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Lung Cell Mol Physiol 315: L645-1.652, 2018. First published August
2, 2018; doi:10.1152/ajplung.00261.2018.—During acute bronchoc-
onstriction, the airway epithelium becomes mechanically compressed,
as airway smooth muscle contracts and the airway narrows. This
mechanical compression activates airway epithelium to promote asth-
matic airway remodeling. However, whether compressed airway ep-
ithelium can feed back on the cause of bronchoconstriction has
remained an open question. Here we examine the potential for
epithelial compression to augment proliferation and contraction of
airway smooth muscle, and thus potentiate further bronchoconstric-
tion and epithelial compression. Well-differentiated primary human
bronchial epithelial (HBE) cells maintained in air-liquid interface
culture were mechanically compressed to mimic the effect of bron-
choconstriction. Primary human airway smooth muscle (HASM) cells
were incubated with conditioned media collected from mechanically
compressed HBE cells to examine the effect of epithelial-derived
mediators on HASM cell proliferation using an EdU assay and HASM
cell contraction using traction microscopy. An endothelin receptor
antagonist, PD-145065, was employed to probe the role of HBE
cell-derived endothelin-1 on the proliferation and contraction of
HASM cells. Conditioned media from compressed HBE cells in-
creased HASM cell proliferation, independent of the endothelin-1
signaling pathway. However, conditioned media from compressed
HBE cells significantly increased HASM cell basal contraction and
histamine-induced contraction, both of which depended on the endo-
thelin-1 signaling pathway. Our data demonstrate that mechanical
compression of bronchial epithelial cells contributes to proliferation
and basal contraction of airway smooth muscle cells and that aug-
mented contraction depends on epithelial cell-derived endothelin-1.
By means of both airway smooth muscle remodeling and contractility,
our findings suggest a causal role of epithelial compression on asthma
pathogenesis.
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INTRODUCTION

One of the cardinal features of asthma is airway remodeling,
but its cause remains unknown (6). Airway remodeling is
directly linked to irreversible airflow limitation and airway
hyperresponsiveness (AHR). AHR is caused by increases in
both airway smooth muscle (ASM) mass and ASM contraction
(1, 5), which have traditionally been attributed to chronic
inflammation (1). However, recent evidence, including failures
of clinical trials targeting inflammation, suggest that AHR can
develop through inflammation-independent mechanisms (11,
14). Therefore, an important unresolved question is the extent
to which inflammation-independent factors, and physical
forces in particular, can drive airway remodeling.

During bronchoconstriction, ASM excessively contracts and
airway caliber is reduced, resulting in buckling of the airway
wall (13). Airway epithelial cells within buckled airways
experience mechanical compression of ~30 cmH,O pressure
(30). Analogous mechanical compression applied to well-
differentiated human bronchial epithelial (HBE) cells main-
tained in air-liquid interface (ALI) culture recapitulates key
features of airway remodeling, including secretion of asthma-
associated mediators, increased collagen deposition, and goblet
cell hyperplasia (15, 20, 21, 27-29). Furthermore, these in vitro
data have been validated in patients with mild asthma (10).
This evidence suggests that bronchoconstriction itself can pro-
mote asthmatic airway remodeling through the activation of the
compressed airway epithelium. However, the direct effect of
mechanical compression of HBE cells on ASM remodeling,
including ASM cell proliferation and contraction, is unknown.
The goal of the current study was therefore to test the hypoth-
esis that mechanically compressed bronchial epithelial cells
produce pathological mediators that cause human airway
smooth muscle (HASM) cell proliferation and contraction. Our
data indicate the potential existence of a positive feedback
loop, whereby mediators secreted from compressed bronchial
epithelial cells promote HASM cell proliferation and contrac-
tion. These effects in turn may further promote asthmatic
bronchoconstriction, closing the feedback loop.

MATERIALS AND METHODS

Culture of primary human cells. Primary HBE cells, prepared as
described previously (7), were a kind gift from Dr. Scott H. Randell
(Marisco Lung Institute, The University of North Carolina, Chapel
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Hill, NC). The cells were obtained under protocol No. 03-1396
approved by the University of North Carolina Biomedical Institutional
Review Board. Nonasthmatic cells were from nonsmokers with no
history of chronic lung disease. Asthmatic cells were from three cases
of fatal asthma and two cases with asthma in the medical history.
Passage 2 HBE cells from nine nondiseased and five asthmatic donors
were cultured in ALI conditions (19-21). For the compression exper-
iments, described below, we used HBE cells on days 14-16 in ALI
culture, when the cells were well-differentiated as determined by
markers for goblet and ciliated cells (Fig. 1, A and B). Primary HASM
cells were a kind gift from Dr. Reynold Panettieri (The University of
Pennsylvania), and passage 3 to 8 HASM cells from five nondiseased
donors were used (18).

Mechanical compression of HBE cells. As previously described,
well-differentiated HBE cells in ALI culture were mechanically com-
pressed by exposure to 10 or 30 cmH»O pressure for 3 h (15, 19-21),
with time-matched controls exposed to zero pressure. At 20 h before
initiation of compression, HBE cells were starved of bovine pituitary

side view

Fig. 1. Experimental schema. A and B: pri-
mary human bronchial epithelial cells main-
tained in air-liquid interface culture were
used for experiments when cells were well
differentiated as determined by staining for
BIV-tubulin (A), a ciliated cell marker, and
for MUCSAC (B), a goblet cell marker.
Cells were costained for F-actin and DNA
(Hoechst). Broken white lines indicate the
location in the corresponding image of the
orthogonal cross section. The scale bar is 20
pm. C and D: timeline of the experimental
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extract, epidermal growth factor, and hydrocortisone. Identical me-
dium was added to empty wells in the culture plate to serve as the
vehicle medium. Basolateral conditioned medium (CM) was collected
at 24 h after the initiation of compression and stored at —80°C until
use.

EdU cell proliferation assay. To measure rapid proliferating cells,
we used an EdU assay that is adapted from a widely accepted
thymidine analog incorporation assay (24). With the use of a Click-iT
EdU Alexa Fluor 488 imaging kit (Invitrogen), proliferating cells in
the S phase were visualized as outlined in Fig. 1C. Nuclei were
stained with Hoechst 33342 and counted as a total number of cells. To
calculate the percentage of proliferating cells, the number of EdU-
positive cells was divided by the total number of cells per field of
view. At least four fields of view per donor for each of four donors
were analyzed. The total cell numbers counted in each condition are
included in the legends for Figs. 1-4.

Traction microscopy. To measure contractile force of HASM cells
in response to CM from HBE cells (Fig. 1D), we used Fourier
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transform traction microscopy (3). This rests on the measurement of
the deformation of beads embedded in a soft substrate, and to convert
this to the tractions (contractile force per unit area) exerted by the cells
consistent with that deformation (3). HASM cells were seeded on 4
kPa polyacrylamide gels; after 12 h, HASM cell media were replaced
with vehicle medium or CM collected from HBE cells, and then
incubated for 1 h. To test the response of HASM cells to a contractile
agonist, CM was removed and HASM cells were washed two times
with Hanks’ Balanced Salt Solution (HBSS) and then incubated with
10 uM histamine in HBSS for 15 min. Fluorescent bead images were
taken at four different time points as follows: before seeding (refer-
ence image), immediately before adding CM, 1 h after adding CM,
and 15 min after spiking histamine (as outlined in Fig. 1D). Images
taken with cells present were compared with the reference images to
compute the following tractions: baseline traction (T,), HBE cell-CM-
mediated traction (Tcwm), and histamine response traction (This). As
described previously (18), all traction data are presented as relative
change in average traction in each well. For example, the basal
traction change following the incubation with CM was computed as
ATCM/T(), where ATCM = TCM - T().

Enzyme-linked immunosorbent assay. Endothelin-1 (ET-1) concen-
trations in CM were quantified by enzyme-linked immunosorbent
assay using a Quantikine kit (R&D Systems, Minneapolis, MN)
following the manufacturer’s instructions.

Blocking of ET-1 pathway. Endothelin receptors, ETa and ETg, are
expressed in HASM cells (9). Both receptors are known to contribute
to proliferation and contraction of HASM cells (4, 17). Thus, to block
the impact of HBE cell-derived ET-1 via ET s and ETg receptors, we
used a well-characterized combined ET 5 and ETg receptor antagonist,
PD-145065 (ICso = 3.5 nM) (2). PD-145065 was added to the HASM
cells 1 h before incubation with HBE cell-CM. In the pilot experiment
we tested PD-145065 in a range of 10 to 1,000 nM, to determine the
inhibitory concentrations of PD-145065 on the proliferation and
contraction induced by HBE CM. Results were consistent across all
doses used, with the maximal inhibitory effect achieved by PD-
145065 at the lowest dose, 10 nM. We used 10 nM for subsequent
experiments.

We performed ET-1 blocking experiment in HASM cells using CM
from nonasthmatic and asthmatic HBE cells with 10 and 30 cmH»O
pressure in parallel. Next, the collected data were used for two
comparisons. First, the data were compared to determine the blocking
effect of PD-145065 on the HASM cells after incubation with CM
from nonasthmatic (Fig. 3, B and C) and asthmatic (Fig. 4, C and D)
HBE cells, separately. Second, the data were compared to determine
differences in the effect of CM between nonasthmatic and asthmatic
HBE cells (Fig. 4E). Statistical significance was determined using all
of the data together to reduce the potential for error due to multiple
comparisons.

Statistics. All statistics were performed in Prism 5 (GraphPad
Software, La Jolla, CA). Data are presented as means = SE. An
ANOVA was used for comparing all data sets, followed by a Holm-
Sidak’s multiple comparison; P < 0.05 was considered statistically
significant.

RESULTS

Conditioned media from compressed HBE cells induce
HASM cell proliferation and contraction. Following incuba-
tion with vehicle medium and CM from HBE cells, prolifer-
ating HASM cells were determined by the EdU assay (Fig. 24).
The percentage of EdU-positive cells was similar in the HASM
cells that had been incubated with vehicle medium (7 = 2%)
and uncompressed HBE cell-CM (11 % 3%), whereas it was
significantly higher in the HASM cells that had been incubated
with compressed HBE cell-CM (17 % 3%, P < 0.05; Fig. 2B).
The total cell number per field of view (1 mm?) was similar in
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the HASM cells that had been incubated with control media
(196 = 8 cells) and uncompressed HBE cell-CM (229 = 25
cells), whereas it was significantly greater in the HASM cells
that had been incubated with compressed HBE cell-CM
(332 £ 33 cells, P < 0.05; Fig. 2C).

Next, to determine the impact of HBE cell compression on
the contractile force of HASM cells, we measured the tractions
of HASM cells after incubation with vehicle medium and CM
from HBE cells. Representative traction maps (Fig. 2D) of a
HASM cell show an increase in traction after incubation with
CM from compressed HBE cells. Quantification of tractions
shows that neither vehicle medium nor CM from uncom-
pressed HBE cells changed the average contractile force of
HASM cells from baseline (Fig. 2E). By contrast, compressed
HBE cell-CM treatment on HASM cells significantly increased
average contractile force from baseline (ATcym/To = 0.32 *
0.05, P < 0.05; Fig. 2E).

To mimic the contractility of HASM cells as occurs during
AHR, the HASM cells were further stimulated with the con-
tractile agonist histamine following the incubation of the
HASM cells with HBE cell-CM as above. As expected, within
all conditions, the histamine challenge significantly increased
the traction exerted by HASM cells (P < 0.05; Fig. 2E).
Comparing across conditions, the contractile response of
HASM cells to histamine was similar in the cells that had been
incubated with vehicle medium (ATy;/To = 0.22 + 0.06) and
uncompressed HBE cell-CM (ATy;s/To = 0.25 * 0.04). How-
ever, the contractile response to histamine of the HASM cells
that had been incubated with compressed HBE cell-CM was
significantly greater (ATw;/To = 0.51 = 0.08, P < 0.05).

ET-1 regulates the effect of HBE conditioned media on
HASM traction and histamine response. To determine whether
ET-1 was responsible for the increased HASM cell prolifera-
tion that was caused by the CM from compressed HBE cells,
we blocked the ET-1 receptor activity with PD-145065 (10 and
100 nM). As in our initial experiments (Fig. 2B), CM from
compressed HBE cells significantly increased HASM cell pro-
liferation (P < 0.05; Fig. 3A). However, blocking ET-1 recep-
tor activity in HASM cells did not affect the increased HASM
cell proliferation as measured by the total cell number (data not
shown) and percentage of EdU-positive cells (Fig. 3A).

To determine whether ET-1 was responsible for the in-
creased contraction (ATcpm/To) and histamine response (ATw;s/
To) in the HASM cells, we also used PD-145065. In this
experiment, HBE cells were exposed to two different magni-
tudes of pressure, 10 and 30 cmH,O. CM from compressed
HBE cells with either pressure increased the average contrac-
tile force from baseline, but CM from compressed cells with 30
c¢cmH>O showed a higher contractile response (Fig. 3B).

Pretreatment of HASM cells with PD-145065 (10 nM)
completely blocked the increased contractility induced by CM
from compressed HBE cells at either 10 or 30 cmH»O pressure
(Fig. 3B). Contractile response to histamine was not further
increased in HASM cells incubated with HBE CM from 10
cmH,O pressure, whereas contractile response to histamine
was further increased in HASM cells incubated with HBE CM
from 30 cmH,O pressure (Fig. 3C). This increased contractile
response was completely blocked by pretreatment of PD-
145065 (Fig. 30).
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Fig. 2. Conditioned media from compressed human bronchial epithelial (HBE) cells induce human airway smooth muscle (HASM) cell proliferation and
contraction. A: representative images show nuclei by Hoechst staining (blue) and proliferating cells by EAU staining (red). The scale bar is 200 wm. Conditioned
media from compressed HBE cells (30 cmH»O) significantly increased the percentage of EdU-positive cells (B) and total HASM cells (C) (*P < 0.05 vs. vehicle
medium). The average number of cells counted for each condition was ~4,600, and 4 donors were used. D: representative traction maps of a HASM cell before
(To) and after [CM-mediated traction (Tcwm) and histamine response traction (Twis)] incubation with compressed conditioned media (30 cmH>O). The scale bar
is 20 pm, and the unit of the color scale is pascal (Pa). E: after incubation with conditioned media from compressed HBE cells (30 cmH»0), contraction of HASM
cells (white bars, representing ATcwm/To) was significantly increased (n = 5, #P < 0.05 vs. vehicle medium). For all conditions, contractile responses to histamine
(10 wM) were significantly increased (stippled bars, representing ATwis/To) (n = 5, *P < 0.05 vs. without histamine). Compared with the other conditions, in
HASM cells incubated with conditioned media from compressed HBE cells (30 cmH>O), contractile response to histamine was significantly increased

(ATHis/To = 0.51 £ 0.08; n = 5, P < 0.05 vs. vehicle medium).

Conditioned media from compressed asthmatic HBE cells
led to augmented-histamine response in HASM cells. We next
assessed the impact of the disease state of the donor of the HBE
cells on the HASM cell remodeling. First, we measured ET-1
concentration in the CM collected from HBE cells after expo-
sure to either 0, 10, or 30 cmH,O pressure. ET-1 levels were
similar in CM between nonasthmatic and asthmatic HBE cells
in all conditions and were significantly elevated only after
compression with 30 cmH,O pressure (Fig. 4A). Compared
with uncompressed CM, compressed CM (30 cmH,0) from
asthmatic HBE cells significantly increased the proliferation of
HASM cells (P < 0.05; Fig. 4B). However, there was no
difference in the magnitude of increased HASM cell prolifer-

ation caused by compressed CM between nonasthmatic (Fig.
3A) and asthmatic (Fig. 4B) HBE cells. Furthermore, blocking
ET-1 receptor activity did not affect the increased proliferation
of HASM cells as measured by the total cell number (data not
shown) and percentage of EdU-positive cells (Fig. 4B).

To determine the role of ET-1 in the HASM cell response to
CM from asthmatic donors, we used PD-145065 as above.
Compared with uncompressed CM, compressed CM from
asthmatic HBE cells significantly increased the contractile
force of HASM cells (ATcm/To) in a magnitude of pressure-
dependent manner (P < 0.05; Fig. 4C). Pretreatment of HASM
cells with PD-145065 completely blocked the elevated basal
contraction observed after incubation with CM from com-
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Fig. 3. Endothelin-1 (ET-1) is responsible for compressed human bronchial epithelial (HBE) cell-induced airway smooth muscle (ASM) contraction. A:
conditioned media from compressed HBE cells (30 cmH-0) significantly increased human airway smooth muscle (HASM) cell proliferation (n = 4, *P < 0.05
vs. vehicle medium). Pretreatment with PD-145065 did not affect HASM cell proliferation in any given condition. The average number of cells counted for each
condition was ~3,400, and 4 donors were used. B and C: pretreatment of HASM cells with PD-145065 (10 nM) inhibited increased HASM cell traction mediated
by conditioned media from compressed HBE cells (n = 4, *P < 0.05 vs. 0 cmH»O; B) and inhibited subsequent contractile response (10 uM) of HASM cells

to histamine (n = 4, *P < 0.05 vs. 0 cmH»0; C).

pressed asthmatic HBE cells with either 10 or 30 cmH,O
pressure (Fig. 4C). The HASM cells were further stimulated
with histamine (10 uM) following incubation with CM from
asthmatic HBE cells. As observed with nonasthmatic HBE
CM from 30 cmH,O pressure (Fig. 3C), the contractile
response to histamine was further significantly increased in
HASM cells incubated with asthmatic HBE CM from either
10 or 30 cmH,O pressure (ATy;s/To = 0.39 = 0.04 and
0.47 £ 0.07, respectively, P < 0.05; Fig. 4D). Pretreatment
of HASM cells with PD-145065 completely blocked the
elevated histamine responses observed after incubation with
CM from compressed asthmatic HBE cells with either 10 or
30 cmH,0 pressure (Fig. 4D).

As with proliferation, there was also no difference between
the magnitude of HASM cell traction increased by CM from

nonasthmatic and asthmatic HBE cells. However, after subse-
quent histamine challenge, the contraction response was sig-
nificantly different between HASM cells incubated with CM
from nonasthmatic compared with asthmatic HBE cells after
compression with 10 cmH,O pressure (P < 0.05; Fig. 4E).

DISCUSSION

The goal of this study was to test the hypothesis that
bronchoconstriction-induced mechanical compression of air-
way epithelial cells can cause HASM cell remodeling, specif-
ically manifested in two ways: through increased proliferation
and through increased contractility. To test our hypothesis, we
employed three distinct in vitro approaches. To mimic the
compressive mechanical force imposed to airway epithelium
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Fig. 4. Conditioned media from compressed asthmatic human bronchial epithelial (HBE) cells induce augmented histamine response in human airway smooth
muscle (HASM) cells. A: compression with 30 cmH»O pressure significantly increased endothelin-1 (ET-1) secretion from both nonasthmatic and asthmatic HBE
cells (n = 4, *P < 0.05 vs. 0 cmH>0). B: conditioned media from compressed asthmatic HBE cells (30 cmH-O) significantly increased HASM cell proliferation
(n = 4, *P < 0.05 vs. vehicle medium). Pretreatment with PD-145065 did not affect HASM cell proliferation. The average number of cells counted for each
condition was ~3,100, and 4 donors were used. C: pretreatment of HASM cells with PD-145065 blocked the increased traction mediated by conditioned media
from compressed asthmatic HBE cells (n = 4, *P < 0.05 vs. 0 cmH20). D: conditioned media from asthmatic HBE cells compressed at either 10 or 30 cmH>O
significantly increased the histamine response of HASM cells (n = 4, *P < 0.05 vs. 0 cmH>0). Pretreatment of HASM cells with PD-145065 blocked the
increased histamine response. E: a significant difference induced by CM between nonasthmatic and asthmatic HBE cells was the increased contraction response
[Ahistamine response traction (Twis)/baseline traction (To)] to histamine (10 wM) in the HASM cells, after incubation of HASM cells with CM from compressed

HBE cells with 10 cmH>O pressure (n = 4, *P < 0.05 vs. nonasthmatic cells).

during asthmatic bronchoconstriction, we applied compression
similar to that predicted during maximum airway constriction
during an asthma exacerbation to well-differentiated primary
HBE cells in ALI culture (Fig. 1, A and B) (21, 27). Following
this, basolateral media collected from compressed HBE cells
were transferred to HASM cells to determine the effect of
mediators secreted from compressed HBE cells on two critical
HASM cell functions, proliferation and contraction (Fig. 1, C
and D). Second, to determine proliferation of HASM cells, we
used an EdU incorporation assay (23). Third, to determine the
contraction of HASM cells at baseline or in response to the
contractile agonist histamine, we used Fourier transform trac-
tion cytometry (3).

Our data indicate that basolateral CM from compressed HBE
cells induced proliferation, basal contraction, and histamine-
induced contraction of HASM cells (Figs. 2—4). This is the first
study showing that compressed airway epithelial cells resulting
from bronchoconstriction can cause phenotypical changes in
HASM cells, in the absence of inflammatory cells. This is a
critical observation that has implications for the pathobiology
of asthma, since it demonstrates that communication between

these two types of lung structural cells can augment patho-
physiological responses. Although airway epithelium was pre-
viously shown to modulate both contraction and relaxation of
ASM (25), it was previously unknown if contraction and
relaxation are impacted by the airway epithelium that is struc-
turally deformed because of bronchoconstriction. We have
found this to be true.

In well-differentiated airway epithelial cells cultured from
nonasthmatic human donors, Tschumperlin et al. previously
demonstrated that mechanical compression mimicking bron-
choconstriction induces mRNA expression and secretion of
ET-1 (28). Increased levels of ET-1 in bronchoalveolar fluid
have been associated with AHR and severity of asthma (8, 22).
Although ET-1 is a well-known mitogen and contractile ago-
nist for smooth muscle from studies in mice and humans (4, 12,
17, 26), the biological function of ET-1 derived from HBE
cells on airway smooth muscle cells has not been tested.
Therefore, we hypothesized that ET-1 was responsible for
increased proliferation and contraction of HASM cells after
incubation with CM from compressed HBE cells. Our data
demonstrate that ET-1 is not responsible for compressed HBE
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cell-mediated proliferation of HASM cells, but it is responsible
for compressed HBE cell-mediated contraction of HASM cells
(Fig. 3).

When we compared the effect of CM from nonasthmatic and
asthmatic HBE cells after compression, we did not observe any
differences in ET-1 concentration, proliferation, and baseline
contraction of HASM cells (Figs. 3 and 4). However, when we
compared the histamine response of HASM cells after incuba-
tion with CM from HBE cells compressed at a lower magni-
tude (10 cmH,0), CM only from asthmatic HBE cells signif-
icantly augmented the contractile response of HASM cells to
histamine (Fig. 4, D and E). Stated another way, a smaller
magnitude of compression (10 cmH,O) to the asthmatic HBE
cells elicited the same effect as a larger magnitude of com-
pression (30 cmH,0), despite the similar level of ET-1 con-
centration. We speculate that, when HBE cells are exposed to
a lower pressure (10 cmH,0), nonasthmatic HBE cells might
produce inhibitory mediators that protect against histamine-
induced contraction as a normal defense function while asth-
matic HBE cells are impaired in the production of inhibitory
mediators. Another possible origin of this discrepancy is that
asthmatic HBE cells readily produce additional cofactors (19,
28, 29) in response to even a low magnitude of pressure (10
cmH,0). Therefore, those cofactors might elicit synergistic or
potentiating effects together with ET-1, which might be nec-
essary for the contraction of HASM cells. Taken together,
these data support the notion that asthmatic airway epithelial
cells are more sensitive to insult or injury or impaired in
protective functions (16) and further suggest that asthmatic
HBE cells are more susceptible to mechanical compression
resulting from bronchoconstriction.

In summary, our data demonstrate that mechanical compres-
sion of HBE cells contributes to proliferation and contraction
of HASM cells, importantly, even in the absence of inflamma-
tory cells. Our results provide mechanistic evidence that ET-1
secreted by compressed HBE cells in turn induces and sustains
HASM cell contraction, as a direct consequence of bronchoc-
onstriction. Our findings imply that airway epithelial compres-
sion by itself can perpetuate airway remodeling through a
positive feedback loop.
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