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Airway wall remodeling is a hallmark of asthma, characterized by
subepithelial thickening and extracellular matrix (ECM) remodel-
ing. Mechanical stress due to hyperresponsive smooth muscle cells
may contribute to this remodeling, but its relevance in a three-
dimensional environment (where the ECM plays an important role
in modulating stresses felt by cells) is unclear. To characterize the
effects of dynamic compression in ECM remodeling in a physiologi-
cally relevant three-dimensional environment, a tissue-engineered
human airway wall model with differentiated bronchial epithelial
cells atop a collagen gel containing lung fibroblasts was used. Lat-
eral compressive strain of 10 or 30% at 1 or 60 cycles per hour
was applied using a novel straining device. ECM remodeling was
assessed by immunohistochemistry and zymography. Dynamic
strain, particularly at the lower magnitude, induced airway wall
remodeling, as indicated by increased deposition of types III and
IV collagen and increased secretion of matrix metalloproteinase-2
and -9. These changes paralleled increased myofibroblast differenti-
ation and were fibroblast-dependent. Furthermore, the spatial
pattern of type III collagen deposition correlated with that of
myofibroblasts; both were concentrated near the epithelium and
decreased diffusely away from the surface, indicating some epithe-
lial control of the remodeling response. Thus, in a physiologically
relevant three-dimensional model of the bronchial wall, dynamic
compressive strain induced tissue remodeling that mimics many
features of remodeling seen in asthma, in the absence of inflamma-
tion and dependent on epithelial–fibroblast signaling.
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Remodeling of the airway wall in asthma is characterized by
thickening of the subepithelial lamina reticularis, increase in
smooth muscle mass, fibroblast hyperplasia, mucus hypersecre-
tion, edema, and angiogenesis (1–6). The subepithelial fibrosis
that is often part of this remodeling is further characterized by
the differentiation of fibroblasts to myofibroblasts, which are
more contractile than fibroblasts and are likely to contribute to
the alignment and stiffening of the airway matrix by secretion
of types I, III, and V collagen (7–14). In addition, matrix metallo-
proteinases (MMPs) and their inhibitors (tissue inhibitors of
metalloproteinases [TIMPs]), particularly MMP-2 and -9 and
TIMP-1, are also increased in the airways in asthma, as they are
key players in extracellular matrix (ECM) remodeling (15, 16).
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Evidence from clinical studies supports the concept that airway
remodeling contributes to irreversible airflow obstruction and
loss of pulmonary function over time in patients with chronic
asthma (17, 18).

The complex interplay of factors contributing to airway wall
remodeling, which includes inflammatory and mechanical fac-
tors, is not well understood. Immune cells recruited to the in-
flamed airways release cytokines such as RANTES (CCL5), IL-
13, TGF-�1, and cysteinyl leukotrienes C4, D4, and E4 (19–21)
that can stimulate epithelial cells, fibroblasts, and smooth muscle
cells (SMCs). In asthma, the increase in SMC mass and hyperres-
ponsiveness can result in amplified bronchoconstriction (22–25),
which is associated with compressive stresses on the epithelial
cells and fibroblasts (26, 27). These mechanical forces may then
further contribute to airway remodeling (28, 29); for example,
static compressive stress on epithelial cells can alter the expres-
sion of TGF-�1, endothelin-1 (ET-1), early growth response-1
(Egr-1), epidermal growth factor receptor (EGFR) ligands, and
fibronectin (30–33) (likely via an autocrine ligand signaling
mechanism (34)), which may, in turn, activate fibroblasts to se-
crete matrix remodeling proteins (32). However, it is difficult to
interpret the relevance of such stresses on matrix remodeling in
the absence of a truly three-dimensional environment, where
the ECM can (1) regulate cell–cell signaling by binding cytokines
like RANTES (35) and growth factors like TGF-�1 (36); (2)
buffer mechanical stress via local heterogeneity in matrix proper-
ties (37); and (3) itself signal cells with soluble ECM fragments
liberated during matrix remodeling. Indeed, such environmental
factors may act to either augment or decrease the remodeling
response by coordinating the various cell responses to stress
(32). In addition, two-way cell–cell communication is critical for
mediating overall remodeling responses, since fibroblasts and
epithelial cells may each sense stress differently and play differ-
ent roles in matrix remodeling. Clearly, the three-dimensional
ECM is critical to modulating a stress environment to its resident
cells, and thus the role of mechanical stress in airway wall remodel-
ing cannot be definitively determined without a three-dimensional
tissue environment.

In this study, we evaluate the effects of dynamic strain on matrix
remodeling in a physiologically relevant three-dimensional tissue
engineered human airway wall model. Several research groups,
including our own, have recently demonstrated the advantages
of three-dimensional airway co-culture models that provide an
ECM and organization of a cellular community over traditional
(two-dimensional, single-cell) culture models for recapitulating
physiologic and pathophysiologic behavior (38–41). Our model
here additionally mimics the mechanical function of the smooth
muscle cells by incorporating lateral and dynamic compression
to the three-dimensional culture system over a long-term period.
We examine the effects of this mechanical strain on the airway
wall with a focus on cell–cell and cell–matrix interactions.
The results show that strain magnitudes of 10% and 30%, at
frequencies of 1 and 60 cph, elicit selective responses in matrix
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remodeling that can be partly understood by the spatial deposi-
tion of ECM proteins with respect to cellular locations. In sum-
mary, we demonstrate that dynamic compression in our tissue
engineered airway wall model can contribute to tissue remodel-
ing similar to that seen in diseases such as asthma.

MATERIALS AND METHODS

Cell Culture

IMR-90 human fetal lung fibroblasts (HLF; ATCC, Manassas, VA)
were used at passage 14–16 and cultured in �-MEM supplemented with
10% fetal bovine serum (Gibco BRL, Grand Island, NY) and 1%
penicillin/streptomycin (Sigma, St. Louis, MO). Normal human bron-
chial epithelial cells (HBEC; Clonetics, Walkersville, MD) were ex-
panded in bronchial epithelial growth medium (BEGM; Clonetics) sup-
plemented with 50 nM retinoic acid (Sigma) and used at passage 3.

Detailed methods of culturing HLFs and HBECs and their charac-
terization in three-dimensional collagen gels have been previously dis-
cussed (39). After cell expansion, each strain device (see below) was
filled with a mixture of 5 � 105 cells/ml HLFs suspended in 2.5 mg/ml
type I collagen isolated from rat tail tendon. The surface was then
coated with an additional thin layer of acellular 2.5 mg/ml collagen
before culture in media consisting of BEGM:DMEM (Gibco BRL)
in a ratio of 1:1. After 2–4 h, HBECs were seeded on the surface at
2.5 � 105 cells/cm2 (although some models were cultured without
HBECs for fibroblast-only controls). The system was cultured in sub-
mersion for 7 d to allow HBECs to reach confluence, and in air–liquid
interface (ALI) for another 7 d to allow differentiation of HBECs.

Strain Model and Characterization

We designed a dynamic strain culturing device (Figure 1) in which cells
could be cultured to their differentiated state and then exposed to
various amplitudes and frequencies of lateral dynamic strain to mimic
the mechanical environment in constricting airway walls. The design
included a strain applicator made of a Teflon frame, porous polyethyl-
ene (PE) ends to anchor the gel (both from Small Parts Inc., Miami

Figure 1. Dynamic strain model. (A ) Individual wells with movable inner
walls were designed to introduce lateral compressive strain to our three-
dimensional human airway wall tissue models. (B ) A computer-
controlled motor-driven arm was coupled to the wells to impose the
strain. (C ) Lateral compression was introduced to the airway wall mod-
els. (D ) The resulting strain, as measured by microbead displacement,
was uniform throughout the length of the device, where applied strain
of 10% and 30% at 60 cph translated to significantly different averages
of 12% and 39% in gel, respectively (*P � 0.001); each was not signifi-
cantly different from its applied strain of 10% and 30%.

Lakes, FL), and polyether sponge side linings threaded with 1-mm-
diameter elastic bands for elastic recoil, with inner well dimensions of
40 � 10 � 5 mm (Figure 1A). To support the tissue culture in ALI, a
porous polycarbonate filter with 8-�m pores (Osmonics, Kent, WA)
was attached to the bottom of the well with silicone glue. Static controls
were cultured in devices that were identical, except that they had half
the inner dimensions (to conserve cells).

To assemble the straining device, the sponge sides were fully ex-
tended to the length of the frame and clamped in place. Then collagen
and cells were introduced to the model. After culture for 7 days sub-
merged followed by 7 days in ALI in this expanded state, 10% or 30%
compressive strain was imposed in the lateral direction at frequencies
of 1 or 60 cph for a period of 48 h. This was achieved by releasing the
clamp and applying strain (where compression was achieved by recoil
of the elastic bands) via a computer-controlled, motor-driven mechani-
cal arm (Figures 1B and 1C). The strain was applied in step fashion;
that is, 1 cph consisted of � 30 min of compressive strain followed by
30 min without strain, and 60 cph consisted of 26 s of 10% compressive
strain or 19 s of 30% strain followed by the same respective time with-
out strain. In all cases, a ramping velocity of 1 mm/s (2.5% of original
length per second) was used. Equivalent static controls were cultured
in parallel with each experimental run. These magnitudes of strain were
chosen according to published reports of ASM shortening in normal
and asthmatic airways (24), and the frequencies were chosen as possible
low and high bounds for frequency of ASM hyperactive episodes over
a 48-h period.

The local distribution of strain within the three-dimensional matrix
was determined in separate experiments using 10-�m-diameter fluores-
cent polystyrene microbeads (Molecular Probes, Eugene, OR), sus-
pended at 250,000 beads/ml in the fibroblast-embedded collagen, at
well-distributed points along the length of the gel before epithelial cell
seeding. After the culturing protocol outlined in the previous section,
strain was applied for a period of 24 h and three-dimensional images
were obtained using confocal microscopy. Strain was estimated for
discrete bead clusters in the direction of strain application by taking
the change in distance in any two of these clusters (i.e., pre-strain
distance minus strained distance) and dividing by their pre-strained
distance. A total of three to six measurements were made throughout
each gel (n � 7 for each strain level). In addition, the relative distribu-
tion of strain at different depths within the gel was determined by
measuring the microbead density in four contiguous regions beneath
the epithelium, each 88 �m in height (n � 3–6); this was assessed both
before and after 24 h strain application of 10% or 30% strain at 1 cph for
direct comparison between pre-strained and post-strained conditions.

Immunofluorescence

Ten-micrometer sections from paraffin-embedded samples, taken along
the direction of applied strain, were stained with antibodies against
human type III collagen (Oncogene, Boston, MA), type IV collagen
(MP Biomedicals, Aurora, OH), fibronectin (Transduction Labora-
tories, Lexington, KY), and �-smooth muscle actin (�-SMA) (clone
1A4; Sigma). Standard immunostaining protocols were used, with 10%
host serum (Dako, Glostrup, Denmark) of the secondary antibody used
as a pre-staining block, biotinylated secondaries (Dako), and avidin-
conjugated fluorescein for detection with DAPI-containing mounting
medium (both from Vector Laboratories, Burlingame, CA). The rela-
tive amounts and spatial distributions of matrix proteins were analyzed
using Metamorph software (Molecular Devices Corp., Downington,
PA), and �-SMA expression was quantified by determining the percent-
age of nuclei with corresponding cytoplasmic staining for �-SMA.

Protease Analysis

Along with matrix deposition, increases in matrix metalloproteinases
(MMPs) were examined after 48 h of strain application. For spatial
distribution of MMP activity, in situ zymography was performed on
cryosections (42). Briefly, unfixed thin cryosections were incubated in
fluorescein-conjugated DQ-collagen type I (Molecular Probes) over-
night in a dark humidified chamber at room temperature. Upon diges-
tion or cleavage of the DQ-collagen substrate, the resulting fluorophore
was excited at 495 nm and captured using an epifluorescence micro-
scope. Additionally, MMP-2 and -9 released into the media were de-
tected with gel zymography. Media collected at the end of experiments
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were run on gelatin-containing zymogram gels (BioRad, Hercules, CA),
a substrate for many MMPs, including MMP-2 and -9, in a standard
vertical mini-electrophoresis cell. The gels were then renatured for 30
min at room temperature, developed overnight at 37�C, counterstained
in 0.5 wt% Coomassie blue, and destained (all solutions from BioRad).
Pictures were captured using Kodak DC290 (Kodak, New Haven, CT),
and band intensities analyzed with ImageJ (NIH, Bethesda, MD).

Statistical Analysis

Results are expressed as mean and standard error of at least eight
samples per condition. Mean (	 SEM) values were compared using
one-way ANOVA with Tukey post hoc analysis, and considered signifi-
cant for P values 
 0.05.

RESULTS

Model Characterization

With an applied lateral strain of 10% and 30%, the local strain
within the collagen gel, as measured by microbead displace-
ments, translated to 11.6 	 1.4% and 38.7 	 7.6%, respectively
(Figure 1D). They were significantly different from each other
(using a t test) but there was no significant difference between
measured and applied strains. No relationship between bead
position and measured strain could be detected, implying uni-
form strain throughout the gel.

Epithelial differentiation and cellular organization in the air-
way wall model were consistent with our previous findings in a
similar unstrained model, which we adapted for the current study
(39). We observed tightly packed and ciliated epithelial cells
after 10 d of ALI (Figures 2A–2B) that were active in synthesiz-
ing mucins (Figure 2C). The cells were well organized, with a
pseudostratified layer of epithelial cells on the apical surface,
and individual fibroblasts spread sparsely throughout the matrix
below (Figure 2D). These features replicate the anatomic rela-
tionships of HBECs and HLFs in the airway in vivo, and there-
fore establish the physiologic relevance of our tissue-engineered
airway wall model.

ECM Protein Deposition

ECM proteins that are typically seen in remodeled airways in-
clude types III and IV collagen and fibronectin (Figure 3). We
found that in our tissue engineered airway wall model, deposition
of type III collagen increased with all levels of dynamic strain,
except 30% strain at 60 cph, which, interestingly, was the highest
strain and frequency applied. For type IV collagen, we saw
similar trends in that the lower magnitude (10%) was more
effective at increasing ECM deposition than the higher magni-
tude of strain. In contrast, fibronectin deposition was decreased
with all levels of strain compared with static controls. None of
these ECM proteins were detected in acellular samples (data
not shown), indicating that they were all cell-derived.

We also saw qualitative differences in the deposition patterns
of these proteins between strained and static samples (Figure 3).
While type III collagen in the static control was expressed uni-
formly throughout the matrix and in layers aligned parallel to
the surface (Figure 3A), strained samples showed higher levels
just beneath the epithelium with a decreasing gradient away from
the surface (Figure 3B). In contrast, type IV collagen appeared
as punctate strands extended in the horizontal direction and
localized around the fibroblasts (Figures 3D and 3E). Further-
more, an increased amount of type IV collagen was deposited
just beneath the epithelium in strained samples (Figure 3E),
although the spatial gradient in expression was not as pro-
nounced as that seen for type III collagen (Figure 3E). Finally,
fibronectin distribution was similar to that of type IV collagen,
with obvious staining of the basement membrane (Figures 3G

and 3H), but no differences were detected in the spatial distribu-
tion of fibronectin in any of the conditions.

Quantitative analyses of ECM immunofluorescent stainings
confirmed that types III and IV collagen (Figures 3C and 3F)
were significantly increased with strain at all levels except the
highest strain conditions (30% at 60 cph for type III collagen
and 30% at both frequencies for type IV collagen). In addition,
fibronectin was decreased by dynamic strain at all levels (Figure
3I). To assess the relevance of epithelial signaling in fibroblast
remodeling of these proteins, fibroblast-only experiments were
performed at the 10%, 1 cph condition. We found that strain
did significantly upregulate type III collagen in fibroblast-only
cultures (Figure 3C), although the levels of total protein were
much lower at both unstrained and strained conditions than in
all co-culture conditions. In contrast, type IV collagen was not
significantly affected by strain in fibroblast-only cultures (Figure
3F). Finally, fibronectin remodeling was similar in fibroblast-
only compared with co-culture conditions (Figure 3I). Thus,
these data indicate that epithelial signaling (1) dominates the
strain-induced remodeling response of type IV collagen, (2)
strongly affects the strain-induced increase of type III collagen,
and (3) does not affect strain-induced remodeling of fibronectin,
which appears to be solely controlled by fibroblasts alone.

Protease Secretion

ECM degradation by metalloproteinases is an important compo-
nent of tissue remodeling. We therefore examined the spatial
distribution of collagenolytic activity in cryosections of the air-
way wall model by in situ zymography and specifically assessed
the activity of MMP-2 and -9 secreted into culture medium by
electrophoresis and gelatin zymography (Figure 4). Representa-
tive in situ zymograms, comparing static versus strained (10%
at 60 cph) samples, are shown in Figure 4A. Collagenolytic
activity in the epithelium and around fibroblasts was increased
by mechanical strain. Interestingly, collagenolytic activity be-
neath the epithelium was distributed in a horizontal orientation,
similar to that of the fibroblasts themselves.

Gelatin zymography was performed on conditioned medium
after each experiment (Figure 4B), and bands were detected at
62, 72, and 92 kD, corresponding to the active form of MMP-2
and latent forms of MMP-2 and -9, respectively. In fibroblast-
only cultures, only active and latent forms of MMP-2 were pres-
ent. Quantification of the band intensities verified that these
MMP levels were increased with all levels of strain, with MMP-9
being the most strain-sensitive (Figure 4C). We also verified that
the increased levels of MMPs were not simply due to their release
from the interstitial space under a one time compression of
50%, which gave similar results as unstrained samples (data not
shown).

Myofibroblast Differentiation

Fibroblast-to-myofibroblast differentiation is an important con-
tributor to airway wall remodeling (43). Myofibroblasts are char-
acterized by expression of �-SMA, which is associated with the
contractile phenotype of these cells and may contribute to airway
narrowing by an increased capacity for ECM protein synthesis
(12). We found that 10% strain increased myofibroblast differen-
tiation (quantified by number of �-SMA–positive cells) com-
pared with static controls (Figure 5). Interestingly, this effect was
not seen with 30% strain. Thus, like type IV collagen deposition,
increased myofibroblast differentiation was only seen in low-
strain samples.

Spatial Distribution of Remodeling

As noted in Figures 3 and 5, the deposition of types III and IV
collagen and myofibroblast differentiation were concentrated
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Figure 2. Morphologic features of the three-dimensional human airway wall
model. (A ) SEM of the apical surface reveals a tightly packed epithelium. (B )
Under higher magnification in SEM, a dense carpet of cilia is observed. (C )
Alcian blue staining shows mucin production (blue) by epithelial cells (arrow-
head); fibroblasts are uniformly distributed within the subepithelial tissue
(arrow) with all nuclei in red. (D ) Van Gieson and hematoxylin stains show
fibroblasts (arrow) distributed throughout the collagen matrix beneath the
epithelial layer (arrowhead).

Figure 3. Extracellular matrix protein deposition was altered by dynamic mechanical strain. All images show 10-�m paraffin-embedded sections,
immunostained for types III collagen, IV collagen, and fibronectin (all in green), with a red nuclear counterstain; arrow indicates direction of strain
and bar � 150 �m. Top row shows representative co-culture images from unstrained controls, while the middle row shows representative co-culture
images from 10% strain, 1 cph. The bottom row shows the image intensity analysis averaged for all fibroblast-only and co-culture samples. (A )
Type III collagen in unstrained versus (B ) strained samples, where deposition was highest just beneath the epithelium and decreased with depth
into the tissue (arrow indicates strain direction). (C ) Type III collagen upregulation was greater for all strain levels except the highest strain rate
applied (30% at 60 cph) in both fibroblast only and co-culture systems when compared with their respective static controls. (D ) Type IV collagen
expression in unstrained versus (E ) strained samples, where deposition was also highest near the epithelium and decreased with depth. (F ) Significant
increase in type IV collagen was seen only with 10% strain in co-cultures. (G ) Fibronectin production in unstrained versus (H ) strained samples,
where production was noticeably decreased. (I ) Fibronectin quantification showed a significant decrease with all levels of strain and in the presence
of the epithelium. *P 
 0.05 compared with respective static controls.
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Figure 4. Overall protease activity increased with all levels of strain.
(A ) In situ zymography on 25-�m cryosections show protease activity
concentrated in the epithelium and around fibroblasts. (B ) Representa-
tive gel zymograms from strained (10%, 1 cph) fibroblast-only versus
co-culture models show bands at 62, 72, and 92 kD, corresponding to
active MMP-2, pro–MMP-2, and pro–MMP-9, respectively. All were
visibly increased with strain; in models with only fibroblasts, the 92-kD
band was missing, indicating that the epithelial cells were critical in
the release of pro–MMP-9. (C ) Zymogram quantification demonstrates
significant increases in proteolysis in all levels of strain normalized to
their respective static controls. Static fibroblast-only samples showed
no detectable MMP-9 and released � 25% less MMP-2 than static co-
cultures. *P 
 0.05 compared with respective static controls.

just beneath the epithelium and decreased with increasing dis-
tance from the epithelium. To quantify this spatial distribution,
the sections were divided into four contiguous regions, each of 88
�m in depth, beneath the epithelium (Figures 6A and 6C). This
revealed that the density in the number of myofibroblasts (Figure
6B), as well as the intensity of type III collagen staining (Figure
6D), was significantly greater just beneath the epithelium than in
any other region of the tissue. Furthermore, although this in-
crease near the epithelium was seen in both static and strained
co-culture samples, the gradient was amplified by strain: over
50% more expression of myofibroblasts and type III collagen
was found in region I than the other regions for 10% strain (in
the case of myofibroblasts) and all levels of strain except the
highest strain rate (in the case of type III collagen) in co-cultures.

Figure 5. Myofibroblast differentiation increased with 10% strain. Rep-
resentative (A ) static and (B ) strained (10%, 1 cph) sections from co-
cultures show the upregulation of �-SMA� cells (green with red nuclear
counterstain), particularly close to the epithelium, by dynamic strain.
Arrow indicates direction of strain (bar � 150 �m). (C ) Quantification
of �-SMA� cells demonstrates that 10% strain caused significant in-
creases in �-SMA expression compared with respective static controls;
cell differentiation was increased by 62% at 1 cph and by 117% at the
higher frequency of 60 cph. *P 
 0.05 compared with respective static
controls.

This highlights the importance of epithelial–fibroblast communi-
cation in remodeling.

We note that these spatial gradients were not due to nonuni-
form strain distribution at different depths within the gel. The
inset graph in Figure 6D shows the difference in microbead
density before and after strain, normalized to respective region
I for direct comparison, which shows no significant differences
among the four regions, implying a uniform distribution of strain.
In fibroblast-alone systems, while 10% strain at 1 cph resulted
in an overall increase of myofibroblast expression in all regions,
no gradient in expression was observed for both myofibroblast
and type III collagen, indicating a role for epithelial–fibroblast
signaling in strain-induced remodeling in the co-culture system.
Similar results were found by analyzing regional intensities for
type IV collagen expression (data not shown). Thus, strain-
induced matrix production was largely controlled by signals from
the epithelium as evidenced by increased remodeling near (and
below) the epithelium, where myofibroblasts were found in
abundance.

DISCUSSION

As the importance of the microenvironment in governing
cell responses has been demonstrated in numerous examples,
three-dimensional tissue models are proving to be invaluable to
studying cell and tissue physiology and pathophysiology (44, 45).
As such, there is a growing appreciation for the importance of
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Figure 6. The spatial distribution of myofibroblasts generally correlated with the spatial distribution of type III collagen deposition and was
concentrated close to the basal side of the epithelium. (A ) Immunostained thin sections were divided into four equal regions for intensity analysis
as shown for �-SMA; each region had a depth of 88 �m. (B ) Myofibroblasts, as detected by �-SMA expression, were found in greater numbers
in region I, and diminished in regions farther away from the epithelium. Furthermore, only 10% strain resulted in significantly greater myofibroblast
expression compared with region I in static control co-cultures. In fibroblast-only cultures, 10% strain resulted in a uniform increase of �-SMA
expression. (C ) Likewise, thin sections were immunostained for type III collagen and divided into equal regions. (D ) Type III collagen production
was also significantly increased in region I near the epithelium under all conditions, and all strain conditions resulted in significantly greater
production in region I as compared with static controls for co-cultures. Regional difference in type III collagen production was not observed in
fibroblast-only cultures. The inset bar graph shows uniform distribution of microbeads throughout various depths in co-cultures in the presence
and absence of strain. *P 
 0.01 compared with respective static controls and #P 
 0.05 compared with respective regions II–IV.

the biophysical environment, with appropriate mechanical cues,
in both making the three-dimensional models more physiologic
and also in studying the roles of such cues in pathophysiology (37).
Our results, using a physiologically relevant three-dimensional
tissue model of the human airway wall, demonstrate the impor-
tance of mechanical stress in airway wall remodeling and the
importance of epithelial–fibroblast crosstalk in such remodeling.

Our in vitro tissue model showed physiologically relevant cell
organization and function: it has a pseudostratified epithelium
with both ciliated and mucus-producing cells, and under baseline
culturing conditions secreted basement membrane beneath the

epithelium and type III collagen and fibronectin, among other
matrix proteins, within the tissue.

SMCs were absent in our model, which is important to con-
sider in interpreting overall remodeling response, since they can
also secrete molecular regulators of airway wall remodeling and
fibroblast differentiation (23, 25). However, their mechanical
function was simulated by inducing lateral dynamic strain with
a custom-made strain device. It has been reported in computa-
tional models of airway mechanics in asthma that 40% shortening
of the airway smooth muscle (ASM) can result in almost total
occlusion of the airway (26), while in others, 30% shortening
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may translate to a � 15-fold increase in pulmonary resistance
in asthmatic versus normal airways (46, 47). In additionally,
isolated human bronchial smooth muscle cells from individuals
with asthma were found to contract to a greater extent—more
than 10% in length—compared with cells from normal subjects
(24). In light of these results, we chose 10% and 30% as represen-
tative strain magnitudes of ASM shortening.

In addition to strain magnitude, the duration and frequency
of ASM contraction were important parameters to consider.
While it is difficult to generalize the transient behavior of smooth
muscle contraction, several studies have shown with isolated
human bronchial ASM cells (24) and canine muscle strips (48)
that 75% of their contractions are completed within 1.5–4 s. The
time we imposed for contraction was � 4 s for 10% strain and
� 12 s for 30% strain. In addition, frequency may also be an
important factor in remodeling, but the duration of ASM hyper-
activity can vary dramatically for individuals with asthma with
variation in severity; thus it is difficult again to generalize the
relevant frequencies to use for in vitro simulations. We chose 1
and 60 cph as possible low and high frequencies of ASM contrac-
tion over a 48-h period. Therefore, with these parameters, we
attempted to represent reasonably relevant values of strain that
may contribute to ECM remodeling.

In our three-dimensional model, strain influenced cell–matrix
and cell–cell interactions to change the architecture and organi-
zation of the ECM in the absence of inflammation. The deposi-
tion of types III and IV collagen was concentrated near the
epithelium and decreased away from the epithelium, which was
not observed in fibroblast-only conditions. The epithelium may
play an important role as a source of profibrotic mediators such
as TGF-�1 leading to matrix remodeling (8, 10). Furthermore,
the spatial gradient in ECM protein deposition was amplified under
all strain conditions compared with static controls (Figure 6D,
data not shown for type IV collagen), suggesting that epithelial–
fibroblast communication, possibly aided by convection of secreted
mediators, may act to facilitate the spatial deposition of these ECM
proteins.

While this study examined only a few ECM proteins, our
results correlate with remodeling characteristics seen in the hu-
man airways. In individuals with asthma, the subepithelial layer
of the airway wall is thickened and enriched with types III and
IV collagen, as well as type V collagen, fibronectin, and tenascin
(1, 49, 50). Consistent with such pathologic remodeling, we ob-
served deposition of types III and IV collagen concentrated in
the subepithelial region and amplified with dynamic strain in our
model. Interestingly, we found that strain decreased fibronectin
deposition, indicating differential regulation of various ECM
proteins in response to mechanical strain.

In addition to HBECs and HLFs, myofibroblasts may have
contributed to collagen production in our system. Myofibroblasts
are commonly found in the thickened subepithelial collagen layer
of the asthmatic airway wall (7, 14), and in the lungs of patients
with pulmonary fibrosis (43). They play an important part in
remodeling by matrix contraction (12, 51) and synthesis of types
I and III collagen (52). In our system, myofibroblasts were found
in increased numbers just beneath the epithelium, in the same
spatial distribution as type III collagen under conditions of me-
chanical strain (Figure 6B and D). These results suggest that
myofibroblasts were likely an important cellular source of colla-
gen synthesis in response to mechanical strain.

In conclusion, we have shown that mechanical strain in a tissue
engineered three-dimensional co-culture model of the airway wall
can be an important determinant of ECM remodeling, as indicated
by deposition/secretion of ECM proteins and MMPs, and by differ-
entiation of myofibroblasts. In our three-dimensional airway wall
model, we found lateral compressive strain on airway cells resulted

in upregulation of types III and IV collagen and increased levels
of secreted MMP-2 and -9, but downregulation of fibronectin.
In addition, type III collagen was spatially correlated with myo-
fibroblast differentiation. Thus, our dynamic human airway wall
model demonstrates the importance of mechanical strain in air-
way wall remodeling in a relevant three-dimensional environ-
ment, independent of inflammatory cells and their mediators.
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