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Epithelial Responses to Lung Injury
Role of the Extracellular Matrix

Harold A. Chapman1

1Department of Medicine and Cardiovascular Research Institute, University of California San Francisco, San Francisco, California

The key role of extracellular matrices in alveolar epithelial cell (AEC)
biology is highlighted by the phenotypes of primary AECs cultured
ona soft laminingel contrastedwith thatona stiff, fibronectinmatrix.
On laminin, AECs maintain an epithelial phenotype, and progenitor
cellswithin this populationproliferate. In contrast, onfibronectin, AECs
rapidly lose surfactant expression and spread extensively, changes that
depend on activation of latent TGF-b1 by engagement of fibronectin-
binding integrins. Theprogenitor subpopulation responding toTGF-b1
undergoes epithelial mesenchymal transition (EMT). Although it re-
mains uncertain to what degree EMT contributes directly to collagen
1production,signalingpathwayscritical toEMTareimportantforrepair
and fibrosis, implying that EMT is part of the general program of lung
repair. EMT reprogramming requires not only Smad signaling but also
pY654–b-catenin.Generation of pY654–b-catenin requires assembly of
complexesof the integrina3b1, E-cadherin, andTGF-b1 receptors, and
such assembly is a functionof cell–cell and cell–matrix contacts. Seques-
tration of a3b1 or E-cadherin in such contacts prevents complex
assembly, TGF-b1 induced pY654–b-catenin generation and EMT. Dis-
ruptionof these contacts is a signal for the cells to initiate repair. Critical
remaining questions center around better definition of direct versus
indirect effects of EMT on collagen deposition and the nature of AEC
progenitors differentiating during fibrogenesis. Elucidation of specific
inhibitors of EMT should further test the question of whether the pro-
cess is important to fibrosis in vivo and a viable therapeutic target.
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The lung parenchyma is supported by an elaborate but delicate
interstitial network of collagen and elastin. In addition, the ep-
ithelial and endothelial lining cells reside on stereotypical basement
membranes comprisedmainly of type IV collagen (alongwithmany
other minor collagen subtypes), laminins, and proteoglycans (1–3).
Collectively, this scaffolding provides stable microenvironmental
contacts for the maintenance of epithelial and endothelial differ-
entiation and does so within the requirement of the normal lung
for remarkably high compliance and distensibility. In this setting,
there is very slow turnover of mature epithelial cells and of com-
ponents of the extracellular matrix (ECM), such as elastin (4–6).

Lung injury to the parenchyma with leakage of plasma-like
fluid or frank blood into the alveolar compartment produces dras-
tic changes in the ECM with profound impacts on gas-exchanging
surfaces (Figure 1). Perhaps because the alveolar compartment
is essentially open to the environment, the lung surfaces are
endowed constitutively with tissue factor and small amounts of
locally produced clotting factors to rapidly initiate coagulation of
plasma leakage (7, 8). If not subsequently removed by the fibri-
nolytic system, this process leads to the deposition in alveoli of
a provisional, much less compliant ECM comprised of fibrin and

fibronectin. This provisional ECM is conducive to the ingrowth
of fibroblasts (9, 10), although the accumulation of a number of
other chemokines/cytokines (e.g., prostaglandin E2) strongly in-
fluences the fibroblast response (Figure 1) (11, 12). In experimen-
tal systems, the pattern of fibronectin deposition early after injury
correlates with subsequent regions of fibroblast and collagen ac-
cumulation during the repair phase (10). In humans, perhaps the
most striking example is the intraalveolar fibronectin accumula-
tion recognizable as Masson bodies that serve as a hallmark of
the sites of granulation tissue expansion in organizing pneumonia
(13).

It is increasingly recognized that activation of mediators of
coagulation (e.g., Factor Xa and thrombin, the fibrinolytic sys-
tem, various chemokines and cytokines, and the altered ECM)
directly affect distal airway and alveolar repair in the setting
of injury (Figure 1). Several recent reviews of important aspects
of this pathophysiology are available (14–16). This article fo-
cuses on the influence of the ECM on the epithelium.

EPITHELIAL MESENCHYMAL TRANSITION
AND THE ECM

Epithelial mesenchymal transition (EMT) is a process of reprog-
ramming epithelial cells from a fully differentiated epithelial
state toward a more mesenchymal state in which adherens junc-
tions and other epithelial markers are lossed (or nearly lossed)
and a mesenchymal profile of proteases, matrix proteins, and
cytofilaments are newly expressed (17, 18). EMT is reversible
and responsive to signals that promote or antagonize EMT pro-
gramming. EMT is also a continuum of mesenchymal change
and not an all-or-none phenomenon. EMT reprogramming is
well established during embryogenesis, and there is accumulat-
ing evidence for EMT in the context of tumor invasion, espe-
cially breast tumor invasion. Partial, reversible EMT events are
likely much more common than permanent mesenchymal tran-
sitions, and this may be especially so in the context of wound
repair because the repair process is normally self-limited. For
example, a temporary EMT that promoted stem cell expansion
and lung repair was recently reported in distal airway epithelial
cells after cytotoxic injury to the epithelium (19).

The influence of the ECM on the state of AEC differentiation
is highlighted by the divergent outcomes of the culture of pri-
mary AECs on laminins or fibronectin. AECs cultured on a
compliant, nonfibrillar type IV collagen/laminin gel (Matrigel;
BD Biosciences, Sparks, MD) results in maintenance of a cu-
boidal epithelial phenotype and the formation of extensive E-
cadherin–rich cell–cell contacts (20). In 3D cultures of matrigel,
AECs form highly polarized structures (21). In contrast, AECs
cultured on a stiffer fibronectin matrix spread extensively and
rapidly lose surfactant expression. A similar influence of the ECM
on breast epithelial cells cultured in 3D collagen gels can be seen
as the stiffness of the collagen is increased: Clusters of the epithe-
lial cells begin to spread and lose organization compared with the
highly polarized epithelial phenotype observed when cells are cul-
tured in a compliant matrix (22). The stiffness of the ECM dictates
the degree of integrin and FAK kinase activation by cells en-
gaging the matrix, leading to additional downstream signaling
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that influences cell growth and differentiation (23–25). The stiff-
ness of the ECM (or the presence of fibrotic tissue in the tumor)
correlates with tumor progression and poor outcome (26). Com-
ponents of the ECM, including fibronectin, collagen, and proteo-
glycans, bind a number of growth factors that can be released by
proteases to promote growth or tissue remodeling. Thus, the ECM
can contribute indirectly to growth and differentiation via its res-
ervoir of bound cytokines. One of these directly related to mesen-
chymal expansion is latent TGF-b1 (27, 28).

Activation of TGF-b1 is critically dependent on ECM en-
gagement by integrins; in the case of distal airway and alveo-
lar epithelial cells, TGF-b1 is activated predominantly by the

integrin avb6 (29). TGF-b1 is synthesized in a latent form re-
quiring cleavage of a pro-piece to generate the active peptide,
but the cleaved pro-piece, termed the “latency binding peptide”
(LBP), remains associated with and blocks the receptor-binding
capacity of the active TGF-b1 peptide (30). Either further pro-
teolytic processing of the LBP or a conformational change in
the whole complex is required for TGF-b1 activity. LBP con-
tains a canonical RGD integrin binding motif. One mechanism
of TGF-b1 activation is binding of LBP to the epithelial integrin
avb6 through the RGD motif followed by activating conforma-
tional change when the integrin is activated by engagement of
epithelial cells with ECM or certain chemokines (Figure 2).

Figure 1. The schematics high-

light early events in the devel-

opment of lung injury followed

by responses of the lung that
favor repair and resolution or

progressive fibrosis. (A) Epithe-

lial cell loss (bottom) is depicted

as an early event leading to air-
way barrier breakdown, deposi-

tion of alveolar fibrin and a

fibronectin-rich provisional ma-
trix, and phenotypic changes in

epithelial cells promoting their

transition toward a flattened

squamous cell or epithelial mes-
enchymal transition (EMT), al-

lowing these cells and resident

fibroblasts to invade the alveo-

lar matrix and initiate repair. (B)
Limited loss of barrier integrity

with resorption of the extracel-

lular matrix (ECM) and reversal
of fibroblast accumulation (by

apoptosis and/or reverse EMT)

favors return to a normal state,

whereas (C) continuation of a
profibrotic cytokine and che-

mokine milieu with excessive

TGF-b1 and protease-activated

receptor (PAR) activation pro-
motes ongoing ECM accumu-

lation, EMT, and hyperplasia

of type II cells. CTGF ¼ connec-
tive tissue growth factor; FN ¼
fibronectin; PAI-1 ¼ plasmino-

gen activator-1; PDGF ¼ platelet-

derived growth factor; TIMPS ¼
tissue inhibitor of metallopro-

teases; TF. VII ¼ Factor VII;

uPA ¼ urokinase. Adapted by

permission from Reference 51.
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Because LBP is known to bind and to be sequestered in
fibronectin-rich ECMs, fibronectin is thought to be a major ECM
protein whose engagement by integrins leads to TGF-b1 activation
(28). Primary cells missing avb6 fail to activate TGF-b1 (as judged
by pSmad in immunoblotting) and hence maintain a surfactant-rich
epithelial state (Figure 2).

TGF-b1 is a key cytokine driving EMT reprogramming, and
this is highlighted in Figure 2 by extensive expression of a-smooth
muscle actin (a-SMA) when cells are cultured on fibronectin. TGF-
b1 induces prototypical transcription factors implicated in EMT,
such as Snail1 and Twist, and alters a profile of epithelial micro-
RNAs that sustain a more mesenchymal state. However, activation
of avb6 by Fn engagement appears to be an example of outside-in
signaling in which activation of G-protein–coupled receptors or
other Fn-binding integrins leads to Rho kinase activation, which
alters the conformation of avb6 via its cytoskeletal connections,
leading to activation of its bound ligand TGF-b1 (31). In principle,
other stiff matrices that activate integrins and Rho kinase could
have similar effects (32). This likely in part accounts for the strong
positive influence of fibrillar collagens, such as collagen 1, on pro-
moting a mesenchymal phenotype. Cells cultured on the more com-
pliant Matrigel by contrast exhibit little or no TGF-b1 activation
(Figure 2), as judged by the lack of pSmad generation, consis-
tent with the persistence of a mature epithelial phenotype.
Indeed, the addition of exogenous active TGF-b1 to primary
epithelial cell cultures on Matrigel favors their apoptosis (20).

REGULATION OF EMT SIGNALING

Although TGF-b1 is a key cytokine necessary for EMT, prior
studies indicate that TGF-b1 signaling per se is insufficient to
initiate an EMT program. Indeed, constitutive epithelial cell
TGF-b1 signaling appears important to maintaining an antiin-
flammatory state within the pulmonary alveolar compartment
and for suppressing epithelial cell proliferation (29). Deletion of
TGF-b1 activation and signaling in a number of epithelial cells
promotes tumor initiation and tissue inflammation (33). There-
fore, initiation of the EMT program requires input from other
signaling pathways, which indicates the need for an injury re-
sponse, and this step is again regulated by the ECM. Prior stud-
ies have demonstrated that EMT ex vivo in kidney and lung
AECs requires the presence of the prominent epithelial integrin

a3b1 (34). a3b1 is a laminin and type IV collagen receptor but
also physically accumulates in adherens junctions at least in part
through interactions with E-cadherin (35). The function of the
integrin in EMT centers around the colocalization of a3b1 with
E-cadherin and the transcription factor b-catenin. Accumulating
evidence indicates that EMT requires crosstalk between Smad
and b-catenin signaling pathways, which requires physical asso-
ciation between Smads and b-catenin (36). The function of a3b1
is linked to this crosstalk because the integrin presence is re-
quired for tyrosine phosphorylation of b-catenin at Y654 after
TGF-b1 stimulation. The accumulation of pY654–b-catenin
strongly correlates with AEC EMT ex vivo and in vivo in exper-
imental models (36). Selective deletion of epithelial a3b1 in lung
epithelial cells abrogates EMT as well as myofibroblast and
collagen 1 accumulation in the bleomycin injury model. PY654–
b-catenin also selectively accumulates in the nuclei of lung
myofibroblasts in patients with idiopathic pulmonary fibrosis,
pointing to the relevance of this pathway to myofibroblast ac-
cumulation in humans.

The requirement for integrin a3b1 also implicates a key role
for cell contacts in the regulation of EMT. This concept is illus-
trated schematically in Figure 3. TGF-b1–mediated b-catenin
phosphorylation is blocked by sequestration of the integrin onto
laminin 5 (Ln-5), a major component of basement membranes.
This is indicated in Figure 3 by the loss of b-catenin/pSmad2
complexes when AECs are cultured on Ln-5, resulting in sup-
pression of an EMT response. Smad phosphorylation and nu-
clear translocation is not affected by integrin sequestration, and
thus it is likely that the antiinflammatory and antiproliferative
functions of TGF-b1 remain intact. A similar suppression of
b-catenin phosphorylatioin and EMT is observed when cells are
cultured near cell confluence where formation of adherens junc-
tions sequestering E-cadherin and a3b1 is extensive (34, 37). In
the context of significant injury with loss of cell contacts or dis-
ruption of basement membranes, the activation of TGF-b1 could
be expected to lead to pY654–b-catenin and an EMT response.
Presumably, EMT wanes as new basement membranes are
deposited and normal cell contacts are restored. Thus, the provi-
sional matrices deposited in the lung as a consequence of injury
promote epithelial-organized repair through a number of com-
plementary pathways: the stiff, integrin-engaging provisional
ECM promotes TGF-b1 activation, and the loss of normal

Figure 2. Alveolar epithelial cell epithelial mesenchymal

transition (EMT) requires avb6 and a stiff matrix for TGF-

b1 activation. (A) Primary murine alveolar epithelial cells
(AECs) were cultured for 2 days on Matrigel/Col 1 or fi-

bronectin (Fn) and then lysed and analyzed by immuno-

blot for p-Smad2 and total Smad2/3. Epithelial cells

culture on Matrigel fail to activate TGF-b1. (B) Primary
AECs from wild-type (WT) and b6-null mice were cultured

on Fn 6 SB431542 (10 mM) for 2 days and then lysed and

immunoblotted for p-Smad2 and total Smad2/3. AECs
missing b6 fail to activate TGF-b1. (C and D) AECs from

WT (C) and b6-null (D) mice were cultured on Fn for 4

days and stained for a-smooth muscle actin (a-SMA) and

pro-surfactant protein C (SPC), illustrating the EMT re-
sponse of WT but not b6-null AECs on Fn. Reprinted from

Reference 20.
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epithelial contacts promotes an EMT response and not simply
cell cycle arrest. It is likely that the cytoskeletal changes ef-
fected by integrin signaling on fibronectin also support EMT
responses through mechanisms similar to that recently described
for fibroblasts (38).

EVIDENCE FOR EMT IN VIVO

Although EMT is well described ex vivo and in vivo during
embrogenesis and tumor progression, there is conflicting evi-
dence for the role of EMT in vivo during fibrogenesis. A num-
ber of investigators have applied the tools of lineage tracing to
the question of whether myofibroblasts in vivo derive from
EMT, but the results have been ambiguous. In this approach,
a differentiation marker of a specific cell lineage is used to
irreversibly mark and identify the lineage’s fate during embry-
onic development, steady states in the adult, or after injury.
Lineage tracing is generally achieved by activation of a latent
reporter activity (e.g., GFP or b-galactosidase) via cre recombi-
nase expression in a time- and/or cell-specific manner. Early
studies in the lung used an inducible b-galactosidase reporter
activated in most, if not all, populations of distal airway and
alveolar epithelial cells (20). This was achieved in a triple trans-
genic system composed of (1) a human surfactant protein C
(SPC) promoter sequence driving a doxycycline-activatible
rtTA that acts on (2) a rtTA responsive–cre transgene to drive
cre transcription that in turn (3) permanently removes an in-
hibitory DNA sequence in the third transgene, allowing reporter
(b-galactosidase) expression (20). Widespread epithelial re-
porter expression was achieved by exposure of mice to doxycy-
cline throughout gestation because SPC is expressed in the
progenitors of virtually all distal AECs during embryogenesis.
Using this system in the context of adenoviral-mediated active
TGF-b1 expression in mouse lungs, cells bearing the lineage
trace could be directly recoverned from injured lungs expressing
vimentin and to a lesser extent a-smooth muscle active (a-SMA),
indicating EMT. More recently, using a similar system but with
an e Enhanced green fluorescent protein reporter after bleomycin-
induced lung injury, GFP-expressing cells also expressing vimentin,
collagen 1, or a-SMA were isolated directly from lung on Day 17
after bleomycin exposure. The percentages of recovered epithelial
cells expressing any of the mesenchymal proteins was low (, 6%),
but the numbers are difficult to interpret because the great major-
ity of epithelial cells are not involved in the heavily injured areas
destined to become fibrotic in the bleomycin model (35). Other

groups have reported similar findings in the bleomycin model
(39, 40).

Although these findings provide direct evidence for EMT in
vivo in the context of fibrogenesis, they do not answer the ques-
tion of whether the expansion of collagen-producing cells and/
or myofibroblasts during fibrosis derives appreciably from
epithelial cells. The appearance of mesenchymal markers ob-
served in a fraction of AECs after lung injury may represent
a partial EMT that does not reflect the major pathway of mes-
enchymal cell expansion. Indeed, two studies also using lineage
tracing in the last few years have concluded that EMT has little
role in fibrosis. Humphries and colleagues reported pericytes and
not epithelial cells as the main source of a-SMA–expressing cells
in a model of renal fibrosis (41). More recently, Rock and col-
leagues, using a tamoxifen-inducible cre recombinase engineered
within the endogenous mouse SPC gene and fluorescent report-
ers, found multiple sources of collagen-producing cells after bleo-
mycin injury but little if any contribution of mature type II cells
or Clara cells to the production of mesenchymal markers or col-
lagen 1 (5). These findings call into question whether EMT has a
significant role in fibrogenesis. A potentially important difference
between earlier work with the SPC transgenes and recent work
with the endogenous SPC “knockin” is that the SPC-creER only
marks mature type II cells and not other AECs. This is relevant
because of prior studies linking the capacity for EMT among ep-
ithelial cells with a stem cell–like differentiation state (42). Our
recent observations suggest this principle may also apply to AECs.

IDENTIFICATION OF AEC PROGENITOR CELLS:
ROLE IN EMT AND REGENERATION

The possibility of subpopulations of AECs in preparations of
type II cells from normal adult murine lung is revealed by inspec-
tion of ex vivo EMT of primary AECs cultured on fibronectin
(Figure 4). Although virtually all of the cells spread on fibro-
nectin, only a small percentage of cells (, 10%) undergo obvi-
ous EMT, as judged by a-SMA in green. The great majority of
cells maintain E-cadherin and visible cell–cell junctions. We re-
cently observed that the population of primary cells with a high
capacity for EMT is identifiable by their expression of the integ-
rin a6b4 (44). Separation of AECs into a6b41 and a6b42 cells
indicated that the bulk of a-SMA appears in the a6b41 fraction
(Figure 4). Further characterization of these cells revealed that
freshly isolated a6b41AECs are largely SPC and CC10 negative
and possess colony-forming potential, suggesting a stem/progenitor

Figure 3. Regulation of b-catenin/p-Smad2 complex for-

mation and epithelial mesenchymal transition (EMT) by

cell contacts. Upper panel: a3b1 engagement on Ln5 limits
the formation of b-catenin/p-Smad2 complex formation.

Lysates of TGF-b1 stimulated a3 wild-type cells from fibro-

nectin (Fn)- or laminin 5 (Ln5)-coated plates were subject
to b-catenin immunoprecipitation followed by p-Smad2

immunoblot. The b-catenin/p-Smad2 complex formation

is only seen with cells plated on Fn and not with Ln5. Lower

schematic: Cells cultured on Ln5 fail to activate pY654–
b-catenin and form b-catenin/pSmad complexes. These

cells phosphorylate Smads normally after TGF-b1 stimula-

tion but do not under an EMT response. Cells cultured on

Fn activate pY654–b-catenin, which cooperates with
pSmads in translocating to the nucleus and initiating

an EMT program. Similar inhibition of EMT occurs when

E-cadherin/a3b1 complexes are sequestered in cell–cell

junctions (not shown). Reprinted from Reference 34.
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cell population. Indeed, in an in vivo model of embryonic
lung development, these adult cells formed SPC1 saccular-
like or CC101 airway-like structures, confirming their progenitor
potential.

Does the lung require AEC progenitors for repair after in-
jury? To address this question, we recently engineered a mouse
with tamoxifen-dependent cre recombinase in the endogenous
SPC locus, similar to Rock and colleagues (5). Using an en-
hanced green fluorescent protein reporter mouse, we observed
that 60 to 70% of the mature type II cells could be labeled after
two injections of tamoxifen and that there was little label dilu-
tion of mature type II cells over the next 30 days (43). However,
when mice were injured with bleomycin, a striking finding was
that the fibrotic areas contained few labeled cells, indicating
their death and removal. The type II cells that appear in these
most injured areas (typical type II cell hyperplasia) were unla-
beled, indicating they must arise from a progenitor cell during
the repair process. Similar findings were also recently reported
by Rock and colleagues (5). In nonfibrotic lung areas, there was
obvious transdifferentiation of labeled cells into type I cells, and
overall the total GFP signal in the whole injured lung is higher
than that of uninjured control mice, implying net proliferation
of type II cells after injury, at least in the bleomycin model.

Collectively, these studies led to the current model for con-
ceptualizing the role of distal airway and alveolar progenitors

in lung maintenance and repair (Figure 5). In the adult normal
lung, AECs are maintained by self-replenishing type II cells and
their transdifferentiation to type I cells when needed. This con-
cept has been inferred from many prior studies of lung paren-
chymal epithelial cells but is now more directly demonstrable
with new lineage-tracing methods (44). More severe lung injury
can lead to almost total regional loss of the existing type II cells.
In this case, a relatively undifferentiated stemprogenitor cell ex-
pands and differentiates to replenish type II cells (and presum-
ably type I cells over time). The nature of these progenitor cells
is unclear, although we believe it is contained within a somewhat
heterogenous population identified by a6b4 expression. Other
previously reported putative stem cells, such as bronchoalveolar
stem cells or invariant Clara cells or basal cells in the human,
could be part of, or distinct from, the a6b41 population (45,
46). This is an area of active investigation.

We hypothesized that AEC progenitor cells are the major
cell directly involved in differentiation along a mesenchymal
pathway (EMT) in the setting of injury signals such as TGF-
b1 (Figure 5). As indicated in Figure 5, the evidence favors two
principal roles for EMT in repair. The first discovered was di-
rect expression of ECM proteins via EMT (47). Although this is
easily documented ex vivo and in vivo, the available data suggest
that this is a small contribution to the total increase in collagen 1
during a repair or fibrotic process. No critical information on this

Figure 4. The b41 alveolar epithelial cell (AEC) subpopu-

lation preferentially undergoes epithelial mesenchymal
transition (EMT) when cultured on fibronectin (Fn). (A)

Immunostaining for E-cadherin (red) or a-smooth muscle

actin (a-SMA) (green) in purified AECs plated for 6 days on
Fn. AECs were purified by standard methods followed by

flow cytometry for E-cadherin expression. EMT develops

only in a subfraction of AECs. Multiple 203 images were

captured and tiled into a single mosaic image. Scale bar ¼
200 mm. Inset: Immunoblot confirming a-SMA preferen-

tially develops in b41 AECs. Adapted by permission from

Reference 43.

Figure 5. Schematic summarizing epithelial and fibroblast

transitions in the lung after lung injury. Type II cells func-

tion to replenish the type II cell population after injury and
to transdifferentiate into type I cells to maintain epithelial

integrity. If the injury is more severe, an epithelial stem/

progenitor cell(s) proliferates and differentiates into type II

cells. The stem and progenitor cells are within a population
marked by surface a6b4 expression and likely reside in

distal airways and within alveoli. Bronchoalveolar stem

cells and other putative stem cells, such as in variant Clara
cells, may be contained in this population. The stem and

progenitor cells also capable of initiating an epithelial mes-

enchymal transition program regulated as described in the

text. Resident mesenchymal cells also expand after injury
and appear to be the major source of myofibroblasts/

collagen 1. Crosstalk between epithelial cells responding

to canonical transcription factors promoting EMT and mes-

enchymal cells, as indicated in the figure, is likely important
to the extent of collagen 1 accumulation.
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point exists in human diseases of pulmonary fibrosis. The second
pathway is promotion of fibrosis through signaling crosstalk with
resident lung fibroblasts. Such crosstalk may operate not only via
release of profibrotic cytokines but also by recruitment of bone-
derived cells into the lung that then activate fibroblasts (48).
Although the exact contribution of EMT to fibrogenesis remains
uncertain, there are several lines of evidence in experimental mo-
dels that support an important role for the EMT signaling pro-
gram. First, epithelial cell signaling responses to TGF-b1 are
critical for fibrogenesis in the bleomycin model, indicating that
the functional responses of the epithelium to TGF-b1 and not
simply the production of TGF-b1 by the epithelium is vital (49).
Second, genetic deletion of integrin a3b1 specifically in
epithelial cells blocks EMT and the expansion of myofibroblasts
and collagen 1 deposition in the same model (35). Finally, using
conditional deletion of Snail1 specifically in epithelial cells, it has
been recently observed in kidney and liver injury models that the
EMT program is critical to fibrosis (50). Collectively, these find-
ings underscore the important role for EMT in fibrogenesis even
though the direct contribution of epithelial-derived fibroblast-
like cells to the myofibroblast population and collagen deposition
remains unsettled.

SUMMARY AND FUTURE DIRECTIONS

Epithelial cells in the lung parenchyma are increasingly recog-
nized as a site of disease initiation and as a key organizer of the
host response to injury. A central pathway of epithelial responses
to injury involves activation of the cytokine TGF-b1. TGF-b1
activation and the cellular responses to its activation are intri-
cately connected to integrins and the ECM. Normal basement
membranes and cell–cell contacts minimize TGF-b1 activation
and EMT, whereas stiffer provisional matrices and accumulating
collagen 1 favor ongoing activation and mesenchymal conversion.
It remains uncertain to what degree EMT directly contributes to
the mesenchymal pool of collagen 1–producing cells and which
epithelial cells undergo EMTwithin the lung. The recent evidence
for an important role of epithelial stem and progenitor cells in
lung repair and the known links between a progenitor state and
epithelial plasticity demonstrates the need for further study and
lineage tracing of epithelial progenitors as important fields for
future investigation.

The specific signaling pathways through which epithelial cells
organize a repair process remain incompletely understood. It is
appealing, though unproven, that pathways identified in studies
of epithelial–fibroblast and fibroblast–epithelial crosstalk within
carcinomas may shed important insight to similar biology in
tissue remodeling (25). If so, it is likely that not only direct cross-
talk via release of profibrotic cytokines such as PDGF-a and
TGF-b1 are involved but also indirect profibrotic signaling via
epithelial cell recruitment of bone marrow–derived cells, espe-
cially monocytes and macrophages, to the injured areas. Accumu-
lation of monocytes and macrophages and other innate immune
cells at sites of tissue injury are strongly linked to wound healing
as well as dysfunctional fibrogenesis in tumors and fibrotic tissues.
This remains an important area for future investigation.

Author disclosures are available with the text of this article at www.atsjournals.org.
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