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Annotation. An understanding of the mechanisms underlying pulmonary fibrosis remains elusive. Once be-
lieved to result primarily from chronic inflammation, 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 inflam-
mation 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 hypothesized. Although conver-
sion of resident fibroblasts and differentiation of circulating bone marrow-derived progenitors likely play a role, the
possible contribution of alveolar epithelial cells (AECs), through a process termed “epithelial -mesenchymal transi-
tion” (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 mesenchymal phenotype, EMT
plays a prominent role in fibrogenesis in adult tissues such as the kidney. This review summarizes the evidence sup -
porting 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-f1 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 cur-
rent paradigms regarding the genesis of pulmonary fibrosis and dissection of the relevant pathways may allow devel -
opment of targeted interventions that could potentially reverse the process and ameliorate the debilitating effects of
abnormal repair and progressive fibrosis.
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A30T JUOKCUJUJAH KEJIUB YUKKAH YIIKA ®UEPO3UHUHT KU3UJIVHTAY IEBOPJIAPUHUHT MOP-
$O0JIOTUK TAPAMETPJIAPUTA TABCUPHU BA YJIAPHU TY3ATHUII

Tewmaes Illyxpat ’KymaeBuy4
BapHoeB Pycram UcramoBuY
A6y Anu u6H Curo Homudazu Byxopo Jlasaam Tu66uém Hucmumymu (Byxopo, Y36ekucmoH)

AnHomayus. Ynka ¢ubposu acocudazu MexaHusMAApHU MyuyHUW KuliuH 6y1u6 Koamokda. Bup naiimaap
acocaH cypyHKaAu SIAAUFAAHUWOAH Keau6 Yukadu deb UWoHUA2aH 6y1ca, 3HOU SIAAUFAGHUW 8d CYPYHKAIU Pubpos,
aliHukca uduonamuk ynka gubposu odamoazu UHmepcmuyuaa NHEEMOHUS KA6U KACAAAUKAApOa me3-me3 axcpa-
U6 Mypuwy 8a AAAUFAGHUW GUEPO3HU KJ3Famuul yuyH 3apyp 3Mac 8 3mapau smMacauzu aHuk. Ynkada ¢u6pos-
HUHe 6upaamyqu agpghekmop Xyrxrcatipacu muo@ubpobaacmHuHe Keaub YuKuWU aHUK 6ea2u1aHMazaH. Yuma nomeH-
yuaa maxvéaaap gapas KuauHzaH. Peaudenm gubpobaacmaapHuHe KOH8EPCUsICU 84 AUIAHMA CYSIK UAU2UOAH OJUH-
2aH npozeHUmMopaapHuHe duggepeHyuayusicu IXmumo po ylHaliou aaeeoas1p anumeausi Xyxcalipaaapu (aecc),
"snumenuas-mesenxuman ymuw" (IMY) de6 HomaaHzaH HcapaéH opkaau AKUHOA Kypub qukuadu. Inumeauan
Xyacatipaaap xyxcatipa-xysxcailipa 6UpuKMacuHu, noaapumecuHu 8a snumeusi2aa xoc 6es2uiapuHu UykomaduzaH,
cumockesnemasn pemodeauHa0aH ymaoduaaH 8a Me3eHxumaJ peHomunaa sza 6yraduzaH scapaét, EMT 6ytipak kabu
kammaaap mykumanapuda @ubpozenesda Myxum poAa ViiHaiiou. Ynka @PubposuHuHz zeHesucu ea mezuuwiau
UyanapHu axcpamuw 6u1aH 6GOFAUK X03up2u napadueMajaapHuHe kamma y3zapuwiu HcapdéHHU meckapu
liyHaamupuwu ea Fatipumabuull masmupsawl 8d npozpeccus @GuUOpPO3HUHe 3audaaumupysdu masCcupuHu
AXWUAQWU MYMKUH 6Y/12aH MAKCAOAU Apaaauly8AapHU pUu8ojicAaHmMupuwi2a UMKoH 6epadu de6 ymuod Kuaamus.

Kaaum cy3aap: aaveeossip snumeautl; anumeauan—-me3eHXuman ymuuw; ynkaaap wukacmaaHuwu; -
mpaHcghopmayusi084uU ycuw OMUU.

Changes in paradigms, although slow and usu- torically, idiopathic pulmonary fibrosis/usual inter-
ally difficult, are fundamental to most significant ad- stitial pneumonia (IPF/UIP) has been viewed as the
vances in science. Such a paradigm change may be result of ongoing inflammation and cellular injury,
underway in the current investigation into mecha- with subsequent activation and proliferation of resi-
nisms of chronic injury and fibrosis in the lung. His- dent mesenchymal elements in the lung (1). Obser-
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vations from both animal models of fibrosis and pa-
tients with IPF have led to recent reassessment of the
concept that inflammation is the major pathogenic
event in [PF. Inflammation is not a prominent feature
in IPF biopsies and antiinflammatory therapies have
shown little benefit in the treatment of IPF. avf36 in-
tegrin knockout mice that cannot activate transform-
ing growth factor (TGF)-B1 develop an exaggerated
inflammatory response to bleomycin, yet have near-
complete attenuation of the fibrotic response, indi-
cating that inflammation and fibrosis can be dissoci-
ated (2). These and other observations have contrib-
uted to the evolving view that IPF is a disorder that
involves abnormal wound healing, and that ongoing
epithelial injury and/or activation may lie at the
heart of fibrogenesis and mesenchymal cell prolifer-
ation, 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 devel-
opment of IPF and reviews recent data that suggest
that, more than just serving as the pathogenic insti-
gator, alveolar epithelial cells (AECs) themselves
may acquire a mesenchymal phenotype and serve as
an important source of fibroblasts and myofibro-
blasts through a process known as epithelial-mesen-
chymal transition (EMT). Under this new paradigm,
the alveolar epithelium should be viewed as one of
the key participants in fibrosis, serving as a “multipo-
tent” progenitor with considerable plasticity and the
capacity to participate in alternate pathways: re-epi-
thelialization to restore normal alveolar architec-
ture, apoptosis, or fibrogenesis through EMT. Under-
standing the factors that determine cell fate deci-
sions of AECs along these pathways will be important
in further elucidating the pathogenesis The myofi-
broblast is believed to play a central role in the path-
ogenesis of IPF. Increased numbers of fibroblastic
foci are associated with disease progression and a
worse prognosis in IPF/UIP (5), and the rapid devel-
opment of fibrotic lesions composed of proliferating
myofibroblasts and fibroblasts underlies the patho-
genesis of irradiation-induced pulmonary fibrosis
(6). These activated fibroblasts are characterized by
a spindle or stellate morphology with intracytoplas-
mic stress fibers, a contractile phenotype, expression
of various mesenchymal immunocytochemical
markers (including, most reliably, a-smooth muscle
actin [a-SMA]), and collagen production (7). They
are the key mediators of extracellular matrix deposi-

tion, structural remodeling, and destruction of alve-
ocapillary 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 his-
torically most prevalent, hypothesis postulates that
resident intrapulmonary fibroblasts respond to a va-
riety of stimuli during fibrogenic responses and dif-
ferentiate into myofibroblasts (8). TGF-1, a key reg-
ulator of fibrosis, induces transdifferentiation of fi-
broblasts in vitro through a Smad3-dependent mech-
anism (9). Although this hypothesis is tempting in its
simplicity, an alternate hypothesis has recently been
proposed that bone marrow-derived progenitors
contribute to myofibroblast induction and prolifera-
tion during pulmonary fibrosis. Epperly and col-
leagues (6) demonstrated using transplantation of
green fluorescent protein-positive bone marrow
into wild-type mice that marrow-derived cells con-
stitute 20 to 50% of cells in fibrotic areas during ir-
radiation-induced fibrosis. Direkze and colleagues
(10) demonstrated multiple organ engraftment by
bone marrow-derived fibroblasts and myofibro-
blasts in mice after radiation injury. Consistent with
these results, Hashimoto and colleagues (11)
showed that collagen-producing lung fibroblasts in
bleomycin-induced pulmonary fibrosis can be de-
rived from bone marrow progenitor cells. However,
these marrow-derived fibroblasts did not express a-
SMA and were resistant to fibroblast-myofibroblast
conversion by TGF-$1. A novel third possible source
of fibroblasts and/or myofibroblasts in pulmonary
fibrosis has recently been proposed: that AECs,
through the process of EMT, also play a significant
role. Itis 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 is a process by which fully differentiated epithe-
lial cells undergo phenotypic transition to fully dif-
ferentiated mesenchymal 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 epi-
thelium, to distinguish this type of transition from
epithelial-epithelial transdifferentiation processes,
which classically refer to differentiated cells chang-
ing into other differentiated cells (13).
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The process of EMT has long been known to
play a pivotal role in cellular transdifferentiation
during development and tumor progression. Epi-
blasts undergo EMT early in development to form
primary mesenchyme. Secondary epithelia are cre-
ated 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 mesenchy-
mal and connective tissue cells, such as adipocytes,
chondrocytes, osteoblasts, myocytes, and fibroblasts
(16). One of the critical aspects of EMT is the ability
of epithelial cells to lose polarity, disassemble cell ad-
hesion 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 differ-
entiated 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 [Z0-1]) (19). EMT
has been most extensively investigated as a mecha-
nism underlying fibrosis in renal and lens epithe-
lium. Renal tubular epithelial cells express FSP1 (a
member of the S100 family of calcium-binding pro-
teins exclusively expressed in fibroblasts) early after
injury during kidney fibrosis in transgenic mice, mi-
grate through damaged basement membranes 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 epi-
thelium (17). In vitro, rat kidney tubular epithelial
cells treated with TGF-31 lose expression of the epi-
thelial 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-f3 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 extracellular matrix compo-
nents (usually collagen) has been demonstrated.
Most commonly, epidermal growth factor (EGF),
hepatocyte growth factor (HGF), fibroblast growth
factors (FGF), and especially the TGF-[3 family of fac-
tors are directly involved (16, 21). Under the influ-
ence of these factors, epithelial cells lose polarity, ex-
press basement membrane-degrading matrix metal-
loproteinases, 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 tran-
sition is irreversible and represents true transdiffer-
entiation has been debated, with some suggestion of
an epithelial “phenocopy,” termed “reversible scat-
ter,” being an alternative possibility (19). This re-
versible scatter is defined as epithelial cellsundergo-
ing partial dedifferentiation with loss of polarity and
down-regulation of epithelial markers, but losing
these characteristics once the inciting stimulus is re-
moved. Importantly, cells undergoing “scatter” do
not express appreciable amounts of mesenchymal
markers. EGF, HGF, FGF, and TGF-1 alone often in-
duce a reversible scatter phenomenon. However,
prolonged exposure to TGF-B1 (> 4-6 d) is a power-
ful inducer of complete EMT in many cases, often act-
ing in conjunction with a variety of costimuli (includ-
ing EGF and activation of the small GTPases Ras and
RhoA) (22, 23). TGF-f has been implicated as a “mas-
ter switch” in the induction of fibrosis in many or-
gans, 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
inflammation (25) and, as discussed above, inability
to activate TGF-B1 affords significant protection
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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-B1 to promote loss of the epithelial
phenotype. Most commonly, TGF-f1 stimulation of
epithelial cells leads to the induction of Smad pro-
teins, which serve both as transcription factors
themselves and as inducers of other transcription
factors, including Slug, Snail, Scatter, lymphoid en-
hancing factor-1, and B-catenin (16). These tran-
scription factors lead to expression of the “EMT pro-
teome,” including the cellular machinery necessary
for junctional disassembly, cytoskeletal rearrange-
ment, and cellular motility (12). The majority of
Smad-dependent target gene transcription is con-
trolled by Smad3 (26), which partners with Smad4
on activation by TGF-f receptor serine/threonine ki-
nases and translocates to the nucleus. EMT in many
tissues, including retina, lens, and kidney, is depend-
ent on Smad3 (18, 26).

TGF-B1 can also activate non-Smad-mediated
cellular signaling pathways, most importantly in-
volving Rho kinase, which directly activates the cel-
lular machinery necessary for cytoskeletal rear-
rangement, basement membrane detachment, and E-
cadherin down-regulation (27). In most cases, stim-
ulation of these cooperative signaling pathways pro-
vides the important physiologic context that allows
for induction and specification of EMT within partic-
ular tissues. Cross-talk between classical TGF-f3 path-
ways and Rho, as well as a host of other modulatory
signaling molecules, including Ras, extracellular sig-
nal-related kinase (ERK), p38 mitogen-activated
proteins kinase (MAPK), Notch, Wnt proteins, nu-
clear factor-kB, and PI3K, have all been demon-
strated to affect the extent and reversibility of EMT
(12).

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) thatongoing AEC injury and retarded wound re-
pair may be central to the pathogenesis of pulmo-
nary fibrosis (3, 4). These authors demonstrated that
epithelial injury and blunted epithelial repair is suf-
ficient to promote pulmonary fibrotic processes
(28). The extent of hyperoxia-induced fibrosis in cul-
tured murine lung explants correlated directly with
the degree of epithelial injury, and inflammatory
mechanisms involving alveolar macrophages or pol-
ymorphonuclear cells were unnecessary. Consistent
with this, AEC apoptosis is detected adjacent to myo-
fibroblast-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 es-
sential for the development of TGF-f1-induced lung
fibrosis (30).

It has long been recognized that the epithelial
cells overlying fibroblastic foci are hyper- and dys-

plastic, with abnormal morphology and gene expres-
sion patterns (1, 31). These cells secrete a variety of
profibrotic cytokines, participating in a bidirectional
communication network with neighboring fibro-
blasts whereby each cell type influences the prolifer-
ation/survival of the other. The alveolar epithelium
serves as a major source of TGF-B1 and many other
cytokines, including endothelin-1 and tumor necro-
sis factor-a, during lung injury and fibrosis (32-34),
independent of proinflammatory mediators (35). In-
stead, changes in and activation of epithelial cells ap-
pear to be critical inciting factors in fibrosis initia-
tion. The alveolar epithelium also regulates an intrin-
sic capacity to respond to TGF-Bf1 stimulation
through differential expression of TGF-f1 receptor
subtypes (36). Taken together, these data suggest
that the alveolar epithelium 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 mod-
ify cell morphology and gene expression in response
to injury, all independent of the degree of inflamma-
tion.

The exact nature of the epithelial injury in
IPF/UIP is unknown, although it has been speculated
that viral infection may play a role. As discussed be-
low, 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 abnormal, hyperplastic AT2 cells with an interme-
diate phenotype overlying fibroblastic foci (31).
Thus, depending perhaps on the degree and nature
of the injury, extent of disruption of underlying base-
ment membrane, and the exact cytokine milieu, in-
jured AECs may face one of several choices: apopto-
sis; proliferation and differentiation into AT1 cells to
effect re-epithelialization; or, as has been recently
suggested, EMT, thereby contributing directly to fi-
brosis.
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B/JIMAHUE JIETOYHOTI'O ®UBPO3A, BBI3BAHHOTI'O IMOKCH0M A30TA, HA MOP®0OJ/JIOTMYECKHE
ITAPAMETPbBI CTEHOK ITUIEBOJA 1 UX KOPPEKIIUIO

Temaes Illyxpar Jl>KymaeBuY
BapHoeB Pycram UcramoBuY
Byxapckuti I'ocydapcmeenHwiii MeduyuHckuti MiHcmumym umenu A6y Aau ubH CuHo, Y36ekucmat

Annomayus. [loHUMaHue MexaHu3Mos, JexcaujuXx 6 O0CHO8e J1e204H020 (Pubpo3a, ocmaemcs: HesICHbIM.
Kozda-mo cuumasiocs, ymo amo 6 nepsyr oyepedv pe3y/bmam XpOHUYECK020 80CNA/IeHUs], menepsb SICHO, Ymo
socnaJieHue U XpoHu4eckutl gubpo3, 0c06eHHO Npu MAaKux 3a60/1e8aHUSX, KaK uduonamu4eckuli 1e204HbIl ubpo3
/ 00blYHAA UHMEpCMUyuadabHas NHEeBMOHUS, 4acmo JUCCOYUUpPOBAHbLl, U YMO 80CNA/NEHUE He s8/5emcsi HU
HE0b6X00UMbIM, HU 00CMAMOYHbIM 01 UHAYyuposaHusi ¢ubpo3sa. IIpoucxodxicdeHue nepguuHoll 3ggexkmopHoll
Kaemku ¢pubposa 8 snezkom, Muodubpobaacma, 4emko He ycmaHosseHo. bbliu 8bl08UHymMbl 2unome3sl 0 mpex
NOMeHYuaabHbLIX UCMOYHUKAX. Xomsi KoHeepcusi pe3udeHmMHbIX ¢dubpobaacmos u dudgepeHyuposka
YUPKYAUPYIOWUX NpeduleCmB8eHHUKOB, NOAY1YeHHbIX U3 KOCIMHO020 M032d, 8epOSIMHO, Ugparom onpedeseHHyio pob,
B03MOXCHBIU B8KAAD a/168€045PHbIX 3numeauanbHulx kaemok (AECS) nocpedcmeom npoyecca, Ha3bl8aemoz2o
“anumenuanbHo-Me3eHXUMAAbHLII nepexod” (IMII), 6bi1 paccmomper mosavko HedasHo. [Ipoyecc, nocpedcmeom
KOmopozo  anumeaua/bHble KAEMKU  Mepsiiom — MeXCKAeMOYHYI0  NpUBsi3aHHOCMb,  NOJASAPHOCMb U
anumeauocneyuguieckue Mapkepwl, nodgep2armcs pemooeaAuposaHul0 yumockegsema U npuobpemaiom
Me3eHXUMAaAbHbL penomun. IMII uzpaem 8asicHy0 poab 8 pubpozeHede 80 83POCAbIX MKAHAX, MAKUX KAK NOYKU.
B smom 0630pe 0606w eHbl daHHble, nodmeepicdaroujue yeHmpaabHy poab IMII 8 namozeHese pubposa se2Kux,
nomenyuasa IMII npu AECs in vitro u in vivo u poab mpaHcgopmupyrowezo pakmopa pocma 51 8 amom npoyecce,
a makxce 8/AUSIHUE 3nNUMeauaabHoz2o ¢ubposa Ha 6ydywue uccaedosaHusi u sgedeHue. Takdce obcyxcdaromes
nomeHyuaavbHble nymu, ywacmeyrwue 6 IMII. Ecmb Hadexcda, ymo cepve3Hblll cdgue 8 cyuwecmsynuux
napaduemMax OMHOCUMENbHO 2eHe3d J1e204H020 Gubpo3a U pacceveHus coomeemcmeyruux nymei mosxcem
no3eoums paspabomams yeaeHanpasaeHHble BMeuameabCcmad, Komopble NOMeHYudAbHO Mo2au 6bl 06pamums
npoyecc ecnamv U 0CAA6UMb U3HYpUME/IbHble NOCAedCmBUsT AHOMAJbHOU penapayuu U npozpeccupyouezo
¢dubposa.

Katouesvle cno8a: anbeeosipHblll snumeutl; 3nUumenudrbHoO-Me3eHXUMaabHblli nepexod; nospexcdeHue
Jsezkux; mpaxcgopmupyrowuti pakmop pocma-f3




