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Altered ECM protein deposition is a feature in asthmatic airways.
Fibronectin (Fn), an ECM protein produced by human bronchial epithe-
lial cells (HBECsS), is increased in asthmatic airways. This study inves-
tigated the regulation of Fn production in asthmatic or nonasthmatic
HBECs and whether Fn modulated HBEC proliferation and inflamma-
tory mediator secretion. The signaling pathways underlying transforming
growth factor (TGF)-1-regulated Fn production were examined using
specific inhibitors for ERK, JNK, p38 MAPK, phosphatidylinositol 3
kinase, and activin-like kinase 5 (ALKS). Asthmatic HBECs deposited
higher levels of Fn in the ECM than nonasthmatic cells under basal
conditions, whereas cells from the two groups had similar levels of Fn
mRNA and soluble Fn. TGF-$1 increased mRNA levels and ECM and
soluble forms of Fn but decreased cell proliferation in both cells. The
rate of increase in Fn mRNA was higher in nonasthmatic cells.
However, the excessive amounts of ECM Fn deposited by asthmatic
cells after TGF-1 stimulation persisted compared with nonasthmatic
cells. Inhibition of ALKS completely prevented TGF-1-induced Fn
deposition. Importantly, ECM Fn increased HBEC proliferation and
IL-6 release, decreased PGE, secretion, but had no effect on VEGF
release. Soluble Fn had no effect on cell proliferation and inflamma-
tory mediator release. Asthmatic HBECs are intrinsically primed to
produce more ECM Fn, which when deposited into the ECM, is
capable of driving remodeling and inflammation. The increased air-
way Fn may be one of the key driving factors in the persistence of
asthma and represents a novel, therapeutic target.

fibronectin; asthma; airway epithelial cell; TGF-B1; ECM protein;
1L-6

AIRWAY REMODELING IS A FEATURE of chronic severe asthmatic
airways. One of the defining features of remodeling is altered
ECM in the airway wall. In addition to providing a structural
framework, the ECM plays an important role in regulating
airway cell homeostasis by regulating processes, such as cell
adhesion, proliferation, migration, differentiation, and the ex-
pression of inflammatory cytokines and contractile proteins.
These changes, in turn, influence airway hyper-responsiveness
(13-15).
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Fibronectin (Fn) is one of the ECM proteins in the airway
wall, which is increased in the basement membrane of the
airways from patients with asthma compared with people
without asthma (1, 37, 38). Fn is a 440-kDa dimeric glycopro-
tein, which exists in a soluble protomeric form in blood plasma
and in an insoluble multimeric form when incorporated into the
ECM. Plasma Fn is mainly synthesized in the liver by hepa-
tocytes. The Fn synthesized locally in tissues by the surround-
ing cells is referred to as cellular Fn, which contains one or two
extra type III modules subjected to alternative splicing [extra-
domain A and B (EDA and EDB, respectively)], whereas
plasma Fn contains neither ED. The ECM Fn can be formed by
a cell-mediated process involving both integrins and special-
ized cell-surface sites that polymerize both plasma Fn and/or
cellular Fn (27).

Fn is known to elicit multiple functions. In vitro, plasma Fn,
precoated in culture wells, decreases the expression of contrac-
tile proteins and increases cell proliferation in airway smooth
muscle (ASM) cells (13). Polymerized Fn induces cell spread-
ing in collagen gels and cell contractility (17). Fn stimulates
A549 lung epithelial cells and small airway epithelial cell
migration and invasion and the proliferation of BEAS-2B and
16-HBE (15, 28). In addition, Fn inhibits epithelial cell apo-
ptosis (11).

Fn can be produced by inflammatory cells and airway
structural cells. Vignola and coworkers (46) found that the
levels of Fn released by alveolar macrophages recovered from
bronchoalveolar lavage fluid from asthmatic patients were
higher than those from healthy controls. However, in human
bronchial epithelial cells (HBECs), isolated and expanded in
culture, Fn expression was lower in cells from children with
asthma compared with those from otherwise healthy atopic
children (23). In this same study, Kicic et al. (23) found that the
addition of exogenous Fn to asthmatic HBECs restored the
wound-repairing capacity that was deficient in the asthmatic
cells.

The profibrotic growth factor, transforming growth factor
(TGF)-B1, has been found to be a potent stimulus for Fn in
vascular and ASM cells, lung fibroblasts, and the alveolar
epithelial cell line, A549 (20-22, 25). The TGF-B1 signal-
ing pathway is complicated and includes the Smad cascade,
ERK, JNK, and p38 MAPK, as well as phosphatidylinositol
3 kinase (PI3K). The study in bronchial biopsy samples
from asthmatic and healthy subjects found that activated
TGF-B/Smad2 signaling is positively associated with the
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thickness of the basement membrane (39). In ASM cells, the
ERK, p38 MAPK, and PI3K are all involved in TGF-1-
induced Fn mRNA expression in nonasthmatic cells,
whereas only ERK and p38 MAPK were observed in asth-
matic cells (20). However, the cellular signaling pathways
for Fn production in HBECs under basal condition or with
TGF-B1 stimulation are unclear. The aim of this study was
to compare the expression of Fn by HBECs from individuals
with and without asthma under basal conditions or in the
presence of TGF-B1 and the regulating signaling pathways
under these conditions. Furthermore, the role of exogenous
Fn in regulating cell proliferation and the release of the
cytokines and inflammatory mediators was investigated.

MATERIALS AND METHODS

Tissue collection and cell culture. Approval for all experimental
protocols with human lung was provided by the Human Research
Ethics Committees of The University of Sydney and the Sydney South
West Area Health Service. HBECs were obtained from bronchial
airways of volunteers with asthma or no lung disease and patients
undergoing lung resection or transplantation. All donors provided
written, informed consent.

Bronchial brushing through the flexible fiber-optic broncho-
scope was used to collect epithelial cells from volunteers. The lung
tissue obtained at thoracotomy was dissected, and the airways were
isolated from macroscopically normal areas of lung. The epithelial
layer was removed from the airways by macrodissection. After
washing with HBSS, epithelial cells or tissue were placed in a
tissue-culture flask in Ham’s F-12 medium with growth supple-
ments (9). The cells were maintained in Ham’s F-12 and tested
negative for mycoplasmal contamination. The experiments were
performed in bronchial epithelial growth medium (BEGM; Cam-
brex Bio Science Walkersville, Walkersville, MD), as described
previously (9). The experiments were performed with cells be-
tween passages I and 4. The cells from each individual were
regarded as one primary cell culture. In this study, the primary
cultures were categorized into two groups: the asthmatic and
nonasthmatic group. The data from the asthmatic group were
averaged, as were those from the nonasthmatic group. The number
of primary cell cultures used within a group in each experiment is
represented by n. The patient and volunteer demographics are
shown in Table 1.

Cell experiments. HBECs were seeded at 2 X 10* cell/cm? in
48-well plates in triplicate for ECM ELISA and in 12-well plates
for collection of RNA lysates. The cells were grown for 3 days in
BEGM and then quiesced in bronchial epithelial basal medium
(BEBM; Cambrex Bio Science) for 24 h. After quiescing, the
medium was refreshed with BEGM in the absence or presence of
TGF-B1 (0.1, 0.5, 1, and 5 ng/ml). The supernatants, ECM pro-
teins, and total RNA lysates were collected from the HBECs at day
0 (quiesced in BEBM for 24 h), following 1, 2, or 3 days growth
in BEGM. Samples for day 0 were collected at the time of stimulus
addition after the cells had been quiesced for 24 h; the measure-
ments from samples collected at this time point were considered as
basal levels.

Specific pharmacological protein kinase inhibitors were used to
explore the signaling pathways involved in TGF-1-modulated ECM
Fn deposition. After quiescing in BEBM for 24 h, the cells were
pretreated with the MEK (MAPK/ERK) inhibitor PD98059 (10 p.M),
the JNK inhibitor SP600125 (10 wM), the PI3K inhibitor LY294002
(3 uM; Calbiochem, San Diego, CA), the p38 MAPK inhibitor
SB239063 (3 uM), and the TGF-f3 type I receptor activin-like kinase
5 (ALKS) inhibitor SB431542 (1, 3, and 10 wM; Tocris, Ellisville,
MO) in BEGM for 30 min before stimulation with and without TGF-{31
(1 ng/ml). We used these specific protein kinase inhibitors at concentra-
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tions that have been previously proven to be effective in human airway
cells (9, 10, 18, 20, 41). ECM samples were collected after 3 days.

To test the effect of Fn on HBEC viability, proliferation, and the
release of soluble cytokines and chemokines, human plasma Fn (BD
Biosciences, Bedford, MA) was precoated on plates at 0, 1.58, 5, and
15.8 pg/ml in PBS, overnight at 37°C. The plates were washed with
sterile PBS, and then the cells were seeded in BEGM. Samples were
collected at days 1, 2, and 3.

The role of soluble Fn was also examined. Confluent and quiesced
HBECs were treated with Fn at 0, 1.58, 5, and 15.8 pg/ml in BEGM.
After 1, 2, and 3 days of incubation, cell viability and proliferation
were determined, and supernatants were collected.

ECM Fn ELISA. The ECM Fn ELISA was performed as de-
scribed previously with some modifications (19). At the end of
time points, the medium was removed from the plates. The plates
were washed with PBS, and the cells were lysed with hypotonic
ammonium hydroxide (0.016 M NH4OH; Sigma, St. Louis, MO).
At the time of analysis, human plasma Fn was used to generate a
standard curve. A serial dilution of Fn at concentrations of 2,000,
1,000, 500, 250, 125, and 62.5 ng/ml was added to the empty wells
of the plates, followed by incubation at 4°C overnight. The
following day, the plates were washed with 0.05% Tween 20 in
PBS and blocked with 1% BSA (Sigma) in PBS. An anti-human Fn
antibody (clone 868A11; Millipore, Billerica, MA) and a poly-
clonal rabbit anti-mouse Ig/horseradish peroxidase (Dako,
Glostrup, Denmark) were used. After final washing, a liquid
substrate system, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (Sigma), was used to detect the amount of ECM Fn deposited
by cells. The absorbance was measured immediately at 405 nm
using a SpectraMax M2 plate reader (Molecular Devices, Sunny-
vale, CA). The readings from triplicate wells were averaged and
the background absorbance subtracted. The data were expressed as
nanograms per milliliter, which was calculated using the equation
generated from the standard curve.

Soluble Fn ELISA. The levels of Fn released by the cells into the
supernatant were determined using a QuantiMatrix human Fn ELISA
kit (Millipore), according to the manufacturer’s instructions. The
detection limit for soluble Fn was 3 ng/ml. A standard curve was
constructed, the Fn concentration was interpolated from the standard
curve, and GraphPad Prism (version 5.0) was used for further analy-
sis.

Real-time PCR. Real-time PCR was performed as described pre-
viously (9). The total RNA lysates were collected and extracted using
a NucleoSpin RNA II kit, and Moloney murine leukemia virus RT
was used for reverse transcription. A predeveloped, specific primer set
for Fn, Hs00365058_m1, TagMan Universal PCR Master Mix, and
the StepOnePlus Real-Time PCR System was used for real-time PCR
(Applied Biosystems, Branchburg, NJ). A predeveloped TaqgMan
reagent human 18S rRNA (Cat. #4319413; Applied Biosystems) was
included in each real-time PCR reaction as an endogenous control.
Data from the reactions were analyzed using StepOne Software, v 2.1
(Applied Biosystems).

ELISA for IL-6, VEGF, and PGE>. The IL-6, VEGF, and PGE»
ELISAs were carried out following the manufacturers’ instructions
(IL-6, BD PharMingen, Franklin Lakes, NJ; VEGF, R&D Systems,
Minneapolis, MN; and PGE,, Cayman Chemical, Ann Arbor, MI).

Cell number, viability, and cytotoxicity assay. At the end point of
experiments, the cell number, viability, and cytotoxicity were deter-
mined using manual cell counting, a lactate dehydrogenase (LDH)
assay, and/or a mitochondrial activity assay (MTT), respectively. The
LDH assay was a means of measuring either the number of cells via
total cytoplasmic LDH or membrane integrity (cytotoxicity) as a
function of the amount of cytoplasmic LDH released into the medium.
The MTT assay was a means of measuring the activity of living cells
via mitochondrial dehydrogenases. Both assays were carried out
according to the manufacturer’s instructions (Sigma). The absorbance
was measured using the SpectraMax M2 microplate reader. The data
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Experiments Where

Donor # Diagnosis Age Sex  Procedure Smoking History FEV1 % Predicted FVC % Predicted FEVI1:FVC (%) Used
1 Asthma 40 M B Nonsmoker N/A N/A N/A 1,2,3
2 Asthma 27 M B Nonsmoker 82 105 64 1,2
3 Asthma 20 F B Nonsmoker 85 110 N/A 1,2,3
4 Asthma 31 F B N/A N/A N/A N/A 1,2,3,6
5 Asthma 22 M B Nonsmoker N/A N/A N/A 1,2,4,5
6 Asthma 62 M B N/A 85 98 N/A 3,4,5,6
7 Asthma 22 M B Nonsmoker 82 N/A N/A 4,5
8 Asthma 30 M B N/A N/A N/A N/A 6,9, 10, 13, 14
9 Asthma 27 F B N/A 81 99 70 5,7,9,13, 14
10 Asthma 23 M B N/A 82 81 67 5,7,9, 10, 12, 13,
14, 15, 16, 17, 18,
19
11 Healthy volunteer 43 M B Nonsmoker N/A N/A N/A 1,2
12 Emphysema 55 M T N/A N/A N/A N/A 1,2,3,9,10, 13
13 Emphysema 64 F T Ex-smoker N/A N/A N/A 1,2,3,9, 10, 13, 14
14 Bronchiolitis 31 F T N/A N/A N/A N/A 1,2
15 Emphysema 56 F T N/A N/A N/A N/A 1,2,9,13, 14
16 Adeno Ca 69 M T N/A N/A N/A N/A 3,
17 Bronchiectasis 39 M T Ex-smoker 36 57 54 1,2,3
18 Emphysema 64 M T N/A N/A N/A N/A 4,5
19 BOOP 45 M T N/A N/A N/A N/A 4,5
20 BOS 54 F T N/A N/A N/A N/A 4,5
21 al Antitrypsin 55 F T Ex-smoker, 30 26 63 33 4,5,6
BSSLTs pk/yr
22 Emphysema 64 M T N/A N/A N/A N/A 6
23 Emphysema 52 M T N/A N/A N/A N/A 6
24 Ca 60 M R Ex-smoker. 15/day, 76 88 66 6
stopped 3 yr
before
25 NSCCa, asthma, 59 F R Ex-smoker, 10/day 94 99 81 6
bronchiolitis
26 Adeno Ca 77 M R Smoker, 11 pk/yr 48 46 75 15, 16, 18, 19
27 NSCCa 67 F R Ex-smoker 94 90 80 15, 16, 18, 19
28 Usual interstitial 59 M T N/A N/A N/A N/A 1,2
pneumonitis
29 Kartagener 42 M T N/A N/A N/A N/A 4,5,7
syndrome
30 Cystic fibrosis 59 F T N/A N/A N/A N/A 57
31 NSCCa 70 M R Ex-smoker, 67 67 72 7
stopped 15 yr
before
32 Healthy volunteer 32 M B Smoker N/A N/A N/A 9, 10, 14
33 Lesion 58 F T N/A N/A N/A N/A 9, 10, 13, 14
34 Pulmonary fibrosis 68 M T Ex-smoker, 15 71 58 91 9, 10, 13, 14
pk/yr
35 Rejection (previous 21 M T Nonsmoker 20 23 69 9, 10, 13, 14
pneumonitis)
36 NSCCa 54 F R Smoker 87 97 76 15, 16, 18, 19
37 Mononucleosis T N/A N/A N/A N/A 15, 16, 18, 19
38 NSCCa 63 M R Ex-smoker, 75 69 69 76 15, 16, 18
pk/yr
39 NSCCa, mild COPD 58 M R Smoker, 60 pk/yr 70 N/A N/A 15, 16, 18
40 Emphysema 64 M T N/A 17 44 28 15, 16, 18
41 Adeno Ca, mild 70 M R Ex-smoker, 60 75 88 62 15, 16, 18
COPD pk/yr
42 Ca 66 F R Ex-smoker, 25 N/A N/A N/A 8, 11
pk/yr
43 IPF 56 M T N/A N/A N/A N/A 8, 11
44 NSCCa 71 M R Ex-smoker 79 81 71 8
45 Subarachnoid 52 M Donor N/A N/A N/A N/A 9,13
hemorrhage
46 Asthma, Adeno Ca, 64 M R Nonsmoker 38 68 44 9, 10
COPD
47 NSCCa, mild COPD 49 M R Ex-smoker 88 97 71 9, 10
48 Ca 82 F R NonSmoker 90 98 74 9, 10,
Continued
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Experiments Where

Donor # Diagnosis Age Sex  Procedure Smoking History FEV1 % Predicted FVC % Predicted FEVI1:FVC (%) Used
49 Asthma, Ca, chronic 68 F R Nonsmoker 76 68 86 9, 10
cough,
bronchiolitis
50 NSCCa 60 F R Smoker 92 (2.9L) 83 9, 10, 13
51 Asthma, NSCCa 43 M R Nonsmoker 88 86 80 9,10, 13
52 Asthma, NSCLC 75 M R Nonsmoker (1.65L) (2.61L) 63 11, 12, 17
53 Previous 58 F T N/A N/A N/A N/A 11
emphysema,
BSLTx for BOS
54 ILD 34 F T Ex-smoker, 3 pk/yr 20 20 84 11, 12, 17
55 COPD 58 M T Ex-smoker 60 16 68 18 11
pk/yr
56 ol Antitrypsin 57 M T N/A N/A N/A N/A 11
deficiency
57 Squamous cell Ca 65 M R Smoker 50 pk/yr 89 106 63 12, 17
58 Asthma, NSCCa 72 F R Ex-smoker, 35/day, 56 64 67 12, 17
stopped 23 yr
before
59 Adeno Ca 69 F R Nonsmoker 68 83 62 12, 17
60 Adeno Ca 57 F R N/A N/A N/A N/A 12, 17
61 Viral myocarditis 49 F T Nonsmoker 52 61 69 12, 17
and PHT
62 Adeno Ca 62 F R Smoker, 25 pk/yr 63 74 65 12, 17
COPD/emphysema
63 Asthma, spindle cell 66 M R Ex-smoker, 10 N/A N/A N/A 15, 16, 18, 19
melanoma pk/yr
64 Asthma 45 F B Nonsmoker N/A N/A N/A 9, 10, 12,
13, 14, 15, 16, 17,
18, 19
65 COPD 58 F T N/A N/A N/A N/A 9, 10, 12, 13, 14,

15, 16, 17, 18, 19

FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; B, bronchoscopic biopsy + brushing; T, lung transplant; R, tissue resection; Ca, carcinoma;
BOOP, Bronchiolitis obliterans organizing pneumonia; BSSLTs, bilateral sequential single-lung transplantations; NSCCa, nonsmall cell carcinoma; COPD,
chronic obstructive pulmonary disease; IPF, idiopathic pulmonary fibrosis; NSCLC, nonsmall cell lung carcinoma; BSLT, bilateral sequential single-lung
transplant; BOS, Bronchiolitis obliterans syndrome; ILD, interstitial lung disease; PHT, pulmonary hypertension; N/A, not available; pk/yr, pack years;
experiments where used: 1, basal ECM fibronectin (Fn) protein expression; 2, ECM Fn expression and mitochondrial activity assay (MTT) assay with
transforming growth factor receptor (TGF)-B1 stimulation; 3, soluble Fn release; 4, basal Fn mRN/A expression; 5, TGF-1-stimulated Fn mRN/A expression;
6, ECM Fn deposition modulated by kinases’ inhibitors; 7, Fn mRN/A expression regulated by activin-like kinase 5 inhibitor; 8, cell proliferation (CyQUANT
assay) regulated by TGF-B1; 9, cell viability assay-MTT, treated with Fn precoated on the plates; 10, cell viability assay-lactate dehydrogenase (LDH), treated
with Fn precoated on the plates; 11, cell proliferation-CyQUANT assay, treated with Fn precoated on the plates; 12, cell proliferation-manual cell counting,
treated with Fn precoated on the plates; 13, IL-6 and VEGF release with Fn precoated on the plates; 14, PGE: release with Fn precoated on the plates; 15, cell
viability assay-MTT for soluble Fn treatment; 16, cell viability assay-LDH for soluble Fn treatment; 17, cell proliferation-manual cell counting for soluble Fn
treatment; 18, IL-6 and VEGF release for soluble Fn treatment; 19, PGE; release for soluble Fn treatment. L, liters.

from each treatment were averaged and background absorbance sub-
tracted, and GraphPad Prism (Version 5.0) was used for further
analysis.

The cell-proliferation status and membrane integrity were also
confirmed using CyQUANT direct cell proliferation assay, accord-
ing to the manufacturer’s instructions (Molecular Probes, Eugene,
OR).

Statistical analysis. Data were expressed as means * SE for the
number of HBEC cultures (n) stated and analyzed using GraphPad
Prism (version 6.0). After testing for normal distribution and equal
variance, the differences were assessed by unpaired Student’s
t-test, one-way or two-way ANOVA using Dunnett’s or Sidak’s
multiple comparisons test, or Bonferroni post-tests with repeated
measures as appropriate. P < 0.05 was considered statistically
significant.

RESULTS

The expression of Fn from HBECs under basal conditions.
The levels of Fn mRNA expression were similar between
asthmatic and nonasthmatic cells at days 0 and I (Fig. 1A).
There was an increase in cell viability/proliferation mea-

sured by MTT assay and soluble Fn release from asthmatic
HBECsSs at day 3, but no differences in soluble Fn release and
cell number were seen when comparing the asthmatic and
nonasthmatic cells at days I, 2, and 3 (Fig. 1, B and D).
However, asthmatic HBECs constitutively deposited greater
amounts of ECM Fn than nonasthmatic cells (Fig. 1C).
TGF-B1 increased Fn production from HBECs. Following
stimulation with TGF-1, the Fn mRNA expression was in-
creased after 8 h, maximal at 24 h, and while beginning to
decline from maximum, the levels were still above baseline at
48 and 72 h (n = 4; data not shown). Interestingly, after 24 h
stimulation with TGF-B1, nonasthmatic HBECs expressed a
greater amount of Fn mRNA compared with asthmatic cells
(Fig. 2A). TGF-B1 increased both soluble and ECM Fn
expression after 2 days of stimulation in nonasthmatic and
asthmatic HBECs. Furthermore, the levels of ECM Fn
produced by asthmatic cells were higher than those by
nonasthmatic cells in the presence of TGF-B1 (Fig. 2, B and
C, for day 3; days 1 and 2 data not shown), although the
percentage of increase in ECM Fn induced by TGF-B1 was
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A Fn mRNA B Soluble Fn

9.0 25007 * Fig. 1. The basal expression of fibronectin
<Z( =~ 20004 (Fn) in asthmatic (A) and nonasthmatic (NA)
4 % 8.51 epithelial cells. Human bronchial epithelial
€ - E 1500- cells (HBECs) were grown for 3 days in
E £ 8.0 B’ bronchial epithelial growth medium (BEGM)
E YT € 1000+ and quiesced for 24 h in bronchial epithelial
g % 7.54 5004 basal medium (BEBM; day 0), followed by
<~ |'T‘| i |—T-| i maintenance in BEGM for up to 3 days. Total
70 . . 0 i i i i RNA, supernatants, and ECM proteins were
day 0 day 1 day 0 day 1 day 2 day 3 collected. Mitochondrial —activity —assay
(MTT) assay was performed from days 0 to
3. Open bars, NA cells; closed bars, A cells.
C D MTT A: the levels of Fn mRNA expression at days
ECM Fn B * Oand I (NA, n = 7; A, n = 4). ACr, change
S 067 in cycle threshold. B: soluble Fn release at
15009 # # # 2 days 0-3 (NA, n = 4; A, n = 4). C: ECM Fn
cl> deposition at days 0-3 (NA, n = 7; A, n =
— 10004 5 041 4). D: MTT assay (NA, n = 10; A, n = 5).
S [a) OD, optical density. Data are means = SE.
;, ) *#P < 0.05, significantly different from day 0;
S 500 8 0.24 #P < 0.05, significantly different between
g NA and A, 2-way ANOVA (repeated mea-

g sures) with Bonferroni post-tests.

0 T T T T 800 T T T T
day0 day1 day2 day3 < day 0 day 1 day 2 day 3

similar in nonasthmatic and asthmatic cells [at day 3, 5
ng/ml of TGF-B1; percentage increase over unstimulated
220.3 * 54.6% for nonasthmatic, n = 7; 206.3 * 44.0% for
asthmatic, n = 5, respectively].

The HBEC viability and numbers modulated by TGF-31
were monitored using MTT and CyQUANT direct cell prolif-
eration assay. TGF-1 reduced cell mitochondrial activity at
days 1, 2, and 3 in nonasthmatic and asthmatic cells (Fig. 3A).
It also decreased DNA-bound fluorescence intensity in both
cell groups (Fig. 3B), which confirmed that the HBEC number
was not increased by TGF-f31.

An ALKS inhibitor SB431542 blocked TGF-B1-induced Fn
expression. The inhibitors for ERK (PD98058), PI3K
(LY294002), INK (SP600125), p38 MAPK (SB239063), and
ALKS5 (SB431542) were used to block individual signaling
pathways, which may be involved in the TGF-B1-induced
ECM Fn deposition in HBECs. PD98059, LY294002,

A FnmRNA B

EE— 8000-

)]
1

6000+

4000+

N (f‘) »
*
ng/ ml

N
f

Fold change relative
to time matched control

o

Soluble Fn C

SP600125, and SB239063 had no effect on ECM Fn deposition
in the absence and presence of TGF-B1 in either nonasthmatic
or asthmatic HBECs (Fig. 4, C—F). However, SB431542 in-
hibited TGF-B1-induced Fn mRNA expression in nonasth-
matic and asthmatic HBECs (Fig. 4A). Furthermore, SB431542
blocked TGF-B1-stimulated ECM Fn deposition but had no
influence on constitutive ECM Fn deposition in either nonas-
thmatic or asthmatic cells (Fig. 4B).

Fn increased HBEC proliferation and regulated proinflam-
matory mediator release. To investigate the role of Fn in
regulating cell proliferation and the release of proinflammatory
mediators, the nonasthmatic HBECs were treated with Fn in
two ways: 7) plasma Fn was precoated on the plates, and the
cells were seeded on top of the Fn, and 2) the cells were grown
to confluence and quiesced before plasma Fn was added as a
stimulus.

3000~ #

20004

*

ng/ mi
*

1000+

ml BRI i ﬁi

BEGM TGFB1, 1ng/ml BEGM 0.1

0.5 1 5

5 BEGM 0.1

TGFB1, ng/ml
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Fig. 2. Transforming growth factor (TGF)-B1 increases Fn production by HBECs. HBECs were grown in BEGM for 3 days and quiesced in BEBM for 24 h
and then stimulated with or without TGF-B1 in BEGM. Total RNA was collected, and real-time PCR was used to detect Fn mRNA expression. Supernatants
and ECM proteins were collected at day 3 and the levels of Fn detected using ELISA. A: Fn mRNA expression at 24 h of TGF-B1 treatment in both NA and
A cells. Data are expressed as means = SE; fold change of time-matched control in the absence of TGF-B1 (BEGM). Open bars, NA (n = 6); closed bars, A
(n = 5). B: soluble Fn release at day 3 (NA, n = 4; A, n = 4). C: ECM Fn deposition at day 3 (NA, n = 7; A, n = 5). Data are expressed as means * SE.
*P < 0.05, significantly different from BEGM; #P < 0.05, significantly different between NA and A, 2-way ANOVA (repeated measures) with Bonferroni

post-tests.
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When HBECs were seeded on the plate precoated with Fn,
Fn increased cell viability at days I, 2, and 3, as measured by
MTT (Fig. 5A for day 2 in asthmatic and nonasthmatic cells;
days 1 and 3 data not shown) and LDH (Table 2) assay. The
precoated Fn induced HBEC proliferation (Fig. 5B), and this
was also confirmed using a CyQUANT direct cell proliferation
assay (Table 2). Furthermore, the rates of cell proliferation
measured by MTT, LDH, cell counting, and CyQUANT assay
were similar (Table 2). Precoated Fn had no effect on cytotox-
icity of HBECs, as measured by released LDH (n = 12; data
not shown).

Growth of the HBEC:sS in tissue-culture wells precoated with
Fn also altered the release of soluble factors important in
asthma. Figure 6 illustrates IL-6 (A), PGE, (B), and VEGF (C)
release in the presence or absence of precoated Fn after
correction for cell number, as measured by MTT.

In contrast, soluble Fn, when added to confluent HBECs,
had no effect on cell viability and proliferation, nor did it affect
cytotoxicity (nonasthmatic n = 8 and asthmatic n = 3 for MTT
and LDH assays; nonasthmatic n = 7 and asthmatic n = 4 for
cell counting; data not shown). Similarly, soluble Fn did not
alter the regulation of IL-6, PGE,, and VEGF release in
HBECsSs (nonasthmatic » = 9 and asthmatic n = 3 for IL-6 and
VEGEF release; nonasthmatic n» = 5 and asthmatic n = 3 for
PGE, release; data not shown).

DISCUSSION

This study compared the expression of Fn in HBECs from
the airways of asthmatic and nonasthmatic adults constitutively
or following stimulation with TGF-B1 and discovered that
HBECs produce both soluble and the ECM-bound form of Fn.
Interestingly, asthmatic HBECs deposited greater amounts of
ECM Fn than nonasthmatic cells. TGF-B1 increased ECM Fn
and soluble Fn in both nonasthmatic and asthmatic HBECs,
and this effect was regulated by the ALKS5/Smad signaling
pathway. In addition, exogenous deposited Fn increased pri-

mary HBEC proliferation and regulated the release of proin-
flammatory mediators.

The present study showed that the levels of ECM Fn, under
both basal conditions and after stimulation with TGF-B1, were
higher in asthmatic epithelial cells compared with nonasth-
matic cells, although the percentages of increase induced by
TGF-B1 were similar in both groups of cells. However, non-
asthmatic and asthmatic epithelial cells expressed similar
amounts of Fn mRNA and release of soluble Fn under basal
conditions. When stimulated with TGF-1, nonasthmatic cells
expressed a greater amount of Fn mRNA than asthmatic cells,
which may be the result of the increased Smad2 activities
(phospho-Smad2) induced by TGF-B1 in nonasthmatic
HBECs, as we reported previously (9). The reason why asth-
matic cells deposit greater amounts of Fn, even as those cells
express the same or lower levels of mRNA, is not clear and
requires further investigation. The increased Fn in the subep-
ithelial basement membrane in asthmatic airways may be the
compound result of both enhanced ECM Fn deposition by
asthmatic HBECs and the elevated levels of TGF-B1 in asth-
matic airways (1, 37).

The differences in Fn expression between nonasthmatic and
asthmatic HBECs detected in this study were not consistent
with the findings reported by Kicic and colleagues (23). In their
study, healthy, nonatopic bronchial epithelial cells produced
higher levels of Fn mRNA and soluble and cell lysate Fn than
atopic asthmatic cells (23). The differences between our study
and theirs may be due to the different tissue sources. In the
current study, HBECs were obtained from adults with or
without asthma; in the Kicic et al. study (23), the epithelial
cells were collected from children with or without asthma. It is
of interest that there was a differential expression of Fn by
HBECs derived from adults and children. Other studies also
found the discrepant results when comparing cellular responses
from cells from children and adults in growth factor release and
ECM deposition when comparing asthmatic and nonasthmatic

Table 2. The rates of cell proliferation stimulated by precoated Fn

Fn Concentration, pg/ml PBS 1.58 5 15.8
MTT assay, n = 14 100 105.3 = 1.90 119.3 = 3.68%* 131.7 = 5.27*
LDH assay, n = 12 100 110.3 = 2.41 119.2 = 3.73* 136.9 = 10.85%
CyQUANT assay, n = 7 100 121.5 = 11.03 127.4 = 11.21*
Cell counting, n = 8 100 118.9 = 9.47 124.8 + 9.19%*

Human bronchial epithelial cells were seeded in bronchial epithelial growth medium in plates precoated with Fn or PBS (control). The MTT, LDH, and
CyQUANT assays and manual cell counting were performed at day 2. Data are expressed as percentage of control (PBS), means = Sg. *P < 0.05, significantly
different from control (PBS), 1-way ANOVA (repeated measures) with Dunnett’s multiple comparison test.
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Fig. 6. Precoated Fn increased IL-6 release but decreased PGE: release in HBECs. HBECs were seeded in BEGM in plates precoated with increasing
concentrations of Fn or PBS (Control). The supernatants were collected after 2 days of incubation. Release of IL-6 (A), PGE: (B), and VEGF (C) was measured
using an ELISA, and data were normalized against MTT measurements in the same wells. Open bars, NA HBECs (n = 9); closed bars, A cells (n = 4). Data
are means * SE. *P < 0.05, significantly different from control; #P < 0.05, significantly different between NA and A, 2-way ANOVA (repeated measures) with

Sidak’s multiple comparisons test.

airways (5, 8, 12, 24, 44, 45). The findings from these studies
indicate that the characteristics of asthmatic HBECs and the
ECM proteins deposited in asthmatic airways are altered.
However, the alterations in asthmatic airways may be different
between adults and children, but this requires further investi-
gation to understand the mechanisms underlying these
changes.

The current study found that TGF-1 augmented both sol-
uble and ECM Fn production by asthmatic and nonasthmatic
HBECs, and the increase was, at least partly, regulated at the
level of transcription, since TGF-1 also induced Fn mRNA
expression. These results were consistent with the study con-
ducted by Doerner and Zuraw (6).

In this study, specific inhibitors for ERK, JNK, PI3K, p38
MAPK, and TGF-f type I receptor ALKS were used to test
which signaling pathways were involved in basal and TGF-
B1-induced Fn deposition. The results showed that none of the
inhibitors affected ECM Fn deposition under basal conditions,
indicating that these signaling pathways were not involved in
the basal ECM Fn deposition. Blockage of ERK, JNK, PI3K,
and p38 MAPK also had no effect on Fn deposition in the
presence of TGF-B1, indicating that these signaling pathways

Fig. 7. A schematic summary of the proposed role of
TGF-B1 and Fn in airway remodeling and inflammation in

were not involved in the TGF-B1-induced Fn deposition. This
finding was different from our previous observations in ASM
cells, in which both ERK and p38 MAPK were involved in
TGF-B1-induced Fn expression in nonasthmatic and asthmatic
ASM cells, whereas PI3K was implicated only in asthmatic ASM
cells (20). These results suggest that differential signaling path-
ways regulate Fn expression in different types of airway cells. The
fact that inhibition of ALK5/Smad2 reversed TGF-1-induced Fn
ECM protein and mRNA expression in the HBECs implied that
TGF-B1 increases Fn production, mainly via the ALK5/Smad2/3
pathway in nonasthmatic and asthmatic HBECs. Given that the
levels of active Smad2 are higher in airways from asthmatic
patients compared with those from healthy volunteers (39), one
could speculate that HBECs are an important contributor to
asthmatic airway remodeling through the deposition of ECM Fn
into the basement membrane.

The MTT and CyQUANT direct cell proliferation assays
were used in this study to measure the cell number, viability,
and membrane integrity in TGF-B1-treated cells. The MTT
assay is based on intracellular proteinase activities that can
represent cell numbers in most conditions (4, 26, 31, 35, 42).
The limitation of the MTT assay is that some treatments may
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influence certain enzyme activities that could affect the MTT
measurement but have no effect on the live cell number or the
mitochondrial activity per cell (49). In the current study,
TGF-B1 reduced MTT measurements in both asthmatic and
nonasthmatic HBECs. The CyQUANT assay further confirmed
that TGF-B1 decreased DNA content in nonasthmatic HBECs.
These data indicated that TGF-B1 was not a proliferative
stimulus for HBECs in the current treatment period. These
results are consistent with the report by Semlali et al. (40) that
TGF-B1 does not affect baseline proliferation in asthmatic and
nonasthmatic HBECs.

The role of coated Fn in epithelial cell proliferation has been
reported previously in the bronchial cell lines BEAS-2B and
16-HBE (11). This current study found that precoating the
culture vessel with Fn induced primary HBEC proliferation in
both asthmatic and nonasthmatic groups. This was determined
using both the metabolic enzyme activity assays and DNA
quantification assay and confirmed by direct cell counting. The
rates of increased proliferation in the presence of precoated Fn
were similar in the four different measurements, which dem-
onstrated that quantification of DNA is a simple and reliable
method to measure epithelial cell proliferation. In ASM cells,
prolonged TGF-B1 (>3 days) treatment promotes ASM cell
proliferation via interaction between TGF-1-induced ECM
proteins, including Fn, and the integrin receptor o531 (29, 32,
48). In this study, despite the fact that precoated Fn induced
HBEC proliferation, and Fn production was enhanced by
TGF-B1, TGF-B1 did not increase HBEC proliferation. This
might be due to insufficient time for the cells to react to
TGF-B1-induced Fn. However, studies have shown that
TGF-B1 may inhibit epithelial cell proliferation via suppres-
sion of proto-oncogene c-myc (30, 43).

To extend our knowledge of the role of Fn on HBECs, we
examined the release of proinflammatory mediators and growth
factors modulated by Fn in HBECs. The unique finding in this
study is that precoating with Fn increased IL-6 release but
decreased PGE, production by HBECs. IL-6 is able to stimu-
late the differentiation of T cells (T helper 2 and 17), B cells,
and macrophages and contribute to the initiation and mainte-
nance of inflammation in the asthmatic airway (7, 36, 47). The
enhanced release of IL-6 by deposited Fn indicates that altered
ECM proteins may indirectly influence airway inflammation.
The mechanism of the Fn-induced IL-6 release is still unclear
and requires further investigation. PGE; is a pleiotropic in-
flammatory mediator that has a protective role in the respira-
tory system (33). It inhibits allergen-induced bronchial hyper-
responsiveness (34) and reduces ASM cell proliferation (3) and
TGF-B1-induced ECM protein mRNA expression in ASM
cells (2). Since HBECs are one of the primary sources for
endogenous PGE,, the decrease of PGE; release by Fn in
HBECs may attenuate its protective role in asthmatic airways.
Thus the increased deposition of Fn by asthmatic HBECs may
contribute to the thickened basal epithelial cell layer, airway
inflammation, and bronchial hyper-responsiveness in asthmatic
airways. The lack of response in IL-6 release when asthmatic
HBECs were treated with precoated Fn could be explained by
observations from this study that asthmatic HBECs produce
high levels of cytokines constitutively.

It is interesting that the soluble Fn, which was added to
confluent epithelial cells, had no effects on cell proliferation or
cytokine release. The cell numbers in the wells, with or without
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soluble Fn treatment, had reached similar levels to the numbers
observed in the highest concentration of Fn in the Fn-precoat-
ing experiments. It is possible that the HBECs could not
proliferate in the presence of the soluble Fn, as they had
already formed a confluent monolayer. The concept of this
study was to test the same concentration of Fn in both the
soluble and the precoated forms. However, HBECs constitu-
tively release soluble Fn, as reported in this study. The exog-
enous soluble Fn added to the HBECs may not have been able
to cause further stimulation above the levels of endogenous Fn.

One of the limitations of this study was the source of the
cells. Cells from asthmatic or nonasthmatic donors were not
always derived from patients who had only asthma or from
healthy volunteers, due to the difficulties in collecting suffi-
cient HBECs. We attempted to limit any confounding effects
by deriving all epithelial cells from macroscopically normal
areas of lungs. However, we cannot exclude the possibility that
the presence of another disease may confound these results.

In conclusion, this study showed that asthmatic HBECs depos-
ited greater amounts of ECM Fn than nonasthmatic cells under
basal conditions and in the presence of TGF-B1. TGF-B1-induced
Fn production was dependent on the TGF-1-ALKS5-Smad2/3
signaling pathway. Deposited Fn modulated cell proliferation and
proinflammatory cytokine and mediator release in HBECs (Fig.
7). The altered expression of Fn in asthmatic bronchial epithelial
cells could be a potential therapeutic target for reversing asthmatic
airway remodeling and inflammation.
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