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Epithelial injury is a central event in the pathogenesis ofmany
inflammatory and fibrotic lung diseases like acute respiratory
distress syndrome, pulmonary fibrosis, and iatrogenic lung
injury. Mechanical stress is an often underappreciated contrib-
utor to lung epithelial injury. Following injury, differentiated
epithelia can assume a myofibroblast phenotype in a process
termed epithelial tomesenchymal transition (EMT), which con-
tributes to aberrant wound healing and fibrosis. We demon-
strate that cyclic mechanical stretch induces EMT in alveolar
type II epithelial cells, associated with increased expression of
low molecular mass hyaluronan (sHA). We show that sHA is
sufficient for induction of EMT in statically cultured alveolar
type II epithelial cells and necessary for EMT during cell
stretch. Furthermore, stretch-induced EMT requires the
innate immune adaptor molecule MyD88. We examined the
Wnt/�-catenin pathway, which is known to mediate EMT.
The Wnt target gene Wnt-inducible signaling protein 1
(wisp-1) is significantly up-regulated in stretched cells in hya-
luronan- and MyD88-dependent fashion, and blockade of
WISP-1 prevents EMT in stretched cells. In conclusion, we
show for the first time that innate immunity transduces
mechanical stress responses through the matrix component
hyaluronan, and activation of the Wnt/�-catenin pathway.

Epithelial injury is now recognized as a primary event in the
pathogenesis of lung disease (1). Alveolar cells consist of type I
epithelia (AT1),2which serve gas exchange, and type II epithelia
(AT2), which produce surfactant and are now recognized as the
critical responders to lung injury. Although AT1 cells usually
undergo cell death after critical injury, AT2 cells can present a
variety of responses, including proinflammatory response, pro-
liferation, differentiation to AT1 epithelia, or epithelial-to-
mesenchymal transition (EMT). The AT2 response to injury

may ultimately lead to restoration of pulmonary architecture
and function, or to dysregulated repair, fibrosis, and respiratory
failure (2). The factors that promote regulated or pathological
repair are incompletely understood.However, it is often forgot-
ten that alveolar epithelia are not static cells. Alveolar epithelia
undergo continuous cyclic stretch during ventilation; more-
over, pathologically high levels of stretch are exerted on alve-
olar epithelia either as a consequence of injury (anatomical
distortion from scarring) or iatrogenically (mechanical ven-
tilation). The response of alveolar epithelia to injury must
therefore be seen in the context of mechanical strain. The
importance of stretch injury as a cause of lung disease is
exemplified in the acute lung injury of critically ill patients,
which is estimated at 200,000 cases in the United States
annually (3). Mechanical ventilation is crucial for survival of
these patients; however, it often leads to ventilator-induced
lung injury (VILI) with pulmonary edema, inflammation,
and fibrosis, leading to respiratory failure and death.
Epithelial injury is central to the pathogenesis of VILI. Exper-

imental VILI increases epithelial expression of inflammatory
mediators TNF-� and IL-6 (4). Furthermore, excessive epithe-
lial cell stretch is a major cause of VILI (5). Lung ventilation
volume increases lead to progressive epithelial cell deformation
(6), with disruption of the alveolar-capillary barrier and injury
to both AT1 and AT2 epithelia. AT2 cells are of particular
importance in VILI. AT2 cells constitute the majority of alveo-
lar epithelial cells (7) and are capable of self-renewal, but can
also undergo EMT when injured. EMT is indicated by a
decrease in epithelial cell markers, such as E-cadherin, and an
increase in mesenchymal cell markers such as vimentin and
�-smooth muscle actin (�-SMA). EMT is found in healthy tis-
sue during embryogenesis and is observed in wound healing,
but it has also been recognized as a source formyofibroblasts in
fibrosis and occurs in fibrotic lung in bleomycin-treated mice
(8). Additionally, alveolar EMTwas shown in idiopathic pulmo-
nary fibrosis (9). EMT is therefore an important part of the
aberrant wound healing response and can lead to lung fibrosis
and respiratory failure.
Components of the extracellular matrix can act as signaling

molecules that contribute to EMT (10, 11). The extracellular
matrix glycosaminoglycan hyaluronan (HA) is of particular
interest in VILI because HA production is increased in VILI,
leading to an inflammatory response (12). HA also plays a cen-
tral role in EMT in embryonic development, certain types of
cancer cells (13), as well as in mammary and kidney epithelial
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cells (14). These studies suggest that HA may be an important
molecule in the mechanical signaling of alveolar cells during
ventilation.We therefore hypothesized thatmechanical stretch
induces EMT via hyaluronan production in alveolar epithe-
lium. We examined our hypothesis using an in vitro stretch
injury model of AT2 cells.

EXPERIMENTAL PROCEDURES

Primary Cell Isolation and Cell Stretch—Primary murine
AT2 cells were isolated from 6–8-week-old male C57BL/6
mice from Charles River Laboratories, cd44�/� mice back-
crossed on a C57BL/6 background for �10 generations (gener-
ously provided by T. Mak (15)), ormyd88-deficient mice (gen-
erously provided by S. Akira (16)) following the methods
published by Corti et al. (17). AT2 cells were plated on Flexcell
Amino silicone-bottomed plates coated with 0.6 mg/ml colla-
gen I solution (Sigma-Aldrich). AT2were cultured overnight in
bronchial epithelial growth medium (Lonza) with all supple-
ments except hydrocortisone and the addition of 1% anti-biotic
anti-mycotic (Invitrogen), 5% fetal bovine serum (FBS; Invitro-
gen), and keratinocyte growth factor (Sigma-Aldrich). The iso-
lated AT2 population was 92.9 � 3.2% pure as determined by
Pap staining performed as previously published (17) (supple-
mental Fig. 1A). Static culture of AT2 retained prosurfactant
proteinC staining throughout the 4-day culture period (supple-
mental Fig. 1B). AT2 cells were stretched in a Flexcell Tension
Plus system (Flexcell International Corporation, Hillsborough,
NC) at 15% stretch, 0.86 Hz for 4 consecutive days in bronchial
epithelial growth medium supplemented with 0.1% FBS.
TGF-�1 (10 ng/ml; R&D Systems, Minneapolis, MN) was
added to static cells as a positive control.Wnt-inducible signal-
ing protein 1 (WISP-1)monoclonal anti-mouse antibody (R&D
Systems) and isotype rat IgG controls (R&D Systems) were
added to stretched culture in some experiments at 20 �g/ml.
This WISP-1 antibody has been shown previously to block
WISP-1 (8). In other experiments, TGF-�1 blocking antibody
(MAB240, R&D Systems) or mouse isotype IgG control was
added at a final concentration of 2 �g/ml. Cells were cultured
for 4 days statically as controls.
HA Dosing, Blockade, Size Measurement, and Concentration

Measurement—In HA-treated statically cultured experiments,
Healon (AMO, Santa Ana, CA) was sonicated as described pre-
viously (18). Size of sonicated Healon is found in supplemental
Fig. 2. Amine group-modified tissue culture plates (BD Prim-
eria, Becton Dickinson) were coated with collagen type I
(Sigma-Aldrich) or the sonicated sHAat 0.2mg/ml overnight at
4 °C prior to cell plating. Additionally, short fragment hyaluro-
nan (sHA) was added to culture medium at the same concen-
tration. AT2 cells were cultured for 4 days with a one-time dose
of sHA. In these statically cultured experiments, “collagen”
refers to the control cells grown statically on collagen, “col-
lagen � TGF-�1” refers to cells grown on collagen with a
one-time TGF-�1 treatment, and “HA” refers to cells grown
on sHA-coated plates with a one-time dose of additional
sHA. In some experiments, HA-binding peptide (pep-1),
scrambled peptide, and dimethyl sulfoxide vehicle control
were added to the stretched and static AT2 culture accord-
ing to methods published previously (19). Pep-1 and scram-

bled peptide were custom designed (Genscript, Piscataway,
NJ). In other experiments, TGF-�1 blocking antibody
(MAB240) or mouse isotype IgG control was added at a final
concentration of 2 �g/ml. Supernatant was collected from
stretched and static AT2 and was used for HA size measure-
ments according to the method published by Aytekin et al.
(20). For HA concentration measurement, a commercially
available ELISA as used according to the manufacturer’s
instructions (Echelon, Salt Lake City, UT).
RNA Isolation and Real Time Reverse Transcription-PCR—

RNA was isolated using the RNeasy Plus Mini-Kit (Qiagen,
Valencia, CA). Purified RNA was treated with DNase and real
time reverse transcription-PCR was performed using SYBR
Green Master Mix (Applied Biosystems, Foster City, CA) and
primers from Integrated DNA Technologies (IDT, Coralville,
IA). Primer sequences are shown in supplemental Table 1. Rel-
ative gene expression was determined using the ��Ctmethod
using the housekeeping gene 18s.
Protein Isolation and Western Blotting—Primary antibodies

used for Western blotting were rabbit anti mouse �-SMA
(Abcam, Cambridge, MA), rabbit anti-mouse E-cadherin (Cell
Signaling, Danvers, MA), and goat anti-mouse vimentin
(Chemicon, Billerica, MA). Loading control was rabbit S6 ribo-
somal protein (Cell Signaling). Immunoprecipitation for CD44
was performed as shown previously (21). Secondary antibodies
were anti-goat HRP (Santa Cruz Biotechnology, Santa Cruz,
CA) and anti-rabbit HRP (Pierce). HRPwas detected using ECL
west detection kit (Pierce). Blots were exposed to autoradio-
graphy film and processed using a Kodak film developer.
Immunofluorescence—Cells were fixed in ice-cold methanol

for HA staining and in 4% paraformaldehyde for F-actin stain-
ing. HA staining was done with biotinylated HA-binding pro-
tein (Seikagaku, Tokyo, Japan) and streptavidin-conjugated
Alexa Fluor 488 (Molecular Probes). F-actin staining was done
with Alexa Fluor 488-conjugated phalloidin (Molecular Probes).
Images were taken using a confocal scanningmicroscope at 400�
magnification.
Statistical Analysis—Data are presented asmeans� S.E. Sta-

tistical analysis was performed using PrismGraphPad software.
One-way ANOVAs were performed with the Tukey test for
post hoc pairwise comparisons. p � 0.05 was considered
significant.

RESULTS

Stretch Induces EMT—We first examined whether mechan-
ical stretch induces EMT.We evaluated gene expression of sur-
factant protein C as an AT2 cell marker and established that it
was significantly decreased with TGF-�1, but remained statis-
tically unchanged with stretch (Fig. 1A). However, in vitro
mechanical stretch of AT2 cells caused significant reduction in
gene expression of the epithelial cell marker E-cadherin (Fig.
1B). Furthermore, stretch increased gene expression in mesen-
chymal genes vimentin and �-SMA (Fig. 1, C and D). As a
positive control, TGF-�1 significantly decreased E-cadherin
expression and increased a-SMA expression (Fig. 1, B and D).
Our stretch-induced gene expression results were confirmed
on a protein level by Western blotting (Fig. 1, E and F). F-actin
staining showed actin in the cell membrane of statically cul-
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turedAT2 (Fig. 1G) whereas actin was polymerized throughout
the stretched cells (Fig. 1H). Additionally, cell morphology was
altered in the experimental groups compared with static con-
trols. Statically cultured AT2 retained a cobblestone appear-
ance as seen in both F-actin staining (Fig. 1G) and prosurfactant

protein C staining (supplemental Fig. 1B), whereas stretch
alone caused increased cell spreading and slight spindle-shaped
morphology (Fig. 1H and supplemental Fig. 1B). Thus, these
results suggest that cell stretch induced EMT in cultured pri-
mary AT2 cells.

FIGURE 1. Stretch � TGF-�1 induces EMT in AT2 cells. A, TGF-�1 significantly increased surfactant protein C gene expression. B, E-cadherin gene expression
is significantly down-regulated in AT2 cells cultured with TGF-�1 or stretched AT2 cells, compared with static controls. C, vimentin gene expression is
significantly increased in static � TGF-�1 and stretched AT2 cells compared with static cells. D, �-SMA gene expression is significantly increased in AT2 cells
cultured with TGF-�1 or stretched AT2 cells compared with static controls. E, representative immunoblot from three independent experiments is shown.
F, immunoblots were quantified by densitometry. E-cadherin protein is significantly diminished in all test groups compared with static. Vimentin in stretched
cells is significantly increased compared with static. G, statically cultured cells were stained with F-actin at 4 days. H, stretched cells were stained with F-actin
at 4 days. Data are normalized per loading controls and are representative of means � S.E. (error bars), n � 3– 6 per group.*, p � 0.05 ANOVA with Tukey’s post
hoc test.
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Stretch Promotes HA Production—Because mechanical ven-
tilation increases HA synthase 3 expression in a mouse model
(12), we examined expression of HA synthase (has) genes 1, 2,
and 3 in our in vitro cell stretch injury model. Mechanical
stretch significantly increased has3 expression and significantly
reduced has1 and has2 expression comparedwith static control
(Fig. 2A).We also determined the size of HA in the supernatant
of static and stretched cells with agarose gel electrophoresis.
The supernatant of both groups contained HA as indicated by
negative staining in hyaluronidase-treated samples (Fig. 2B).
Static cultured supernatant contained HA of varying sizes
including a larger amount of high molecular mass HA than
supernatant from stretched cells. The stretched cell superna-
tant contained mostly low molecular mass HA (Fig. 2B). Hya-
luronan staining of the cells showed that stretch increased HA
compared with static control (Fig. 2C). Quantification of HA in
supernatant revealed significantly more HA in the stretched
cells compared with static (Fig. 2D).
sHA Induces EMT in AT2 Cells in Static Culture and Is Nec-

essary for Stretch-induced EMT—Because we found a signifi-
cant increase of sHA in our stretched cells, we pursued the
question of whether sHA is important in stretch-induced EMT.
We added sHA to a static culture of AT2 cells and examined the
same epithelial and mesenchymal markers as in our stretch
experiments. We found that sHA induced EMT as indicated
both bymRNAand protein expression of relevantmarkers (Fig.
3). We then used the HA antagonist pep-1 during AT2 stretch
and examined EMT. Pep-1 diminished the stretch-induced
changes in EMT markers shown in RT-PCR (Fig. 4, A–C) and

by Western blotting (Fig. 4D). To confirm further that stretch
causes EMT via HA, we stretched primary AT2 cells frommice
deficient for the HA receptor CD44. We found that CD44-de-
ficient stretched AT2 cells did not undergo EMT. CD44-defi-
cient stretched AT2 cells did not lose E-cadherin expression in
protein (Fig. 4E) ormRNA expression (Fig. 4F) and did not gain
mesenchymal markers �-SMA and vimentin in either mRNA
expression (Fig. 4, E and F) or protein (Fig. 4G).
Because mechanical stretch was shown previously to cause

EMT in renal tubular epithelial cells through up-regulation of
TGF-�1 (22), we investigated the role of TGF-�1 in our stretch-
induced EMT. We performed an ELISA on cell culture super-
natants (supplemental Methods). We found no increase in
active or latent TGF-�1 in stretched samples compared with
static over 4 days of culture (supplemental Fig. 4A). Addition-
ally, we performed experiments adding TGF-�1 to statically
cultured cells deficient in CD44 or MyD88. These TGF-�1-
treated cells underwent EMT as indicated by gene expression
(supplemental Fig. 4,B–G). Finally, we performed blocking
experiments of TGF-�1 in either stretched or sHA-treated pri-
mary murine AT2 cells. The results suggested that TGF-�1
blockade does not alter expression of EMT markers in these
models.
Stretch-induced, HA-mediated EMT Involves Innate Immune

Activation—Because HA is a known endogenous activator of
the innate immune receptors, TLR-2 and TLR-4, we examined
aspects of innate immune activation with stretch. CD44 co-
immunoprecipitated with TLR-4 in stretched AT2 and TGF-
�1-treated AT2 cells (Fig. 5A). TLR-2 and TLR-4 mediate, in

FIGURE 2. Stretch increased production of low molecular mass HA. A, quantitative RT-PCR of HA synthase genes (has) 1–3. has1 gene expression is
significantly decreased with TGF-�1 or stretch compared with static culture. has2 gene expression is significantly decreased in the stretched AT2 cells
compared with all other groups. has3 gene expression is significantly increased in static � TGF-�1 and stretched AT2 compared with static treated AT2 cells.
B, agarose gel electrophoresis of AT2 supernatant. Lane 1, high molecular mass HA ladder; lane 2, low molecular mass HA ladder; lane 3, static culture
supernatant; lane 4, stretch supernatant; lane 5, static supernatant with hyaluronidase treatment; lane 6, stretch supernatant with hyaluronidase treatment.
C, immunohistochemistry for HA of statically cultured AT2 (left) and stretched AT2 (right). Nuclei are stained with DAPI. Scale bar, 20 �m. D, ELISA for HA
concentration (normalized to protein concentrations) showing statistically significant higher HA in the stretched supernatant. Data are represented as
means � S.E. (error bars), n � 3/group. ***, p � 0.001 ANOVA with Tukey’s post hoc test.
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part, their innate immune action through the adaptormolecule
MyD88, andMyD88mediates HA effects on cell fate after bleo-
mycin treatment (23). We therefore used primary AT2 cells
from mice deficient in the adaptor molecule MyD88. In these
cells, stretch did not significantly decrease gene or protein
expression of E-cadherin (Fig. 5, B and E). Additionally,
MyD-88 AT2 cells did not exhibit markers of themesenchymal
phenotype vimentin and �-SMA in either mRNA (Fig. 5, C and
D) or protein (Fig. 5E).
Stretch-induced EMT Involves the Wnt/�-Catenin Pathway—

Activation of the Wnt/�-catenin pathway is known to cause
EMT.We examined mRNA expression of genes downstream
of theWnt/�-catenin pathway including ccnd1,wnt10a, tcf6,
srfp1, and wisp-1. We chose to focus on wisp-1 because it is a
target gene of Wnt/�-catenin activation and can cause EMT
in pulmonary epithelial cells (8). Gene expression of wisp-1
was significantly up-regulated in statically cultured AT2
with sHA (Fig. 6A). Furthermore, expression of wisp-1 and
other Wnt-related genes was significantly increased in
stretched “wild-type” AT2 cells, but not in myd88- or cd44-
deficient AT2 cells compared with static cultures (Fig. 6B
and supplemental Fig. 3).We then added a blocking antibody
to WISP-1 to our stretched cultures and examined markers

of EMT. We found that blockade of WISP-1 prevented the
occurrence of EMT in stretched AT2 cells. WISP-1-treated
cells were no different from statically cultured cells in the
expression of relevant EMT markers, whereas control IgG-
treated cells showed EMT, as expected (Fig. 6, C–E). These
results suggest that elements of the Wnt pathway, in partic-
ular WISP-1, are involved in stretch-induced, HA/MyD88-
mediated EMT.

DISCUSSION

Epithelial injury is a central event in lung disease, such as
acute lung injury (1). Mechanical ventilation is commonly used
as support treatment in lung injury, but it compounds the dam-
age by itself causing more lung injury. Alveolar overdistension
is a critical mechanism of VILI; even during low tidal volume
ventilation, overdistension of the compliant healthy alveoli
leads to their damage (24). Our results suggest that abnormal
stretch of AT2 cells directly leads to abnormal wound healing
via intrinsic innate immune activation and induction of EMT.
To our knowledge, this is the first study linking mechanical
stress, innate immune activation, and EMT in primary mam-
malian epithelia. We describe three steps that determine
stretch-induced alveolar EMT: (i) overdistension induces sHA

FIGURE 3. Addition of short fragment HA to AT2 static culture induces EMT with and without TGF-�1. A, representative immunoblot of three independent
experiments. B, densitometry of immunoblots. E-cadherin is significantly decreased with TGF-�1 or HA. Vimentin is significantly greater in HA compared with
collagen groups. �-SMA is significantly increased in TGF-�1 and HA groups compared with collagen control. C, mRNA expression of E-cadherin significantly
decreased with TGF-�1 and HA compared with collagen control. D, vimentin mRNA expression significantly increased in the TGF-�1-treated group compared
with collagen alone. E, �-SMA mRNA expression significantly increased in all groups compared with collagen controls. Data are represented as means � S.E.
(error bars), n � 3/group. *, p � 0.05; **, p � 0.01; ANOVA with Tukey’s post hoc test.
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production; (ii) extracellular sHA induces EMT; and (iii) at a
minimum, stretch/sHA-induced EMT requires the innate
immune adaptor molecule MyD88 and theWnt/�-catenin tar-
get gene WISP-1.
HA is emerging as an important regulator of lung cell fate in

development and injury. has2-mediated production of higher
molecular mass HA is necessary for normal cardiac develop-
ment in utero (25) and for epithelial survival in lung injury (23).
Conversely, VILI (12) and lung injury (26, 27) promote sHA
production. The source of sHA may vary. Mechanical stretch
causes sHA production in pulmonary fibroblasts, leading to
inflammation (12, 28). However, injury also induces sHA pro-
duction in airway epithelial cells (29). Our work demonstrates
that mechanical stretch of AT2 epithelia is sufficient for sHA
production, even in the absence of fibroblasts. This effect
occurs very early on in stretch injury: at 4 h after initiation of
cell stretch, has3 was up-regulated in our model (data not

shown). Ultimately, we cannot make a conclusive statement as
to the relative contribution of epithelial or mesenchymal sHA
origin in VILI. Fibroblasts only constitute �0.2% of alveolar
cells (7) but are professional matrix-producers. However, our
results are important for two reasons: first, they suggest that
sHA in lung injury, regardless of origin, induces EMT in AT2
cells, thus leading to aberrant wound healing; second, our
results indicate that treatments targeting solely fibroblasts may
not be sufficient to abrogate VILI. AT2 cells are central ele-
ments in alveolar regeneration; they replenish the AT1 pool
after injury (30), but can also contribute to aberrant wound
healing. For example, targeted injury of AT2 cells induces pul-
monary fibrosis in a mouse model (31) and AT2 EMT has been
demonstrated in a mouse model of pulmonary fibrosis (9). We
demonstrate that sHA induces AT2 EMT in an autofeedback
loop, highlighting the central role of these cells in VILI and
other models of lung injury.

FIGURE 4. HA blockade inhibits stretch-induced EMT. A–C, mRNA expression of EMT markers with HA binding peptide (pep-1) treatment. A, E-cadherin
significantly decreased with stretch in vehicle and scrambled groups. B, mRNA expression of vimentin significantly increased with stretch in the scrambled
group and unchanged in the vehicle or pep-1 groups. C, mRNA expression of �-SMA significantly increased with stretch in the vehicle and scrambled groups.
There is no significant change in the pep-1-treated cells. D, immunoblot of cell lysates from pep-1 experiments. E-cadherin protein is unchanged with stretch
when treated with pep-1. pep-1-treated cells have decreased vimentin and �-SMA for both static and stretch compared with other treatments. E, mRNA
expression of E-cadherin significantly decreased with stretch in wild-type cells. F, mRNA expression of vimentin significantly increased with stretch in the
wild-type cells but not in the CD44�/� cells. G, mRNA expression of �-SMA significantly increased with stretch in the wild-type cells but not in the CD4�/� cells.
G and H, immunoblot of cell lysates from CD44�/� experiments showing that E-cadherin is completely diminished with stretch in the wild-type cells but not in
CD44�/� cells. Vimentin and �-SMA are increased with stretch in the wild-type cells but not in the CD44�/� cells. Data are represented as means � S.E. (error
bars), n � 3/group. *, p � 0.05; **, p � 0.01, ANOVA with Tukey’s post-hoc test.
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The role of innate immunity in sterile pulmonary injury is
now well established (23, 32). HA is a known endogenous acti-
vator of the innate immune receptors TLR-2 and TLR-4, is
abundantly present in lung injury, and mediates its effects, at
least partly, via the innate effector molecule MyD88 (23). In
sterile injury HA interacts with a complex of CD44 and TLR-4
in skin injury (21) and in lung injury (32, 33). Our results now
suggest that sHA may serve as a mechanotransducer in stretch
injury of the lung by binding to CD44, associating CD44 with
TLR-4, and signaling through MyD88. Mechanical stretch was
previously shown to activate innate immunity in the lung, even
at low tidal volume ventilation (34). However, the role of innate
immunity in determining cell fate after injury is less well under-
stood. Innate immune signaling through MyD88 can induce

apoptosis in some cells (35) or promote cell survival in other
cases (23), but to our knowledge this is the first paper to
describe innate immune mediation of EMT. Recently, TLR-4
activation was shown to induce hepatic fibrosis via a MyD88-
dependent pathway (36). Although the role of HA in TLR-4
activation was not specifically investigated in that paper, HA
was increased in that model of hepatic fibrosis (36) as well as in
human cirrhosis (37). Our results suggest a possible integrative
pathway involvingHA activation of innate immunity in fibrotic
disease. Activation of innate immunity through exogenous
endotoxin has previously been shown to enhance VILI (38).
Our results suggest that HAmay also activate innate immunity,
promote aberrant wound healing, and exacerbate VILI. Fur-
thermore, ventilated patients with acute respiratory distress

FIGURE 5. Cells deficient in the innate immune adaptor molecule MyD88 do not undergo stretch-induced EMT. A, immunoprecipitation with CD44 or IgG
control and probed with an antibody to TLR-4 or CD44 as control. Stretch or TGF-�1 causes co-immunoprecipitation of TLR-4 and CD44. B, gene expression of
E-cadherin significantly decreased with stretch in wild-type cells but not in MyD88�/� cells. C, gene expression of vimentin not significantly increased in
stretched MyD88�/� cells. D, gene expression of �-SMA significantly increased with stretch in wild-type cells but not in MyD88�/� cells. E, representative
Western blot of AT2 from wild-type and MyD88�/� static and stretched cells. Data are represented as means � S.E. (error bars), n � 4/group. *, p � 0.05; **, p �
0.01 ANOVA with Tukey’s post hoc test.
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syndrome often suffer concomitant infections. Our results
imply that innate immune activation of AT2 cells in an infec-
tious setting may compound VILI by inducing or potentiating
EMT.
We know very little about the biological link between pulmo-

nary innate immune activation and EMT. A common EMT
pathway involves the Wnt/�-catenin system. We therefore
looked at the Wnt target gene WISP-1. WISP-1 mediates pul-
monary fibrosis inmice, causes EMT in cultured AT2 cells, and
is up-regulated in human idiopathic pulmonary fibrosis (8).
Our results indicate that WISP-1 signaling is downstream of
both HA binding to CD44 and innate immune activation. In
addition to being a target of Wnt signaling (39), wisp-1 is also a
target gene of p38/MAPK signaling (40). Although there is no
known connection between the Wnt/�-catenin pathway and
MyD88 signaling in the lung, there is a connection between
MyD88 activation and p38 activation (41, 42). Stretch activa-
tion of TLRs via HA may activate p38, causing expression and
signaling of WISP-1 resulting in EMT. Stretch has been shown
to activate the Wnt/�-catenin pathway in other cell types,
including osteoblasts (43), chondrocytes (44), and myoblasts
(45). Because WISP-1 is a target gene of both Wnt and p38,
WISP-1may be the pointwhere the pathways converge to cause
EMT (40). Additionally, stretch may disrupt the complexing of
E-cadherin and �-catenin leading to activation of the nonca-
nonical Wnt pathway (46). Although we confirmed stretch-

induced activation of WISP-1, which is a transducer for the
canonical Wnt pathway, we cannot exclude that the nonca-
nonical cadherin/�-catenin pathwaymay also be activatedwith
stretch.
Although stretch-induced EMT has never been shown in

lung epithelium, Sato et al. found that stretch induces EMT in
renal tubular epithelial cells through up-regulation of TGF-�1
(22). In contrast to the Sato et al. study, our results show that
TGF-�1 is not increased in stretched AT2 cells, and TGF-�1
blockade does not affect stretch- or sHA-induced EMT.
Because Bourguignon et al. showed that CD44 is involved in
promoting TGF-�1 signaling (47), we further examined
TGF-�1 on AT2 cells deficient in CD44 or MyD88. We show
that unlike in stretch-induced EMT, AT2 cells do not need
CD44 or MyD88 for TGF-�1-induced EMT. This result is
interesting because we found that TGF-�1 did cause associa-
tion of CD44 and TLR-4 (Fig. 5). This contrast in our findings
may be due to the many pathways through which TGF-�1 can
cause EMT. TGF-�1 can commonly cause EMT through
SMAD signaling (48), notch signaling (49), or Wnt/�-catenin
signaling, among others (50). TGF-�1 can cause cross-talk
between these pathways, resulting in EMT (50). This redun-
dancy in pathways may explain why CD44 is not necessary for
TGF-�1-induced EMT in our system. Our results, however,
suggest that stretch-induced EMT occurs through innate
immune activation andWnt/�-catenin signaling separate from

FIGURE 6. WISP-1 is necessary for EMT. A, gene expression of WISP-1 in static cells was significantly increased with the addition of low molecular mass HA.
B, gene expression of WISP-1 was significantly up-regulated in wild-type stretched cells but not in MyD88�/� or CD44�/� cells. C, E-cadherin gene expression
was not significantly changed in stretch cells treated with antibody to WISP-1. D, �-SMA gene expression was not significantly changed in stretched cells
treated with antibody to WISP-1. Data are represented as means � S.E. (error bars), n � 3– 6/group. *, p � 0.05; **, p � 0.01 as indicated.
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TGF-�1 signaling. In aggregate, our results would imply that
HA-mediated pathways are downstream of TGF-�1 signaling,
and they are not redundant for TGF-�1-induced EMT patho-
genesis, but that TGF-�1 signaling is not part of the HA path-
way in alveolar stretch.
All models of alveolar epithelial stretch injury suffer from

methodological weaknesses in their ability to replicate effects in
humans. Our in vitro cell stretch model also has limitations.
The stretch is performed in two dimensions instead of the com-
plex three-dimensional structure of the alveoli. We stretched
only AT2 cells, although there may be interaction between the
AT2 and surrounding AT1, macrophages, or other cells in the
alveoli that can contribute to the response to stretch. The
advantage of ourmodel is that we can study sustained cyclic cell
stretch well beyond the 4–8 h of mechanical ventilation in
rodents. The stretch level and frequency were chosen based
upon ventilation settings used in the mouse lung to induce
injury (51). This change in surface area is within values
expected in injurious mechanical ventilation (6). Furthermore,
4 days of stretch replicate the time point when VILI is usually
observed in ventilated patients (52). We therefore believe that
our results have translational relevance in stretch-induced
human lung disease.
The stretch injury model of AT2 cells has implications for

fibrotic lung disease beyond VILI. Abnormal cell stretch in
idiopathic pulmonary fibrosis may occur due to scarring and
inhomogeneous lung compliance. Decreased lung compli-
ance in idiopathic pulmonary fibrosis patients may result in
exaggerated swings in pleural pressure and preferential ven-
tilation of the lower lung fields (53) where, interestingly,
most fibrosis is observed. It is possible that abnormal stretch
in diseased lungs can cause changes in cell phenotype leading
to progression of fibrosis. EMT may be a source for fibro-
blasts in idiopathic pulmonary fibrosis (9). Furthermore, HA
blockade decreased fibrosis in bleomycin-treated rats, fur-
ther indicating the importance of HA in fibrosis (54). In that
work, HA increased macrophage migration into the lung as
well as TGF-�1 expression in the lung. It is therefore prob-
able that in the in vivo fibrotic process, HA produced via
epithelial cell stretch promotes macrophage infiltration and
macrophage-induced profibrotic responses, thus adding a
positive feedback loop to the EMT process. Examination of
the relationship among stretch, innate immune activation,
and EMT in idiopathic pulmonary fibrosis will be an inter-
esting topic of further study.
In summary, we have found that cyclic stretch promotes

EMT in AT2 cells through production of low molecular mass
HA which activates the Wnt/�-catenin pathway downstream
of MyD88 signaling. This result indicates that AT2 stretch
injury may directly lead to EMT, mediated through HA-acti-
vated innate immunity, and may directly contribute to the
fibrotic response that often follows lung injury.
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