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ORIGINAL ARTICLE

Epithelial to mesenchymal transition is increased in
patients with COPD and induced by cigarette smoke

Javier Milara,"*> Teresa Peir6,** Adela Serrano,>* Julio Cortijo

ABSTRACT

Background Cigarette smoking contributes to lung
remodelling in chronic obstructive pulmonary disease
(COPD). As part of remodelling, peribronchiolar fibrosis
is observed in the small airways of patients with COPD
and contributes to airway obstruction. Epithelial to
mesenchymal transition (EMT) appears to be involved in
the formation of peribronchiolar fibrosis. This study
examines the EMT process in human bronchial epithelial
cells (HBECs) from non-smokers, smokers and patients
with COPD as well as the in vitro effect of cigarette
smoke extract (CSE) on EMT.

Methods HBECs from non-smokers (n=5), smokers
(n=12) and patients with COPD (n=15) were collected
to measure the mesenchymal markers o-smooth muscle
actin, vimentin and collagen type | and the epithelial
markers E-cadherin, ZO-1 and cytokeratin 5 and 18 by
real time-PCR and protein array. In vitro differentiated
bronchial epithelial cells were stimulated with CSE.
Results Mesenchymal markers were upregulated in
HBECs of smokers and patients with COPD compared
with non-smokers. In contrast, epithelial cell markers
were downregulated. In vitro differentiated HBECs
underwent EMT after 72 h of CSE exposure through the
activation of intracellular reactive oxygen species, the
release and autocrine action of transforming growth
factor B4, the phosphorylation of ERK1/2 and Smad3
and by the downregulation of cyclic monophosphate.
Conclusions The EMT process is present in bronchial
epithelial cells of the small bronchi of smokers and
patients with COPD and is activated by cigarette smoke
in vitro.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is
characterised by airflow limitation that is progres-
sive and not fully reversible. Cigarette smoking is
considered the main risk factor for COPD and con-
tributes to structural changes in the airways during
COPD progression.! Bronchial epithelial cells are
the first anatomical barrier exposed to noxious par-
ticles of cigarette smoke and are involved in the ini-
tiation of airway remodelling through the release of
several proinflammatory mediators, goblet cell
hyperplasia and mucus hypersecretion.> Other fea-
tures that characterise COPD lung remodelling are
the progressive loss of the alveolar wall, vascular
remodelling with pulmonary hypertension and
peribronchiolar fibrosis. As part of the fibrotic
alterations in COPD, structural changes are
observed primarily in the small airways (<2 mm in
diameter), and the severity of the disease appears

1,3,4,5

What is the key question?

» Are the bronchial epithelial cells from smokers
and patients with COPD undergoing epithelial
to mesenchymal transition (EMT)? Is cigarette
smoke involved in bronchial EMT?

What is the bottom line?

» Phenotypic markers of EMT are observed in
bronchial epithelial cells of small bronchi from
smokers and patients with COPD. Cigarette
smoke induces EMT in differentiated bronchial
epithelial cells via release and autocrine action
of TGF-B; as well as by enhancing oxidative
stress. These results suggest that EMT could
participate in the COPD remodelling process of
small bronchi such as peribronchiolar fibrosis.

Why read on?

» The EMT process is activated in the small
bronchi of smokers and patients with COPD as
part of the chronic lung remodelling process.
Cigarette smoke directly increases mesenchymal
transition in differentiated human bronchial
epithelial cells.

to be determined by thickening of the wall of the
small airways caused by fibrosis and infiltration of
inflammatory cells.* However, the exact factor
responsible for producing the remodelled matrix as
well as the role of activated epithelium in the
remodelling process and in fibroblast activation/dif-
ferentiation into myofibroblasts in small airway
fibrosis in COPD is unclear.

It has been established that myofibroblast accu-
mulation may occur as a consequence of resident
fibroblast to myofibroblast transition, airway
smooth muscle to myofibroblast transition, epithe-
lial to mesenchymal transition (EMT) or by the
recruitment of circulating fibroblastic stem cells
(fibrocytes).* Depending on the precise physio-
logical context, EMT can be induced either by
environmental stresses/factors such as hypoxia® and
reactive oxygen species (ROS)® or by extracellular
mediators including transforming growth factor B
(TGF-B,), fibroblast growth factor 2, connective
tissue growth factor and insulin-like growth factor
2.7 Among these, TGF-B;, a multifunctional cyto-
kine, has been shown to mediate EMT in vitro in
several different cell lines including alveolar and
bronchial epithelial cells and recently in
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pseudostratified bronchial epithelial cells.® In vivo evidence for
TGF-B;-mediated EMT has also been reported, confirming the
master regulation role of TGF-B,.”

In epithelial cells, TGF-B;-induced EMT is mediated by several
downstream factors such as ROS generation, activation of
mitogen-activated protein kinase and Smad signalling. Thus, anti-
oxidant treatments® and other treatments directed at attenuating
intracellular ROS, such as the increase in intracellular adenosine
3',5'-cyclic monophosphate  (cCAMP),'®  effectively inhibit
TGF-B;-induced EMT.

It has recently been shown that cigarette smoke may induce
EMT in the alveolar type II cell line A549'! and the bronchial
epithelial cell line BEAS2B,'? but the effect of cigarette smoke
on primary human bronchial epithelial cell (HBEC) to mesen-
chymal transition is currently poorly understood. In addition,
evidence for EMT in the large airways of smokers and patients
with COPD has been suggested by Sohal and colleagues, since
cells included in the reticular basement membrane of large
airways showed EMT markers.!®> However, whether EMT is
present in the small airways of smokers and patients with
COPD and whether cigarette smoke directly induces EMT in
differentiated HBECs remains to be elucidated.

Using primary HBECs from small human bronchi of non-
smokers, smokers and patients with COPD, we studied typical
mesenchymal and epithelial cell markers of the EMT process.
Furthermore, we determined whether cigarette smoke may
induce EMT in differentiated air-liquid interface cultures as
well as the potential signalling mechanisms involved.

METHODS
A more detailed version of the methods is given in the online
supplement.

Patients

Human lung tissue from non-smokers (n=5), smokers (n=12)
and patients with COPD (n=15) was obtained from patients
undergoing surgery for lung carcinoma who gave informed
consent, as previously described.'* Inclusion and exclusion cri-
teria are defined in the online supplement.

Isolation of primary bronchial epithelial cells
Primary HBECs were isolated and cultured from small pieces of
human bronchi (0.5-1 mm internal diameter) as previously

Table 1 Clinical features of patients
Non-smokers Smokers COPD
(n=>5) (n=12) (n=15)
Sex (female/male) 4an 2/10 312
Age (years) 64 (56-72) 63 (52-76) 65 (54-74)
Tobacco consumption, 0 40 (33-46) 36 (28-43)
pack-years
FEV,, % predicted 102 (97-108) 91 (90-100) 71 (55-79)
FVC, % predicted 104 (93-108) 96 (92-106) 94(91-101)
FEV4/FVC % 95 (91-101) 85 (77-91) 63 (54-68)
Pao,, mm Hg 89 (85-93) 85 (81-90) 80 (78-83)
Paco, mm Hg 38 (36-41) 37 (35-40) 40 (38-42)

Data are shown as median (IQR).

Pack-year=1 year smoking 20 cigarettes per day.

COPD, chronic obstructive pulmonary disease; FEV,, forced expiratory volume in 1's;
FVC, forced vital capacity; Pao,, oxygen tension in arterial blood; Paco,, carbon
dioxide tension in arterial blood; % pred, % predicted.

Chronic obstructive pulmonary disease

outlined” and cultured for 1week to analyse mRNA and
protein expression (see online supplement for details).

Immunohistochemistry and immunofluorescence
Immunohistochemical analysis of o-smooth muscle actin
(a-SMA), collagen type I, vimentin, NOX4, E-cadherin and
Z0-1 was performed in human pulmonary tissue using mouse
anti-human o-SMA (catalogue no A5228; Sigma), rabbit anti-
human collagen type I antibody (catalogue no PA1-26204;
Affinity Bioreagents), mouse anti-human vimentin (catalogue no
V6389; Sigma), NOX4 (catalogue no NB110-58849; Novus
Biologicals), mouse anti-human E-cadherin (catalogue no
CM1681; ECM BioScience) and rabbit anti-human ZO-1 (cata-
logue no ab59720; Abcam). The scores of the staining intensity
(0-3) and the percentage of immunoreactive cells (1-4 where 1
represents 0-25% cells positive, 2 represents 26-50% positive,
3 represents 51-75% positive and 4 represents 76-100% posi-
tive) were then multiplied to obtain a composite score ranging
from 0 to 12. Secondary antibody anti-rabbit/mouse rhodamine/
FITC was used for immunofluorescence analysis of primary
bronchial epithelial cells. To detect F-actin distribution,
phalloidin-tetramethylrhodamine isothiocyanate was employed
(see online supplement for full details).

Culture of air-liquid interface bronchial epithelial cells
Differentiated HBECs for in vitro experiments were obtained
from non-smoker patients and cultured in air-liquid interface
until pseudostratified bronchial epithelium was obtained."
Details are described in the online supplement.

Preparation of cigarette smoke extract and transepithelial
electrical resistance assay

Cigarette smoke extracts (CSE) were obtained as previously out-
lined'® using a research cigarette (2R4F; Tobacco Health
Research, University of Kentucky, Kentucky, USA). Transepithelial
electrical resistance (TEER) was assayed using a millicell ERS-2
epithelial volt-ohm meter. Details of the TEER assay and the
method of obtaining CSE, in vitro stimulation conditions as well
as drug incubations are described in the online supplement.

Real-time PCR

Real-time PCR was performed as previously described.!”
Relative quantification of different transcripts was determined
by the 27*%¢* method using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as an endogenous control and with
normalisation to the non-smoker group or control group as
appropriate (see online supplement for further details).

Protein array and western blot analysis

Protein expression in lung tissue samples from non-smokers,
smokers and patients with COPD was analysed with Zeptosens
(Division of Bayer (Schweiz), Switzerland) protein array technol-
ogy as previously outlined.'* Western blot analysis was used to
analyse B-catenin expression in the nucleus and cytoplasm (see
online supplement for further details).

DCF fluorescence measurement of reactive oxygen species
2',7'-Dichlorodihydrofluorescein diacetate (H,DCEF-DA,
Molecular Probes, Nottingham, UK) was used to monitor the
intracellular ROS in differentiated HBECs as previously
described'® (see online supplement for details).
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Enzyme-linked immunosorbent assays for TGF-B;, cAMP and was accepted when p<0.05. Full details are given in the online
MMP-9 supplement.

Analyses of active TGF-B; and intracellular cAMP were per-

formed using a Quantikine Human TGF-B; Immunoassay RESULTS

(R&D Systems, Madrid, Spain) and cAMP Biotrak enzyme  EMT cell markers are increased in primary bronchial
immunoassay system (Amersham, London, UK) according to the  epithelial cells from smokers and patients with COPD

manufacturers’ instructions. Matrix metalloproteinase (MMP)-9 Primary HBECs were isolated from small bronchi of non-
was determined using an assay kit for MMP-9 (R&D Systems, smokers, smokers and patients with COPD from uninvolved
Nottingham, UK) according to the manufacturer’s protocol (see lung tissue during lobectomy/wedge resection for malignant
online supplement for further details). lesions. The clinical characteristics of the patients are shown in
table 1.

Under basal conditions, primary HBECs from smokers and
Statistics patients with COPD showed a significant increase in mRNA and
Statistical analysis of results was carried out by parametric or protein expression of typical mesenchymal markers o-SMA,
non-parametric analysis as appropriate. Data from non- vimentin and collagen type I (figure 1A-C). As with the mesen-
parametric analysis were expressed as median, IQR and chymal markers, NOX4 mRNA and protein expression were
minimum and maximum values. The Mann-Whitney U test or also significantly upregulated in primary HBECs from smokers
Kruskal-Wallis test followed by Dunn’s post hoc test for mul- and patients with COPD (figure 1D). The analysis of epithelial
tiple comparisons were used to compare mesenchymal and epi- markers revealed a significant downregulation of E-cadherin,
thelial data from non-smokers, smokers and patients with Z0-1, KRT5 and KRT18 mRNA in patients with COPD but
COPD. Data from parametric analysis were expressed as mean not in smokers, and a decrease in E-cadherin and ZO-1 protein
(SE). Analysis of data from the in vitro mechanistic experiments expression in smokers and patients with COPD (figure 1E-H).
in differentiated HBECs from non-smoker patients was per- In smokers and patients with COPD, phosphorylation of ERK1/
formed by the Student t test or one-way or two-way analysis of 2 was significantly increased, but an increase in Smad3 phos-
variance followed by the Bonferroni post hoc test. Significance phorylation was only observed in cells from patients with

Primary HBECs: [ Non-smokers [ Smokers COPD
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Figure 1  Expression of epithelial and mesenchymal markers in primary human bronchial epithelial cells (HBECs) from non-smokers, smokers and
patients with chronic obstructive pulmonary disease (COPD). Primary HBECs were isolated from small bronchi of non-smokers (n=>5), smokers (n=12)
and patients with COPD (n=15) and total RNA and protein were obtained as described in the Methods section. mRNA and protein expression was
determined by real-time PCR and protein array Zeptosens technology, respectively, with appropriate primers and specific antibodies. Basal expression
of mRNA transcripts or protein of the mesenchymal markers (A) o smooth muscle actin, (B) vimentin, (C) collagen type I (Col type 1) or (D) NOX4,
as well as basal expression of the epithelial markers (E) E-cadherin, (F) ZO-1, (G) KRT5 or (H) KRT18 are shown. (I, J) Basal protein expression of
phospho-Smad3 and phospho-ERK1/2. Data are expressed as the ratio to GAPDH for mRNA levels and to B-actin for protein levels and normalised
to the non-smoker group. Phospho-Smad3 and phospho-ERK1/2 protein levels were expressed as the ratio to total ERK1/2 and Smad3, respectively,
and normalised to the non-smoker group. (K) Representative images of western blot for cytoplasm and nuclear B-catenin with corresponding internal
controls B-actin and lamin A. (L) Levels of matrix metalloproteinase (MMP)-9 were quantified by ELISA in primary culture cells following 24 h of
cultures. Data are presented as box and whisker plots with median, IQR and minimum and maximum values. p exact values were obtained by the
Kruskal-Wallis test and Dunn's post hoc test.
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COPD (figure 1LJ). The transcription factor pB-catenin was
downregulated in the cytoplasm and upregulated in the nucleus
of epithelial cells from smokers and patients with COPD (figure
1K). Furthermore, basal cell supernatants of 24 h cell cultures of
patients with COPD showed higher MMP-9 release than those
of non-smokers and smokers (figure 1L).

Phase contrast images showed that cells from smokers and
patients with COPD had approximately 25% of cells with a
spindle-shaped appearance characteristic of mesenchymal cells
(figure 2). Expression of the tight junction (T]) proteins
E-cadherin and ZO-1 was visualised by immunofluorescence as
a continuous line of fluorescence around the margin of the cells,
and F-actin fibres were distributed at the margins of cells,
between cell contacts in the non-smoker group. In contrast, cells
from smokers and patients with COPD showed a reduction in
E-cadherin and ZO-1 fluorescence intensity with sporadic and
diffused expression. F-actin in cells from smokers and patients
with COPD was homogeneously distributed as fibres in the
cytoplasm. The mesenchymal markers collagen type I and
vimentin were found to be upregulated in cells from smokers
and patients with COPD and almost absent in cells from non-
smokers (figure 2). The epithelial marker KRT5 was positively
expressed in all HBECs from non-smokers, smokers and
patients with COPD, although the intensity was lower in
primary cultures from smokers and patients with COPD.
Furthermore, positive KRTS cells in smokers and patients with
COPD were also positive for mesenchymal collagen I and
vimentin positive cells (figure 2).

Immunohistochemical analysis of small airways revealed that
0o-SMA was immunostained in the submucosa of bronchi but
not in bronchial epithelial cells from non-smokers (figure 3A,
panel A). However, in both smokers and patients with COPD,
o-SMA was markedly immunostained with a peribronchiolar
location. Furthermore, o-SMA immunostaining was observed
within the bronchial epithelium (figure 3A, panels F and K,
black arrows). Vimentin immunostaining was absent in bron-
chial epithelial cells from non-smoker patients (figure 3A, panel
B) but, in both smokers and patients with COPD, vimentin was
located in basal epithelial cells (figure 3A, panels G and L).
Collagen type I was increased in airway sections from smokers
and patients with COPD, which correlates with the extracellular

Phase contrast E-cadherin

Non-
smoker

Smoker

Chronic obstructive pulmonary disease

matrix deposition found in peribronchiolar fibrosis.> NOX4 was
weakly expressed in small lung sections from non-smokers, dif-
fering from smokers and patients with COPD who expressed
NOX4 on bronchial epithelial cells as well as in bronchial infil-
trated leucocytes (figure 3A, panels I and N). Epithelial ZO-1
and E-cadherin were markedly expressed in the bronchial epi-
thelium of non-smokers (figure 3B, panels A and B), with lower
expression in the bronchial epithelium of smokers and patients
with COPD (figure 3B, panels D-H). Composite scores of
immunohistochemistry showed higher values for a-SMA, vimen-
tin, collagen type I and NOX4 in bronchial epithelial cells of
smokers and patients with COPD compared with non-smoker
patients and lower values for E-cadherin and ZO-1 (figure 3C).

EMT is induced by CSE in differentiated HBECs

To explore whether cigarette smoke may directly induce EMT in
bronchial epithelial cells, we used an in vitro model of differen-
tiated HBECs from non-smoker patients. CSE dose-dependently
increased mesenchymal markers o-SMA and collagen type I,
reaching a peak value at a concentration of 2.5% following 72 h
of exposure (figure 4A; p<0.05). We therefore selected these time
and concentration conditions of CSE to evaluate EMT markers in
future experiments. In this respect, CSE at a concentration of
2.5% significantly increased mRINA transcripts and protein expres-
sion for the mesenchymal markers a-SMA, vimentin and collagen
type 1 (figure 4B,C) while the epithelial markers E-cadherin,
Z0-1, KRTS5 and KRT18 were significantly downregulated (figure
4D,E). According to the loss of expression of T] proteins, CSE
(0.5-5%) dose-dependently decreased TEER (figure 4F) as a
marker of loss of epithelial cell barrier. Furthermore, differentiated
HBEC:s exposed to CSE adopted a flattened and elongated morph-
ology characteristic of a myofibroblast-like phenotype.
CSE-induced EMT markers were sustained for almost 7 days after
the washout of CSE, which reflects the irreversibility of the EMT
process (see figure C in online supplement).

CSE-induced EMT is partially mediated by the increase

of ROS and downregulation of cAMP

Preincubation of differentiated HBECs with the antioxidants
N-acetyl-1-cysteine (NAC) and apocynin (APO) inhibited the
increase of 0-SMA, vimentin and collagen type I mRNA and

KRT5 Col-type | Vimentin F-actin

Figure 2 Small bronchial pieces from non-smokers (n=5), smokers (n=6) and patients with chronic obstructive pulmonary disease (COPD) (n=6)
were placed on culture plates and bronchial epithelial cells grew around the explants. When the cells reached around 100% of conﬂuence phase
contrast images and immunofluorescence staining of E-cadherin, ZO-1, KRT5 collagen type | (Col-type 1) and vimentin were taken. F-actin fluorescent
images were analysed with phalloidin-tetramethylrhodamine isothiocyanate. Representative images are shown (scale bar 20 wm). Black arrows show
epithelial cells with spindle-shaped appearance. This figure is only reproduced in colour in the online version.
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Immunohistochemistry of small airways. Small bronchial sections from non-smokers (n=4), smokers (n=10) and patients with chronic

obstructive pulmonary disease (COPD) (n=10) were immunostained for (A) o smooth muscle actin (c-SMA), vimentin, collagen type | (Col type ),
NOX4 (brown) and (B) epithelial ZO-1 and E-cadherin markers (brown). Black arrows show the main distribution of the positive immunostaining
regions of the small bronchi. Representative immunohistochemistry images are shown (scale bar 45 wm). The control IgG isotype always gave a
negative signal. (C) Box plot representing the composite score of o-SMA, vimentin, Col type |, NOX4, Z0-1 and E-cadherin markers across the
bronchial epithelium in 10 slices per patient. Data are presented as box and whisker plots with median, IQR and minimum and maximum values. p
exact values were obtained by the Kruskal-Wallis test and Dunn's post hoc test. This figure is only reproduced in colour in the online version.

protein expression as well as the downregulation of the epithe-
lial markers E-cadherin, ZO-1, KRTS5 and KRT18 induced by
CSE (figure SA-D). As observed for the antioxidants, the ana-
logue of cAMP (dbcAMP) significantly inhibited the increase in
mRNA and protein expression of the mesenchymal markers
0-SMA, vimentin and collagen type I as well as the downregula-
tion of the epithelial markers E-cadherin, ZO-1, KRTS5 and
KRT18 following CSE exposure (figure SA-D). Phase contrast
microscopic analysis of the differentiated HBEC culture surface
and analysis of H&E-stained slide sections of multilayered
HBECs showed that the cells underwent a morphological
change from a cobblestone-like cell morphology to an elongated
and spindle-like morphology, and reduced their cell-cell contact
secondary to CSE exposure (figure SE).

Interestingly, CSE 2.5% significantly decreased the intracellular
cAMP content after 72 h, which was significantly inhibited by the
antioxidants NAC and APO and the positive control dbcAMP
(figure 6A), suggesting a role for ROS in cAMP downregulation.
In this context, CSE 2.5% increased intracellular ROS after
30 min of exposure (figure 6B,C) and sustained this increase for
the 72 h period (data not shown). The increase in ROS was accom-
panied by an increase in mRNA and protein expression of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
unit NOX4 after 72 h of exposure (figures 6D,E). Both ROS pro-
duction and NOX4 expression induced by CSE were inhibited by
dbcAMEB NAC and APO in differentiated HBECs (figure 6B-E).

TGF-B4, ERK1/2 and Smad3 mediate CSE-induced EMT

in differentiated HBECs

Stimulation with CSE 2.5% for 72 h significantly increased by
approximately 2.5-fold the release of the active form of TGF-B;

(figure 7A). Preincubation of differentiated HBECs with
dbcAME NAC or APO completely suppressed the release of
TGF-B; (figure 7A), suggesting a role for ROS and cAMP in
mediating CSE-induced TGF-B; release. In other experiments,
CSE 2.5% stimulation increased the phosphorylation of ERK1/2
and Smad3 which was significantly inhibited by anti-TGF-B;
antibody (mAb-TGF-B,) (figure 7B,C) suggesting an autocrine
role for TGF-B;. In parallel, preincubation of differentiated
HBECs with dbcAME, NAC or APO also inhibited CSE-induced
ERK1/2 and Smad3 phosphorylation.

Finally, to analyse the autocrine effect of TGF-B; and its
downstream pathways ERK1/2 and Smad3 in the CSE-induced
EMT process, we preincubated cells with mAb-TGF-B;, the
ERK1/2 antagonist PD98058 or with the Smad3 inhibitor SIS3.
All of them nearly suppressed CSE-induced upregulation of the
mesenchymal markers o-SMA, vimentin and collagen type 1
(figure 8A), as well as downregulation of the epithelial markers
E-cadherin and ZO-1 (figure 8B).

DISCUSSION

The main and novel results of the present study are that (1)
primary HBECs of small bronchi from smokers and patients
with COPD show an increase in the typical EMT expression
profile and (2) in vitro stimulation of differentiated HBECs with
CSE promotes EMT through the activation of intracellular
ROS, the release of TGF-By, the phosphorylation of ERK1/2
and Smad3 as well as by the downregulation of cAMPR These
new findings suggest that EMT may be induced directly by cig-
arette smoke, and that EMT is present in the small bronchi of
smokers and patients with COPD, which may potentially
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Figure 4 Cigarette smoke extract (CSE) induces epithelial to mesenchymal transition in differentiated human bronchial epithelial cells (HBECs).
Differentiated HBECs were treated with 0.5-5% CSE or vehicle for 72 h and total RNA or cell lysates were obtained for real-time PCR (A, B, D) or
protein array Zeptosens (C, E). CSE induced (A, B) mRNA transcripts and (C) protein expression of mesenchymal markers o smooth muscle actin,
vimentin and collagen type | (Col type I). CSE significantly reduced (D) mRNA transcripts and (E) protein expression of epithelial markers E-cadherin,
Z0-1, KRT5 and KRT18. Data are expressed as the ratio to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for mRNA levels and to B-actin for
protein levels and normalised to the solvent control group. (F) Development of transepithelial electrical resistance (TEER) in differentiated HBECs.
TEER was measured after 72 h of CSE (0.5-5%) exposure. Results are expressed as mean (SE) of four independent experiments (one cell non-smoker
population) per condition. Data analysed by one-way ANOVA followed by post hoc Bonferroni test (A) or Student t test (B—E). *p<0.05 vs solvent

controls.

contribute to the thickening of the wall of the small airways
caused by fibrosis.

In the airways EMT has been implicated in several lung
fibrotic disorders.'* However, the hypothesis that lung bronchial
fibroblasts may originate directly from HBECs as a result of
EMT remains to be elucidated. In this respect, recently investi-
gated in vivo biopsy specimens and ex vivo primary HBEC cul-
tures from lung allograft recipients showed evidence of EMT.'®
In addition, Hackett and colleagues observed EMT in differen-
tiated HBECs in response to TGF-;.> However, there is little
knowledge regarding the potential for EMT to occur in COPD.
In this regard, Sohal and colleagues recently observed that large
airway biopsies from smokers and patients with COPD poten-
tially undergo EMT."® ' However, the findings provided by

these studies were limited since the mesenchymal markers ana-
lysed (MMP-9, vimentin and S100A4) are also expressed in
other cell types such as leucocytes and endothelial cells.? 2!
Furthermore, Sohal and colleagues studied EMT in large
airways. Since bronchial remodelling in COPD, such as peri-
bronchiolar fibrosis, is mainly located in small conducting
airways (bronchioles <2 mm in diameter), and considering that
large and small airways differ in their anatomical and patho-
physiological characteristics,>* previous findings need to be cor-
roborated in small bronchi. In the present study we analysed the
expression of mesenchymal markers broadly referenced in EMT
studies such as the cytoskeleton proteins o-SMA and vimentin
as well as the extracellular matrix protein collagen type I,” being
o-SMA and collagen type I-specific for the fibroblast/
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Figure 5 Cigarette smoke extract (CSE)-induced epithelial to mesenchymal transition is partially mediated by intracellular reactive oxygen species
and inhibited by adenosine cyclic monophosphate (cAMP). Differentiated human bronchial epithelial cells (HBECs) were incubated with the
antioxidants N-acetyl-i-cysteine (NAC; 1 mM) or apocynin (APO; 100 wM), or with the cAMP analogue dibutyril cAMP (dbcAMP; 1 mM) for 30 min
before CSE (2.5%) stimulation for 72 h. (A, B) Total RNA and (C, D) protein were isolated for real-time PCR and protein array Zeptosens analysis,
respectively. CSE-induced upregulation of (A) mRNA and (C) protein expression of mesenchymal markers o. smooth muscle actin, vimentin and
collagen type | (Col type 1) was inhibited by NAC, APO and dbcAMP. CSE-induced downregulation of (B) mRNA and (D) protein expression of
epithelial markers E-cadherin, ZO-1, KRT5 and KRT18 was inhibited by NAC, APO and dbcAMP. Data are expressed as the ratio to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for mRNA levels and to B-actin for protein levels and normalised to the solvent control group.
Results are expressed as mean (SE) of n=4 (four cell non-smoker population) experiments per condition. Data analysed by two-way ANOVA followed
by post hoc Bonferroni tests. *p<0.05 vs solvent controls; #p<0.05 vs CSE. (E) Morphological changes in differentiated HBECs after 72 h of exposure
to 2.5% CSE showed a mesenchymal morphology with reduced cell-cell contact as assessed by phase contrast light microscopy (apical surface) and
H&E section histology. Morphological changes were inhibited by NAC and dbcAMP. Representative images are shown (scale bar 40 wm). This figure

is only reproduced in colour in the online version.

myofibroblast phenotype.” ** Since EMT is characterised by the
loss of epithelial cobblestone or cuboidal morphology and a
marked reduction in epithelial E-cadherin, ZO-1 and cytokera-
tin expression, we also analysed the loss of expression of these
epithelial markers as indicators of the EMT process. In this
regard, positive KRTS cells in cells from smokers and patients
with COPD were also positive for mesenchymal collagen I and
vimentin positive cells (figure 2). During the process of EMT
some epithelial and mesenchymal cell markers are known to be
co-expressed within individual cells,** which might explain why
we have observed positive cells for both markers in HBECs
from smokers and patients with COPD.

To our knowledge, this is the first report showing a-SMA in
basal epithelial cells as a marker of human myofibroblasts in the
small bronchi of smokers and patients with COPD. In this
respect, recent work in a model of o-SMA-Cre/R26R mice of
bleomycin-induced pulmonary fibrosis also showed upregulation
of a-SMA in basal bronchial epithelial cells, supporting an in
vivo EMT process in the bronchial epithelium.?® Vimentin was
also immunostained in basal epithelial cells from smokers and
patients with COPD, as previously observed in large airways,?®

and the expression of collagen type I was also upregulated in
small bronchi of smokers and patients with COPD.

The epithelial markers E-cadherin and ZO-1 proteins were
found to be downregulated in primary HBECs and the epithe-
lium of small bronchi from smokers and patients with COPD.
However, E-cadherin and ZO-1 mRNA expression was not
decreased in smokers. These contradictory findings may be
explained by E-cadherin and ZO-1 mRNA and protein expres-
sion being regulated at different levels. Thus, cell membrane
E-cadherin and ZO-1 proteins as part of TJs between epithelial
cells are degraded by different metalloproteinases released by
the effect of oxidant agents such as cigarette smoke. In fact, it
has been observed previously that ZO-1 is one means by which
occludin is anchored to the cytoskeleton to maintain TJ. In the
presence of oxidative stress, ZO-1:occludin association and
E-cadherin is decreased and causes the diffuse cytoplasmic redis-
tribution and degradation by metalloproteinases®” *® excluding
transcriptional mechanisms. Another independent system is gov-
erned by transcriptional mechanisms in which the effect of
some remodelling factors such as TGF-B; may reduce mRNA
transcription of ZO-1 and E-cadherin.?® The differences
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Figure 6 Cigarette smoke extract (CSE) reduces adenosine cyclic monophosphate (cAMP) intracellular levels and increases reactive oxygen species
(ROS) and NOX4 expression in differentiated human bronchial epithelial cells (HBECs). Differentiated HBECs were incubated with the antioxidants
N-acetyl-i-cysteine (NAC; 1 mM) or apocynin (APO; 100 M), or with the cCAMP analogue dibutyril cCAMP (dbcAMP; 1 mM) for 30 min before CSE
(2.5%) stimulation for 72 h (A, D, E) or 30 min (B, C). (A) CSE-induced loss of intracellular cAMP was inhibited by NAC, APO and positive control
dbcAMP. (B) ROS were determined by means of DCF fluorescence intensity after CSE stimulation in the presence or absence of NAC, APO or
dbcAMP. (C) Representative images of positive DCF fluorescence in differentiated HBECs (scale bar 20 wm). (D, E) CSE induced mRNA and protein
expression of NOX4 which were significantly inhibited by dbcAMP, APO and NAC (D, E). Data are expressed as the ratio to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for mRNA levels and to B-actin for protein levels and normalised to the solvent control group.
Results are expressed as means (SE) of n=4 (four cell non-smoker population) experiments per condition. Data analysed by two-way ANOVA
followed by post hoc Bonferroni tests. *p<0.05 vs solvent controls; #p<0.05 vs CSE. RFU, relative fluorescence units. This figure is only reproduced

in colour in the online version.

between mRNA and protein expression of ZO-1 and E-cadherin
observed between smokers and patients with COPD could
therefore be due to a predominant role of protein degradation
in bronchial epithelial cells from patients with COPD because of
a high level of metalloproteinase expression in their lung
tissues.>® Accordingly, we found higher basal levels of MMP-9
in cells from patients with COPD than in smokers.

Despite the novelty of our results, some limitations should be
highlighted. In particular, both the primary cell culture and lung
tissue analysed could be criticised. The loss of cell phenotype in
prolonged culture is well described and could modify the results
in primary HBECs. However, our primary ex vivo cell culture
experiments were performed in HBECs that were grown around
the explants of small bronchi until they reached approximately
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Figure 7 Cigarette smoke extract (CSE) increases secretion of transforming

growth factor B; (TGF-B;) and phosphorylation of ERK1/2 and Smad3

in differentiated human bronchial epithelial cells (HBECs). Differentiated HBECs were incubated with the antioxidants N-acetyl-i-cysteine (NAC;

1 mM) or apocynin (APO; 100 M), or with the cyclic monophosphate (cAMP) analogue dibutyril cCAMP (dbcAMP; 1 mM) for 30 min before CSE
(2.5%) stimulation for 72 h. In panels B and C an anti-TGF-B; antibody (mAb-TGF-B4; 4 g/ml) and its negative control non-immune IgG were
added for 30 min before CSE 2.5% stimulation for 72 h. Cell culture supernatant and protein content were extracted to quantify (A) TGF-p, release,

(B) ERK1/2 phosphorylation and (C) Smad3 phosphorylation. (B, C) Phospho-

Smad3 and phospho-ERK1/2 protein levels were expressed as the ratio

to total ERK1/2 and Smad3, respectively, and normalised to the solvent control group. Results are expressed as mean (SE) of n=4 (four cell
non-smoker population) experiments per condition. Data analysed by two-way ANOVA followed by post hoc Bonferroni tests. *p<0.05 vs solvent

controls; #p<0.05 vs CSE.

100% of confluence, forming an epithelial cell layer (without
passages and without trypsinisation) on KRTS5 positive cells in
order to prevent phenotypic changes, as previously outlined."®
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Figure 8 Cigarette smoke extract (CSE)-induced epithelial to mesenchymal
factor By (TGF-pB4) effect and its downstream signalling phospho-ERK1/2 and
were incubated with the Smad3 inhibitor SIS3 (10 M), the ERK1/2 inhibitor

On the other hand, the lung tissues studied were from patients
undergoing lung surgery for lung carcinoma. Since EMT has
been well characterised in epithelial lung malignant disease,®’ it
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transition is partially mediated by an autocrine transforming growth
phospho-Smad3. Differentiated human bronchial epithelial cells (HBECs)
PD98059 (10 M), the anti-TGF-B; antibody (mAb-TGF-B;; 4 w.g/ml) or

its negative control non-immune IgG for 30 min before CSE (2.5%) stimulation for 72 h. After incubation periods, differentiated HBECs were lysed
and protein array Zeptosens performed. (A) CSE-induced upregulation of o smooth muscle actin, vimentin and collagen type | (Col type I)

mesenchymal markers was inhibited by SIS3, PD98059 and mAb-TGF-B;. (B)
was inhibited by SIS3, PD98059 and mAb-TGF-B,. (A, B) Data are expressed

CSE-induced downregulation of E-cadherin and ZO-1 epithelial markers
as the ratio to B-actin for protein levels and normalised to the solvent

control group. Results are expressed as means (SE) of n=4 (four cell non-smoker population) experiments per condition. Data analysed by two-way
ANOVA followed by post hoc Bonferroni tests. *p<0.05 vs solvent controls; #p<0.05 vs CSE.
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could be argued that the EMT expression profile is due to
spread of tumour lesions. However, samples of distal lung,
located as far away as possible from the tumour, were carefully
checked histologically to exclude the presence of tumour.

Another limitation could be related to the fact that the
observed increase in the expression of mesenchymal markers in
the epithelium is related to the decline in lung function while
increased mesenchymal markers are also observed in smokers
with normal lung function. This apparent contradiction may be
explained by the fact that remodelling is a set of processes affect-
ing whole airways which differ between smokers and patients
with COPD. Patients who are smokers show less goblet cell and
submucosal gland hyperplasia than patients with COPD,?
absence of loss of alveolar wall, less vascular remodelling** and
less airway wall thickening and smooth muscle deposition
around bronchi,*® all contributing to lung function. Thus,
although mesenchymal markers were upregulated in smokers
with normal lung function, this may be considered as an initial
step in small bronchial remodelling contributing to lung function
over time together with the other remodelling processes.

Next we analysed possible mediators involved in the EMT
process. A hypothesis generated from animal models is that cigarette
smoke drives small airways remodelling by induction of profibrotic
growth factors (eg, connective tissue growth factor, platelet-derived
growth factor-p and TGE-B;) from the airway wall.>* These growth
factors, which have also been implicated as inducers of EMT] could
contribute to peribronchiolar fibrosis. Supporting this hypothesis,
several in vitro studies have shown that components of cigarette
smoke such as nicotine and benzo(a)pyrene induce EMT in immor-
talised airway epithelial cells.>* 3¢ In this study we first showed evi-
dence that differentiated HBECs undergo EMT in response to
cigarette smoke, as demonstrated by specific markers and pheno-
typic changes. Cigarette smoke contains a high number of ROS that
may activate latent TGF-B; release.’” Previous data support the
hypothesis that cigarette smoke may release the active form of
TGF-B, activating its downstream signalling Smad2/3 cascade in
bronchial rat explants to promote small bronchi remodelling.>” In
addition, both cigarette smoke and TGF-B; also promote the activa-
tion of ERK1/2 signalling in HBECs,*® suggesting a role for Smad3
and ERK1/2 phosphorylation in cigarette smoke-induced EMT. In
this study we add new evidence to the mechanism by which CSE
increases the release of the active form of TGF-B4, the phosphoryl-
ation of Smad3 and ERK1/2, thus promoting the EMT process in
differentiated HBECs. The release of TGF-B; and the downstream
phosphorylation of Smad3 and ERK1/2 were activated by ROS gen-
erated by CSE since the antioxidants NAC and APO—as well as
blocking TGF-3; with mAb-TGF-B;—almost  suppressed
CSE-induced TGF-B; signalling and EMT. These in vitro findings
are of clinical relevance since the phosphorylated forms of ERK1/2
and Smad3 were upregulated in primary HBECs from smokers and
patients with COPD.

The importance of oxidant-mediated TGF-B release as well as
ROS in fibrotic diseases has been previously documented.®” In
fact, myofibroblast transformation in lung fibrotic disorders fol-
lowing TGF-B, stimulation is partially mediated by the NADPH
oxidase unit NOX4.*° The plasmatic membrane unit NOX4
does not require interaction and activation by cytosolic regula-
tory subunits, so its activation is directly related to its expres-
sion.*® In this study, CSE increased intracellular ROS as well as
NOX4 expression in differentiated HBECs. Furthermore,
NOX4 expression was upregulated in primary HBECs from
smokers and patients with COPD and located on bronchial epi-
thelial cells and leucocyte infiltrates in human small bronchi,
confirming activation of oxidative stress in the tissues studied.

Chronic obstructive pulmonary disease

Considering the established role for cAMP as an inhibitor of
ROS in epithelial cells as well as the subsequent EMT process,'°
we explored whether cAMP could modulate CSE-induced EMT
in differentiated HBECs. In our in vitro model CSE induced the
loss of cAME, probably by an increase in the degrading cAMP
phosphodiesterase 4 (PDE4) activity, as we recently reported in
HBECs." The addition of dbcAMP as an analogue of cAMP
reduced ROS, TGF-B; secretion and their downstream signalling
phospho-ERK1/2 and phospho-Smad3 as well as the EMT
process. Modulation of cAMP levels could therefore be an
appropriate therapy to attenuate EMT and small bronchi remod-
elling in patients with COPD.

A rational sequence of mechanistic events by which CSE
induces EMT in HBECs therefore includes activation of the
NADPH oxidase system and upregulation of the NADPH
oxidase component NOX4 to produce intracellular ROS. Thus,
ROS decrease cAMP levels through the increase in PDE4 activ-
ity. In a subsequent event, the increase in intracellular ROS
together with the reduction in cAMP contributes to the release
of TGF-B;. TGF-B; activates Smad3 and ERK1/2, contributing
to the increase in EMT.

In summary, our data provide evidence of an active EMT
process in the small bronchi of smokers and patients with
COPD which may potentially contribute to the thickening of
the wall of the small airways. In vitro studies show that cigarette
smoke may induce EMT, modulating the TGF-B; pathway as
well as ROS and cAMP levels. Future treatments directed at
these molecular pathways could potentially attenuate in vivo
EMT and small bronchial remodelling of patients with COPD.
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