D-F), and paralleled a concomitant decrease in ex-
pression of TTF-1 (A-C, G-I), along with transition from
epithelial- to fibroblast-like morphology. Reprinted by per-
mission from Reference 43.
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Figure 2. Evidence for alveolar epithelial EMT in vivo. Myofibroblast and
AEC markers colocalized in approximately 80% of AECs overlying fibro-
blastic foci in lung tissue from humans with idiopathic pulmonary fibrosis
using three-dimensional deconvolution microscopy. Both pro—surfactant
protein B (pro-SP-B) and TTF-1 (pink) colocalized with a-SMA (brown)
to the same optical section in all cells analyzed. Reprinted by permission
from Reference 43.
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may play an important part in the pathogenesis of IPF/UIP and
other fibrotic lung disorders.

These findings have recently been corroborated by the work
of a number of other investigators. Similar changes in epithelial
morphology were observed after transduction of rat lung ex-
plants with a retroviral vector encoding TGF-B1 (34). Using
isolated rat type II cells in primary culture, Yao and colleagues
(44) demonstrated that treatment with TGF-B1 results in cy-
toskeletal rearrangements, assumption of a fibroblast-like mor-
phology, down-regulation of E-cadherin, increased collagen I
production, and induction of a-SMA, indicative of EMT. A549
cells, a human lung epithelial cell line, also undergo an EMT-
like process in response to TGF-B1, as evidenced by increased
expression of fibronectin and connective tissue growth factor
(CTGF) and loss of E-cadherin, but not in response to tumor
necrosis factor-a or interleukin-1p (45). Other recent prelimi-
nary work demonstrated that the hyperplastic epithelial cells in
areas of fibrosing lung have transcriptional profiles indicative of
an EMT, and that the fibroblasts underlying areas of epithelial
hyperplasia express significant numbers of epithelial markers
(46). Treatment of mouse AT?2 cells in primary culture with a
combination of TGF-B1 and EGF induced expression of FSP1
with loss of E-cadherin and acquisition of a fibroblast-like mor-
phology (47). Evaluation of biopsy samples from stable lung
transplant patients demonstrated markers of EMT in epithelial
cells, suggesting that fibroblasts may also originate from airway
epithelial cells (48). These recent findings definitively demon-
strate the occurrence of EMT in alveolar and possibly airway
epithelial cells both in vitro and in vivo, that it is mediated by
TGF-B1, and that this process represents a potentially important
mechanism of fibroblast and/or myofibroblast production during
pulmonary fibrosis and other disorders characterized by epithe-
lial injury and remodeling.

Little is known regarding the downstream cellular mecha-
nisms of EMT in alveolar epithelium. As stated earlier, most
TGF-B-mediated EMT responses require Smad-mediated sig-
naling in cooperation with a number of costimuli. Interestingly,
Smad3 deficiency attenuates bleomycin-induced pulmonary fi-
brosis (49), but the possible role of Smad3 in the induction of
EMT in lung has not been explored. EMT in A549 cells was
dependent on Smad2 (45), but its importance in primary cells
or in vivo remains to be determined. A growing body of evidence
implicates endothelin signaling in fibrogenesis in lung and other
tissues (32, 50), but its relationship to EMT in lung is completely
unknown. A deeper and more mechanistic understanding of the
process of EMT in lung will require elucidation of the importance
of these Smad-mediated and non-Smad-mediated signaling
pathways in AECs.

CONCLUSIONS

At this point, one can only speculate on the relative contribution
of alveolar epithelial EMT to the production of intrapulmonary
fibroblasts and/or myofibroblasts during pulmonary fibrotic pro-
cesses in vivo. However, given that EMT contributes at least
one-third of the fibroblast population during fibrosis in other
organs, that alveolar epithelial-fibroblastic cross-talk and inter-
actions are involved in fibrosis in the lung, that AECs undergo
EMT in vitro in response to TGF-B1 (Figure 2), and that TGF-1
is expressed at sites of epithelial injury and adjacent fibrosis
in vivo, it is likely that conversion of resident AECs to fibroblasts
and activated fibroblasts (myofibroblasts) contributes signifi-
cantly to lung fibrogenesis in vivo (Figure 3). It should be noted,
however, that it is unclear at this point whether AT1, AT2, or
both AT1 and AT2 pneumocytes can undergo EMT. Itis possible
that, depending on the degree of injury, AT1 cells may be more
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likely to undergo apoptosis whereas AT2 cells preferentially
undergo EMT. It is also interesting to speculate that certain
injurious stimuli may induce EMT rather than apoptosis. In this
regard, whether and to what extent EMT is a feature of all
pulmonary fibrotic processes also remains to be determined. It
will be interesting to establish whether EMT only occurs in
diseases such as IPF/UIP in which fibrosis appears to be the
result of repetitive injury reflected by patchy fibrosis on biopsy.
This could be compared with scleroderma, which has few fibro-
blastic foci and in which the pathologic changes are relatively
homogeneous and appear to be the result of a single “hit.”
Elucidation of these issues and the mechanisms underlying EMT
in lung await further investigation. The potential for prevention
or reversibility of this process is unknown; however, the identifi-
cation of specific pathways involved in EMT during fibrosis in
the lung may allow targeted interventions to be developed that
could ameliorate the devastating effects of abnormal repair and
fibrosis.

Confilict of Interest Statement: None of the authors have a financial relationship
with a commercial entity that has an interest in the subject of this manuscript.

Acknowledgment: The authors thank E.D. Crandall and P.W. Shaul for critically
reviewing the manuscript and helpful comments.

References

1. Du Bois RM, Wells AU. Cryptogenic fibrosing alveolitis/idiopathic pul-
monary fibrosis. Eur Respir J Suppl 2001;32:43s5-55s.

2. Munger JS, Huang X, Kawakatsu H, Griffiths MJD, Dalton SL, Wu J,
Pittet JF, Kaminski N, Garat C, Matthay MA, et al. The integrin
avB6 binds and activates latent TGF-B1: a mechanism for regulating
pulmonary inflammation and fibrosis. Cell 1999;96:319-328.

3. Pardo A, Selman M. Idiopathic pulmonary fibrosis: new insights in its
pathogenesis. Int J Biochem Cell Biol 2002;34:1534-1538.

4. Selman M, Pardo A. The epithelial/fibroblastic pathway in the pathogene-
sis of idiopathic pulmonary fibrosis. Am J Respir Cell Mol Biol 2003;
29:593-S96.

5. King TE Jr, Schwarz MI, Brown K, Tooze JA, Colby TV, Waldron
JA Jr, Flint A, Thurlbeck W, Cherniack RM. Idiopathic pulmonary
fibrosis: relationship between histopathologic features and mortality.
Am J Respir Crit Care Med 2001;164:1025-1032.

6. Epperly MW, Guo H, Gretton JE, Greenberger JS. Bone marrow origin
of myofibroblasts in irradiation pulmonary fibrosis. Am J Respir Cell
Mol Biol 2003;29:213-224.

7. Schurch W, Seemayer TA, Gabbiani G. The myofibroblast: a quarter
century after its discovery. Am J Surg Pathol 1998;22:141-147.

8. Phan SH. The myofibroblast in pulmonary fibrosis. Chest 2002;122:286S—
289S.

9. Hu B, Wu Z, Phan SH. Smad3 mediates transforming growth factor-
beta-induced alpha-smooth muscle actin expression. Am J Respir Cell
Mol Biol 2003;29:397-404.

10. Direkze NC, Forbes SJ, Brittan M, Hunt T, Jeffery R, Preston SL,
Poulsom R, Hodivala-Dilke K, Alison MR, Wright NA. Multiple organ
engraftment by bone-marrow-derived myofibroblasts and fibroblasts
in bone-marrow-transplanted mice. Stem Cells 2003;21:514-520.

11. Hashimoto N, Jin H, Liu T, Chensue SW, Phan SH. Bone marrow-derived
progenitor cells in pulmonary fibrosis. J Clin Invest 2004;113:243-252.

12. Zavadil J, Bottinger EP. TGF-beta and epithelial-to-mesenchymal transi-
tions. Oncogene 2005;24:5764-5774.

13. Slack JM, Tosh D. Transdifferentiation and metaplasia: switching cell
types. Curr Opin Genet Dev 2001;11:581-586.

14. Danto SI, Shannon JM, Borok Z, Zabski SM, Crandall ED. Reversible
transdifferentiation of alveolar epithelial cells. Am J Respir Cell Mol
Biol 1995;12:497-502.

15. Borok Z, Danto SI, Lubman RL, Cao Y, Williams MC, Crandall ED.
Modulation of tlalpha expression with alveolar epithelial cell pheno-
type in vitro. Am J Physiol 1998;275:1L.155-L164.

16. Kalluri R, Neilson EG. Epithelial-mesenchymal transition and its implica-
tions for fibrosis. J Clin Invest 2003;112:1776-1784.

17. Iwano M, Plieth D, Danoff TM, Xue C, Okada H, Neilson EG. Evidence
that fibroblasts derive from epithelium during tissue fibrosis. J Clin
Invest 2002;110:341-350.

18. Saika S, Kono-Saika S, Ohnishi Y, Sato M, Muragaki Y, Ooshima A,
Flanders KC, Yoo J, Anzano M, Liu CY, et al. Smad3 signaling is



382

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

required for epithelial-mesenchymal transition of lens epithelium after
injury. Am J Pathol 2004;164:651-663.

Grunert S, Jechlinger M, Beug H. Diverse cellular and molecular mecha-
nisms contribute to epithelial plasticity and metastasis. Nat Rev Mol
Cell Biol 2003;4:657-665.

Fan J-M, Ng Y-Y, Hill PA, Nikolic-Paterson DJ, Mu W, Atkins RC,
Lan HY. Transforming growth factor-f regulates tubular epithelial-
myofibroblast transdifferentiation in vitro. Kidney Int 1999;56:1455—
1467.

Savagner P. Leaving the neighborhood: molecular mechanisms involved
during epithelial-mesenchymal transition. Bioessays 2001;23:912-923.

Janda E, Lehmann K, Killisch I, Jechlinger M, Herzig M, Downward J,
Beug H, Grunert S. Ras and TGF|[beta] cooperatively regulate epithelial
cell plasticity and metastasis: dissection of Ras signaling pathways. J Cell
Biol 2002;156:299-313.

Bhowmick NA, Ghiassi M, Bakin A, Aakre M, Lundquist CA, Engel
ME, Arteaga CL, Moses HL. Transforming growth factor-p1 mediates
epithelial to mesenchymal transdifferentiation through a RhoA-
dependent mechanism. Mol Biol Cell 2001;12:27-36.

Sime PJ, O’Reilly KMA. Fibrosis of the lung and other tissues: new
concepts in pathogenesis and treatment. Clin Immunol 2001;99:308—
319.

Sime PJ, Xing Z, Graham FL, Csaky KG, Gauldie J. Adenovector-
mediated gene transfer of active transforming growth factor-g1 in-
duces prolonged severe fibrosis in rat lung. J Clin Invest 1997;100:768—
776.

Roberts AB, Tian F, Byfield SD, Stuelten C, Ooshima A, Saika S,
Flanders KC. Smad3 is key to TGF-beta-mediated epithelial-to-
mesenchymal transition, fibrosis, tumor suppression and metastasis.
Cytokine Growth Factor Rev 2006;17:19-27.

Masszi A, Di Ciano C, Sirokmany G, Arthur WT, Rotstein OD, Wang J,
McCulloch CAG, Rosivall L, Mucsi I, Kapus A. Central role for
Rho in TGF-B1-induced alpha-smooth muscle actin expression during
epithelial-mesenchymal transition. Am J Physiol 2003;284:F911-F924.

Adamson IY, Young L, Bowden DH. Relationship of alveolar epithelial
injury and repair to the induction of pulmonary fibrosis. Am J Pathol
1988;130:377-383.

Uhal BD, Joshi I, Hughes WF, Ramos C, Pardo A, Selman M. Alveolar
epithelial cell death adjacent to underlying myofibroblasts in advanced
fibrotic human lung. Am J Physiol 1998;275:11192-1.1199.

Lee CG, Cho SJ, Kang MJ, Chapoval SP, Lee PJ, Noble PW, Yehualaeshet
T, Lu B, Flavell RA, Milbrandt J, et al. Early growth response gene
1-mediated apoptosis is essential for transforming growth factor betal-
induced pulmonary fibrosis. J Exp Med 2004;200:377-389.

Kasper M, Haroske G. Alterations in the alveolar epithelium after injury
leading to pulmonary fibrosis. Histol Histopathol 1996;11:463-483.
Giaid A, Michel RP, Stewart DJ, Sheppard M, Corrin B, Hamid Q.
Expression of endothelin-1 in lungs of patients with cryptogenic fibros-

ing alveolitis. Lancet 1993;341:1550-1554.

Kapanci Y, Desmouliere A, Pache J, Redard M, Gabbiani G. Cytoskeletal
protein modulation in pulmonary alveolar myofibroblasts during idio-
pathic pulmonary fibrosis: possible role of transforming growth factor
B and tumor necrosis factor. Am J Respir Crit Care Med 1994;152:2163—
2169.

Xu YD, Hua J, Mui A, O’Connor R, Grotendorst G, Khalil N. Release

PROCEEDINGS OF THE AMERICAN THORACIC SOCIETY VOL 3 2006

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

of biologically active TGF-betal by alveolar epithelial cells results in
pulmonary fibrosis. Am J Physiol 2003;285:L527-L539.

Kwong K, Literat A, Zhu NL, Huang H, Li C, Jones C, Minoo P.
Expression of transforming growth factor beta in human epithelial
alveolar cells: a pro-inflammatory mediator independent pathway. Life
Sci 2004;74:2941-2957.

Khalil N, Parekh TV, O’Connor RN, Gold LI. Differential expression
of transforming growth factor-f type I and II receptors by pulmonary
cells in bleomycin-induced lung injury: correlation with repair and
fibrosis. Exp Lung Res 2002;27:233-250.

Adamson 1Y, Bowden DH. The type 2 cell as progenitor of alveolar
epithelial regeneration: a cytodynamic study in mice after exposure
to oxygen. Lab Invest 1974;30:35-42.

Cheek JM, Evans MJ, Crandall ED. Type I cell-like morphology in tight
alveolar epithelial monolayers. Exp Cell Res 1989;184:375-387.

Borok Z, Lubman RL, Danto SI, Zhang XL, Zabski SM, King LS, Lee
DM, Agre P, Crandall ED. Keratinocyte growth factor modulates
alveolar epithelial cell phenotype in vitro: expression of aquaporin 5.
Am J Respir Cell Mol Biol 1998;18:554-561.

Iyonaga K, Miyajima M, Suga M, Saita N, Ando M. Alterations in cytok-
eratin expression by the alveolar lining epithelial cells in lung tissues
from patients with idiopathic pulmonary fibrosis. J Pathol 1997;182:
217-224.

Maniscalco WM, Sinkin RA, Watkins RH, Campbell MH. Transforming
growth factor-1 modulates type II cell fibronectin and surfactant
protein C expression. Am J Physiol 1994;267:L569-L577.

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

Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, du
Bois RM, Borok Z. Induction of epithelial-mesenchymal transition in
alveolar epithelial cells by transforming growth factor-betal: potential
role in idiopathic pulmonary fibrosis. Am J Pathol 2005;166:1321-1332.

Yao HW, Xie QM, Chen JQ, Deng YM, Tang HF. TGF-betal induces
alveolar epithelial to mesenchymal transition in vitro. Life Sci 2004;
76:29-317.

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

Wolters PJ, Rand R, Robillard L, Jablons D, Fang J, Matthay MA,
Chapman HA. Expression of mesenchymal genes in alveolar epithelial
cells from patients with idiopathic pulmonary fibrosis [abstract]. Proc
Am Thorac Soc 2005;2:A853.

Lawson WE, Zoia O, Polosukhin VV, Blackwell TS. Evidence of epithe-
lial mesenchymal transition in primary type II alveolar epithelial cells
and mesothelial cells [abstract]. Proc Am Thorac Soc 2005;2:A853.

Ward C, Forrest IA, Murphy DM, Johnson GE, Robertson H, Cawston
TE, Fisher AJ, Dark JH, Lordan JL, Kirby JA, et al. Phenotype of
airway epithelial cells suggests epithelial to mesenchymal cell transi-
tion in clinically stable lung transplant recipients. Thorax 2005;60:865—
871.

Zhao J, Shi W, Wang YL, Chen H, Bringas P Jr, Datto MB, Frederick
JP, Wang XF, Warburton D. Smad3 deficiency attenuates bleomycin-
induced pulmonary fibrosis in mice. Am J Physiol 2002;282:1.585-1.593.

Park SH, Saleh D, Giaid A, Michel RP. Increased endothelin-1 in
bleomycin-induced pulmonary fibrosis and the effect of an endothelin
receptor antagonist. Am J Respir Crit Care Med 1997;156:600-608.



