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Club cells inhibit alveolar epithelial wound
repair via TRAIL-dependent apoptosis

Khondoker M. Akram*, Nicola J. Lomas*’#, Monica A. Spiteri*"
and Nicholas R. Forsyth*

ABSTRACT: Club cells (Clara cells) participate in bronchiolar wound repair and regeneration.
Located in the bronchioles, they become activated during alveolar injury in idiopathic pulmonary
fibrosis (IPF) and migrate into the affected alveoli, a process called alveolar bronchiolisation. The
purpose of this migration and the role of club cells in alveolar wound repair is controversial. This
study was undertaken to investigate the role of club cells in alveolar epithelial wound repair and
pulmonary fibrosis.

A direct-contact co-culture in vitro model was used to evaluate the role of club cells (H441 cell
line) on alveolar epithelial cell (A549 cell line) and small airway epithelial cell (SAEC) wound
repair. Immunohistochemistry was conducted on lung tissue samples from patients with IPF to
replicate the in vitro findings ex vivo.

Our study demonstrated that club cells induce apoptosis in alveolar epithelial cells and SAECs
through a tumour necrosis factor-related apoptosis-inducing ligand (TRAIL)-dependent mechan-
ism resulting in significant inhibition of wound repair. Furthermore, in IPF lungs, TRAIL-
expressing club cells were detected within the affected alveolar epithelia in areas of established
fibrosis, together with widespread alveolar epithelial cell apoptosis.

From these findings, we hypothesise that the extensive pro-fibrotic remodelling associated with
IPF could be driven by TRAIL-expressing club cells inducing apoptosis in alveolar epithelial cells
through a TRAIL-dependent mechanism.

KEYWORDS: Alveolar bronchiolisation, apoptosis, club cells (Clara cells), idiopathic pulmonary
fibrosis

progressive fibrosing interstitial pneumonia of

unknown aetiology, occurring primarily in
older adults and limited to the lungs [1]. The
pathophysiological process of this disease is not
well understood. However, recently it has been
hypothesised that multiple micro-injuries to alveo-
lar epithelial cells, imbalanced immune response
and abnormal wound repair are the key mediators
of IPF pathogenesis where inflammation may not
be an initiating trigger [2-4]. After injury, the
restoration of alveolar integrity and functionality
through rapid re-epithelialisation of the denuded
alveolar basement membrane through alveolar
epithelial cell migration, proliferation and differ-
entiation is essential. In IPF this healing process
seems to be impaired [2]; while the precise
mechanism for this remains uncertain, it is likely
to involve multifactorial interactive processes of

I diopathic pulmonary fibrosis (IPF) is a chronic

repeated injury and substantial type I alveolar
epithelial cell loss [2, 5], increased alveolar epithe-
lial cell apoptosis [6-8], dysregulated epithelial-
mesenchymal cross-talk [9], polarised immune res-
ponse [4, 10] and alveolar bronchiolisation [11, 12].

Alveolar bronchiolisation, a process of abnormal
proliferation and alveolar migration of club cells
(Clara cells) and other bronchiolar epithelial cells,
has been documented in both IPF lung tissues and
animal models of pulmonary fibrosis [11-18]. A
sub-population of these club cells behaves as
functional bronchiolar progenitor cells, with par-
ticipation in bronchiolar wound repair and regen-
eration [19-21]. However, lineage tracking in
animal model studies has indicated that club cells
may not take part in alveolar injury repair [22].
Also, in bleomycin-induced murine pulmonary
fibrosis, abrogation of alveolar bronchiolisation
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does not worsen the disease state [15]. Despite these findings,
alveolar bronchiolisation remains a constant histological feature
in IPF lungs accompanied by failed alveolar architecture and
functionality restoration [11, 12, 14]. We hypothesise that with
the onset of IPF, the activated migration of club cells towards the
alveolar regions and their interaction with in situ alveolar
epithelial cells is pivotal to the consequent aberrant repair
response and ensuing fibrotic tissue remodelling. Elucidation of
this key club cell-alveolar epithelial cell interaction could
unravel exploitable targets for pharmacological manipulation
beneficial to IPF, a disease for which there is still no efficacious
treatment.

Accordingly, in this study we developed a two-cell co-culture
wound repair model to clarify the role of club cells in alveolar
epithelial cell wound repair. By using this model we demon-
strated that direct contact of club cells significantly inhibited
alveolar epithelial cell and small airway epithelial cell (SAEC)
wound repair via tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL)-dependent apoptosis. By expanding
this finding in lung tissue samples of patients with IPF, we
demonstrated the localisation of TRAIL-expressing club cells in
alveolar regions close to the established fibrosis together with in
situ widespread alveolar epithelial cell apoptosis. These in vitro
and ex vivo findings lead us to hypothesise that extensive pro-
fibrotic remodelling during IPF is potentially driven by TRAIL-
expressing club cells inducing apoptosis in alveolar epithelial
cells through a TRAIL-dependent mechanism.

MATERIALS AND METHODS

Human cell lines

Human type II alveolar epithelial cell line A549, club cell line
H441, normal human lung fibroblasts CCD-8Lu (all from
ATCC, Rockville, MD, USA) and human primary SAECs
(Lonza, Wokingham, UK) were cultured according to the
manufacturers’ protocol. As human primary type II alveolar
epithelial cells (ScienceCell Research Laboratory, Carlsbad,
CA, USA) do not form confluent monolayers, a primary
criterion for wound repair models, we used prosurfactant
protein (proSP)-C (a type II alveolar epithelial cell marker)
-expressing A549 cells (online supplementary figure E1).
Experiments were replicated on the confluent monolayer-
capable proSP-C-negative SAECs (online supplementary
figure E1) to exclude the potential for cancer cell line-related
bias. Due to the unavailability of primary human club cells, the
H441 cell line, which originated from human club cells and is
widely used in club cell functional studies [23-25], was chosen.

Human tissue samples

Lung tissue samples were obtained from 21 patients with IPF
and 19 control subjects with no evidence of IPF but who had
undergone lobectomy for other reasons. IPF tissue diagnosis
was confirmed by an independent pathologist following the
histopathological criteria described by the American Thoracic
Society (ATS) and the European Respiratory Society (ERS) [1].

In vitro epithelial cell wound repair assay

The in vitro wound repair assay was a modification of a
previously described methodology [26]. Briefly, A549 and
H441 cells were cultured to confluence as monolayers using
10% fetal bovine serum (FBS)-supplemented complete Dulbecco’s
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modified Eagle medium (DMEM) under standard conditions.
Linear wounds were made on cell monolayers and then
replenished with either serum-free (SF)-DMEM, 10% FBS-
supplemented DMEM, or SF-conditioned media (CM) for 24 h
(figs 1a and 2a). Circumferential wound gaps were measured by
Image ] software (National Institutes of Health, Bethesda, MD,
USA) and the percentage of wound repair after 24 h was
calculated.

a) —_ —
A549 or H441
b) ] Wound A549 / [
H441 \ D D\ '/
c) —_ —

A549/SAEC

|
U

FIGURE 1. In vitro epithelial wound repair and co-culture system. a) Scratch

wound on A549 or H441 cell monolayer on 24-well plate. b) Indirect-contact co-
culture model. Wounded A549 on 0.4-um porous polyethylene terephthalate (PET)
membrane of transwell (upper layer) with H441 cells (bottom layer); the gap
between the two cell layers is 0.8 mm. c) Direct-contact co-culture model. Dil-
labelled wounded A549 cells or small airway epithelial cells (SAEC) (upper layer)
with un-wounded DiO-labelled H441 cells (bottom layer) grown on 3-um porous
transwell PET membranes. After wounding, the direct- and indirect-contact samples
were cultured in serum-free basal media for 24 h.
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FIGURE 2. A549 and H441 cell in vitro wound repair. a) A549 and H441 cell wound repair with serum-free (SF)-Dulbecco’s modified Eagle medium (DMEM) and 10%
fetal bovine serum (FBS)-containing DMEM at 0 h and after 24 h. Scale bars=200 pm. b) Wound repair of A549 and H441 cells in SF- and 10% FBS-supplemented media
after 24 h (n=4, five or more replicates each). c) A549 wound repair after 24 h with SF-conditioned media (CM) of wounded and un-wounded H441 cells (n=3, four replicates
each). d) A549 cell wound repair after 24 h with SF-CM of wounded and un-wounded A549 cell (n=3, three replicates each). Positive and negative controls represent wound
repair with 10% FBS-supplemented and SF media, respectively. ***: p<0.001. Ns: not significant. Data are presented as mean + sD.

Direct- and indirect-contact co-culture wound repair assays
For the direct-contact co-culture wound repair experiment, Dil-
labelled A549 cells or SAECs and DiO-labelled H441 or CCD-8Lu
cells (Vybrant™ Multicolor Cell Labeling Kit; Invitrogen, Paisley,
UK) were grown to confluence on the contralateral surfaces of 3-
pm porous polyethylene terephthalate (PET) transwell mem-
branes (BD Bioscience, Franklin Lakes, NJ, USA) (figs 1c, 3d and
e). For indirect-contact co-culture, A549 cells were grown on the
upper surface of 0.4-um porous PET transwell membranes and
H441 or CCD-8Lu cells on the bottom surface of the well plate
(fig. 1b). Linear wounds were made on A549 cell or SAEC
monolayers. Wounded A549 cells or SAECs were then cultured
in serum-free basal media for 24 h. Prior to imaging of the direct-
contact model, H441 or CCD-8Lu cells were removed carefully
with a cotton swab from the undersurface of the PET membrane.
Images of direct-contact co-culture were acquired with a laser

EUROPEAN RESPIRATORY JOURNAL

scanning confocal microscope (Olympus, Southend-on-Sea, UK)
at 0 and 24 h. Images of indirect-contact co-culture wounds were
taken by an inverted light microscope, as previously described.
Wound gap measurement and wound repair analysis were
performed as previously described.

For assessment of H441 cell migration in A549-H441 or SAEC-
H441 cell direct-contact co-culture, DiO-labelled H441 cells and
Dil-labelled A549 cells or SAECs were counted at the respective
wound sites at 0 h and after 24 h of wounding (fig. 3d and e).
Confocal Z-scanning was performed to confirm the migration.

Assessment of apoptosis in alveolar A549 cells and SAECs
Ligand-induced apoptosis in wounded A549 cell monolayers
was assessed by using recombinant human soluble TRAIL or
Fas ligand (FasL) (Peprotech, Rocky Hill, NJ, USA), which was

VOLUME 41 NUMBER 3 685



MECHANISMS OF LUNG DISEASE

110
100
90 -

80 - 1
70 I
60 *
50
40 +
30
20
10

[V
~

A549 cell wound repair %

A549-H441
indirect

A549-H441
direct

Positive
control

Negative
control

300 [J Wound gap I Juxta-wound monolayer

O
~

250 ~

200

150

100

50

Migrated H441 cells per field

900

(2]
~

800
700
600
500
400
300
200

A549 cells at wound margins
per field

100

0
Oh 24 h

K.M. AKRAM ET AL.

FIGURE 3. A549-H441 direct- and indirect-contact co-culture wound repair. a) A549 cell wound repair after 24 h in direct- and indirect-contact co-culture with H441
cells. Positive and negative control represent the wound repair with 10% fetal bovine serum-supplemented and serum-free media, respectively (n=4, three replicates each).
b) Migration of H441 cells into the A549 juxta-wound monolayers and wound gaps (n=5). c) Number of A549 cells per field at the juxta-wound monolayers in direct-contact
co-culture with H441 cells after 24 h (n=5). d, e) Laser scanning confocal microscopic images of A549-H441 direct-contact co-culture at 0 and 24 h, respectively. Dil-labelled
red cells are A549 and DiO-labelled green cells are H441. Vertical side bars represent Z-slicing through the corresponding juxta-wound monolayers, whereas horizontal bars
represent Z-slicing through wound gaps. A significant proportion of migrated H441 cells were noted at the juxta-wound monolayers of A549 cells after 24 h of wounding (e).
*: p<<0.05; **: p<0.01; ***: p<0.001. Data are presented as mean +sb. Scale bars=150 um.

also blocked by their specific receptor-blocking monoclonal
antibodies (mAbs) TRAIL-R1 (HS101, 10 pg-mL’l) and/or
TRAIL-R2 (HS201, 10 pg-mL™), and Fas (SM1/23, 10 ug-mL™)
(Enzo Life Science, Lausen, Switzerland). Soluble TRAIL-induced
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apoptosis was also assessed in SAECs. To assess H441 or CCD-
8Lu cell direct-contact induced apoptosis in A549 cells or SAECs,
Dil-labelled A549 cells or SAECs were co-cultured with un-
labelled H441 or CCD-8Lu cells in direct-contact wound repair
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FIGURE 4. Assessment of apoptosis in A549 cell monolayers. a) Dose-
response of apoptosis induction in A549 cells with soluble Fas ligand (FaslL) and
tumour necrosis factor-related apoptosis-inducing ligand (TRAIL). b) Blocking of
TRAIL-induced apoptosis in A549 by anti-TRAIL-receptor (R)1 or anti-TRAIL-R2 or
combined monoclonal antibodies (mAbs). c¢) Blocking of soluble FasL-induced
apoptosis in A549 cells with anti-Fas mAb (n=3). Positive controls represent
apoptosis in A549 cells induced by 200 uM H,O,. Data plots and columns represent
mean experiment values+sb. TUNEL: terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labelling; SF: serum free; DMEM:
Dulbecco’s modified Eagle medium; H>O,: hydrogen peroxide. ***: p<<0.001.

settings, as previously described. To block H441 cell-induced
apoptosis, samples were pre-treated with Fas (SM1/23, 10 pg-mL™)
or TRAIL-R1/R2 (HS101, HS201; 10 pug-mL™) receptor-blocking
antagonistic mAbs. Apoptosis was assessed after 24 h of wound-
ing by the TUNEL (terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labelling) assay
method using an In Situ Cell Death Detection Kit, Fluorescein
(Roche Diagnostics Limited Applied Science, Burgess Hill, UK).
For positive controls, apoptosis was induced in A549 cells or
SAECs by 200 pM hydrogen peroxide (H,O,) and negative
controls were treated with SF-basal media.
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Further experimental procedures
Additional detailed experimental procedures are described in
the online supplementary material.

Statistical analysis

The significance of difference between two groups was
determined by paired, two-tailed t-tests. Differences between
three or more groups were analysed with non-parametric one-
way ANOVA, with post hoc Tukey’s multiple comparison
analysis. Patient data were analysed by Wilcoxon matched-
pairs signed rank test or Mann-Whitney U-test. A p-value of
<0.05 was considered to indicate statistical significance. In
vitro data are presented as mean+sD and patient data are
presented as mean+SEM. Statistical analysis was conducted
using GraphPad Prism version 5.00 software for Windows
(GraphPad Software, San Diego, CA, USA).

Study approval
Human tissue research was approved by the South
Staffordshire Local Research Ethics Committee (08/H1203/6).

RESULTS

H441 (club) cells do not stimulate A549 cell wound repair
through paracrine factors

To establish cross-talk between secretory products of alveolar
and bronchiolar cells we first investigated the wound repair
patterns of A549 and H441 cells using an in vitro wound repair
model (figs 1a and 2a) [26]. The H441 cells are slow-growing
in comparison to A549 cells in both SF and 10% serum-
supplemented media (online supplementary figure E2a and b).
The calculated doubling times of A549 and H441 cells in SF
media were 22 and 100 h, respectively, and 18 and 50 h,
respectively, in 10% FBS-supplemented media (online supple-
mentary figure E2c). In spite of this difference, in the presence
of 10% serum, no significant differences in wound repair
patterns were observed (fig. 2a and b). However, in SF media,
the rate of H441 cell wound repair was 2.5-fold than that seen
for A549 cells (65% H441 versus 26% A549, p<<0.001; fig. 2b).

Next, we tested SF-CM obtained from wounded and un-
wounded H441 and A549 cell monolayers on A549 cell wound
repair. SF-CM from both wounded and un-wounded H441
cells did not affect A549 cell wound repair (32% SF-CM versus
38% SF, 44% SF-CM wversus 38% SF, respectively; fig. 2c).
Likewise, SF-CM from alveolar A549 cells, irrespective of
wounding, did not stimulate any effects on A549 cell wound
repair (fig. 2d). In contrast, SF-CM of wounded and un-
wounded A549 cells did not stimulate H441 cell wound repair
(online supplementary figure E3). Taken together, this indi-
cates that club cells (H441 cells) can auto-stimulate wound
repair in SF conditions but cannot stimulate repair of alveolar
epithelial cell wounds.

H441 cells inhibit A549 cell wound repair in a A549-H441
co-culture wound repair system

To further explore the role of H441 cells in alveolar A549 cell
wound repair, we developed a direct- and indirect-contact co-
culture wound repair system (fig. 1b and c). Direct- and
indirect-contact co-culture of H441 with wounded A549
monolayers significantly reduced wound repair rates after
24 h of wounding (direct-contact: 11%, p<<0.01; indirect-
contact: 20%, p<<0.05; control: 36%; fig. 3a).
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apoptosis-inducing ligand (TRAIL)-receptor (R)1+R2 and anti-Fas monoclonal antibodies (mAbs). For positive control, apoptosis was induced in A549 cell monolayers by
200 uM H,0, and for negative control, A549 monolayers were treated with serum-free (SF)-Dulbecco’s modified Eagle medium (DMEM) only (n=3). c-g) Laser scanning
confocal microscopic images of terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labelling (TUNEL) assay on A549-H441 direct-contact
co-culture. Red cells are Dil-labelled A549 cells and green nuclei are TUNEL-positive A549 cell nuclei. ¢) A549 cell monoculture (as negative control). d) A549-H441 cell
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control: apoptosis induced in A549 monoculture with 200 pM H,O,. h) A549 wound repair in presence and absence of anti-TRAIL-R1+R2 mAbs (10 pg-mL™") in A549-H441
direct-contact co-culture after 24 h. Negative and positive control represent A549 cell wound repair on transwell membrane in monoculture with SF- and 10% fetal bovine
serum (FBS)-containing DMEM, respectively (n=3). i) Representative laser scanning confocal microscopic images of A549-H441 direct-contact co-culture wound repair. Dil-
labelled red cells are A549 and DiO-labelled green cells are migrated H441 cells. Results are presented as mean+sp. Ns: not significant; HoO,: hydrogen peroxide.
*: p<0.05; **: p<0.01; ***: p<0.001. Scale bars=100 pm (c, d, e, f and g) and 150 um (i).
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FIGURE 6. Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL)
and TRAIL receptor (R) expression profile. a) RT-PCR of TRAIL, TRAIL-R1, and
TRAIL-R2 of A549 and H441 cells. b) Immunocytochemistry for TRAIL, TRAIL-R1
and TRAIL-R2 in A549 and H441 cells. 4',6-diamidino-2-phenylindole (DAPI) was
used for counter-staining of nuclei. Scale bars=50 pm.

Coupled with the reduction in repair rate in A549 cell wounds we
also observed substantial H441 cell migration into the wounded
A549 cell monolayers where a 4.25-fold greater number of
migrated H441 cells were located at the juxta-wound monolayers
site in comparison to the wound gap itself (p<<0.001; fig. 3b and
e). Coupled to this migration, a 55% reduction of A549 cells at the
juxta-wound monolayers was also noted (fig. 3c and e). H441
cells did not migrate into the uninjured alveolar epithelial cell
monolayer in a similar direct-contact co-culture experiment
(online supplementary figure E4), and in the absence of A549
cells, H441 cell migration was negligible (online supplementary
figure E5). In contrast, normal human lung fibroblasts CCD-8Lu
did not inhibit A549 cell wound repair in A549-CCD-8Lu direct-
and indirect-contact co-culture (online supplementary figure E6a).
Moreover, CCD-8Lu cell migration to the A549 cell wound site in

EUROPEAN RESPIRATORY JOURNAL
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the direct-contact model was negligible (online supplementary
figure E6b). Taken together, these results suggest that H441 (club)
cells, but not normal lung fibroblasts, inhibit alveolar A549 cell
wound repair in a proximity-dependent manner where, at least for
the direct-contact model, wound repair inhibition was due to
direct interruption and destruction of alveolar epithelial cell
population.

Soluble TRAIL and FasL induce apoptosis in A549 cells
We hypothesised that the reduction in A549 cell numbers at
juxta-wound sites could be due to H441-induced apoptosis. To
test this hypothesis we first examined the sensitivity of A549
cells to established apoptosis-inducing ligands TRAIL and
FasL [27-30]. Significant apoptosis was induced in A549 cell
monolayers with either soluble TRAIL or FasL at 800 ng-mL™"
or 3.2 pg-mL™, respectively (fig. 4a). The specificity of TRATL-
induced apoptosis was established by A549 cell pre-treatment
with anti-TRAIL-receptor (R)1 and/or anti-TRAIL-R2 antag-
onistic mAbs (fig. 4b). FasL-induced apoptosis specificity was
demonstrated viaz the use of the anti-Fas antagonistic mAb
(fig. 4c). This indicated the presence of functional Fas and
TRAIL receptors on alveolar A549 cells.

Direct contact of H441 cells induces apoptosis in A549 cells
in a A549-H441 direct-contact co-culture wound repair
system through a TRAIL-dependent mechanism

To confirm our earlier hypothesis we performed the TUNEL
assay on A549 cell wounds in the direct-contact model with H441
cells. We observed a significant rate of apoptosis in A549 cells
(52% normalised to positive control) in the juxta-wound margins
in the A549-H441 direct-contact wound repair model (fig. 5a and
d), which was not observed in the equivalent direct-contact
A549-CCD-8Lu co-culture (online supplementary figure E6c).
Migratory H441 cells did not stain positively for TUNEL and
were therefore not considered to be apoptotic (online supple-
mentary figure E7). Pre-incubation of A549 cells with a blocking
antibody specific to Fas, prior to seeding into the direct-contact
model with H441 cells, failed to block the apoptotic response
(fig. 5b and f). However, pre-incubation of A549 cells with anti-
TRAIL R1/R2 mAbs completely blocked H441-induced apopto-
sis in the direct-contact model (p<0.001; fig. 5b and e) and
improved A549 cell wound repair over its untreated counterpart
(32% anti-TRAIL-receptor mAbs treated versus 8% untreated
sample; p<<0.05; fig. 5h and i). These results demonstrate that
H441 cells induce apoptosis in wounded alveolar A549 cells and
inhibit wound repair through a TRAIL-dependent mechanism in
a direct-contact co-culture wound repair system.

TRAIL expression profile in H441 and A549 cells

Transcriptional analysis confirmed TRAIL, TRAIL-R1 and
TRAIL-R2 mRNA expression in both un-wounded H441 and
Ab49 (fig. 6a). Immunocytochemistry detected a higher level of
TRAIL-R1 and -R2 expression in un-wounded alveolar A549 cells
than H441 cells, while the converse was true for TRAIL (fig. 6b).

H441 cells migrate to SAEC wound sites and induce
apoptosis in the SAEC-H441 direct-contact co-culture
wound repair system

Although SAECs are proSP-C negative (data not shown) and
do not represent type II alveolar epithelial cells, due to their
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MECHANISMS OF LUNG DISEASE

[ Wound gap
70

W Juxta-wound monolayer

*hk

a)

*kk

60

50

40 -

30

20 +

Migrated H441 cells per field

TUNEL +ve SAEC per field

K.M. AKRAM ET AL.

110
100
90
80
70
60
50
40 +
30
20 +
10

% of positive control

SAEC
alone

SAEC-H441
direct contact

Positive
control

FIGURE 7. Small airway epithelial cell (SAEC)-H441 direct-contact co-culture wound repair. a) Migration of H441 cells into the SAEC juxta-wound monolayers and
wound gaps (n=3). b, ¢) Laser scanning confocal microscopic images of SAEC-H441 direct-contact co-culture at b) 0 h and c) 24 h. Dil-labelled red cells are SAECs and
DiO-labelled green cells are H441 cells. Vertical side bars indicate Z-slicing through the corresponding juxta-wound monolayers and horizontal bars indicate Z-slicing through
the wound gap. d) Apoptosis in SAECs at juxta-wound monolayers after 24 h in SAEC-H441 direct-contact co-culture wound repair (n=3). For positive control, apoptosis was
induced in SAEC monolayers by treatment of 200 uM of hydrogen peroxide (H>O,) for 24 h and for negative control, SAEC monolayers were treated with serum-free small
airway basal media only. e-g) Laser scanning confocal microscopic images of terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labelling
(TUNEL) assay on SAEC-H441 direct-contact co-culture. Red cells are Dil-labelled SAECs and green nuclei are TUNEL-positive SAEC nuclei. ) Negative control, SAEC
monoculture. f) SAEC-H441 cell direct-contact co-culture wound repair. g) Positive control. Results are presented as mean+sp. Ns: not significant. ***: p<0.001. Scale

bars=200 pm.

suitability for the wound repair model [31] and biological
relevance to our experiments we replicated a set of major
experiments that were conducted using A549 cells to exclude
the potential of cancer cell line-related bias in our results. First,
we assessed the migratory properties of H441 cells towards
wounded SAEC monolayers. Interestingly, our experiments
recapitulated the observations noted in the A549-H441 direct-
contact co-culture model. A significant proportion of H441
cells migrated to the SAEC wound sites after 24 h of wounding
where a 7.25-fold greater number of migrated H441 cells were
located at the juxta-wound monolayers in comparison to the
wound gap (58 cells per field versus eight cells per field,
p<0.001; fig.7a, b and c). The TRAIL-ligand induced an
apoptotic response in SAEC which, though reduced in
comparison to A549 cells, was demonstrably significant as
compared to the relevant control (online supplementary
figure E8). Similarly, TRAIL-expressing H441 cells induced
significant apoptosis in wounded SAECs in SAEC-H441
direct-contact co-culture when compared to SAEC mono-
culture (9.54% versus 0.38%, p<<0.001; fig. 7d—f). SAEC were
TRAIL-negative (online supplementary figure E9) and con-
focal microscopy confirmed that TUNEL-positive nuclei were
SAECs and not migrated H441 cells (online supplementary
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figure E10). In the absence of wounding, negligible numbers of
H441 cells migrated towards SAEC layers (data not shown).

TRAIL-expressing club cells are detected in the fibrotic
alveoli of IPF lungs with association of alveolar epithelial
cell apoptosis

Histologically, all the IPF biopsy samples showed features
in keeping with usual intestinal pneumonia; specifically, a
pathognomonic patchwork of normal unaffected lung alter-
nating with remodelled fibrotic lung involving type I pneu-
mocyte destruction, type II pneumocyte hyperplasia in the
presence of fibroblastic foci and collagen type scarring. The
fibroblastic foci are recognised to reflect sites of active ongoing
fibrogenesis.

Localisation of TRAIL-expressing club cells in the alveolar
regions of control and IPF lung tissues was investigated by dual
immunohistochemistry with the club cell marker (CC)10 and
TRAIL antibodies. Dual-labelled CC10/TRAIL club cells were
not detected in the alveolar regions of control lungs (fig. 8a) but
were observed in the bronchiolar walls (fig. 8b). However, in 18
out of 21 IPF cases studied, CC10/TRAIL-positive club cells
were readily detected within the hyperplasic alveolar epithelial
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regions (fig. 8d) and in the alveolar epithelium directly over-
lying fibroblastic foci (fig. 8e). Quantitative analysis displayed
an average of 15% CC10/TRAIL-positive epithelial cells across
the IPF cases (p=0.0004; fig. 8i).

Dual proSP-C/TUNEL labelling was next performed to
identify the presence and localisation of apoptotic alveolar
epithelial cells in IPF lungs and compared to control tissues
(fig. 8f-h). Increased numbers of TUNEL-labelled proSP-C-
positive alveolar epithelial cells were detected in the regions of
fibroblastic foci and remodelled fibrotic areas in IPF lungs (an
average of 37% of proSP-C/TUNEL cells in IPF cases versus
11% in controls; p=0035; fig. 8j). Significantly, 10 out of the
examined 12 control cases did not demonstrate TUNEL-
labelled alveolar epithelial cells; however, two cases displayed
a high number of TUNEL-positive proSP-C-labelled cells for
no obvious histological reason, as the control tissue examined
was morphologically healthy (fig. 8j). Notwithstanding this
finding, taken together the data provide evidence for a
potential association of alveolar epithelial cell apoptosis and
TRAIL-expressing club cells with an involvement in the
propagation of fibrogenesis in pulmonary fibrosis.

DISCUSSION

The precise role of club cells in the repair of alveolar epithelial
injury in IPF remains unknown. A reparative role is unlikely due
to failed restoration of normal architecture and lung function
after apparent proliferation and migration into injured alveoli in
IPF [11, 12]. In this study, we have clarified a likely role of club
cells in alveolar epithelial cell wound repair by using an in vitro
wound repair model and implicated the club cells in the pro-
fibrogenic process. This first demonstration that club cells induce
apoptosis in alveolar epithelial cell through a TRAIL-dependent
mechanism provides evidence of previously undiscovered cell
behaviour with implications for lung pathophysiology. We
further demonstrated that TRAIL-expressing club cells not only
induced apoptosis in an alveolar epithelial cell line but also in
primary human SAECs. Club cell behaviours on alveolar
epithelial cells were cell-type specific as demonstrated via the
contrasting behaviour of normal lung fibroblasts on alveolar
epithelial cells. In addition, the observation that alveolar
bronchiolised club cells express TRAIL and are associated with
alveolar epithelial cell apoptosis in IPF lungs suggests that club
cells may drive the aberrant alveolar wound repair event cascade
and propagate the ensuing fibrogenesis through TRAIL-
mediated apoptosis induction in alveolar epithelial cells.
Separate in-house studies have demonstrated a significant
upregulation of TRAIL-R1 and -R2 receptors in alveolar epithelial
cells of IPF lungs, further supporting a potential involvement of
TRAIL-mediated apoptosis in alveolar epithelial cells in IPF.

IPF is characterised as a consequence of aberrant alveolar
wound repair potentially due to apoptosis, dysregulated
epithelial-mesenchymal homeostasis, basement membrane
disruption, imbalanced immune response, alveolar epithelial
cell loss and alveolar bronchiolisation [2, 4-12]. The role of
alveolar bronchiolisation in aberrant wound repair and the
precise nature of the interaction between the club cells and
alveolar epithelial cells are both relatively undefined.
Bronchiolisation has been postulated as an indicator of
aberrant alveolar wound repair in chemically induced pul-
monary fibrosis and human IPF lung tissue [11, 12].
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During fibrogenesis in IPF, club and other bronchiolar cells
appear in the alveolar regions of established fibrotic areas and
directly contact alveolar epithelial cells. While the precise
mechanism is unknown, animal models and ex vivo studies
on IPF tissue suggest that downregulation of caveolin-1 (a
membrane protein that suppresses epithelial proliferation)
stimulates bronchiolar and club cell proliferation [11] and
upregulation of matrix metalloproteinase-9 facilitates their
migration into the affected alveoli, resulting in alveolar
bronchiolisation [15]. A recent study has suggested involve-
ment of neuregulinlo-dependent ectopic mucus cell differ-
entiation in the process of bronchiolisation and lung
remodelling in IPF lungs [32]. The migratory aspect of club
cell behaviour was confirmed in our model where H441 cells
migrated to wounded alveolar A549 cell and SAEC layers,
most probably driven by a chemotactic mechanism, as, in the
absence of A549 or SAECs, club cell migration was not
observed. This migration was accompanied by an inhibitory
effect on alveolar epithelial cell wound repair via TRAIL-
mediated apoptosis of alveolar epithelial cell. TRAIL, a
member of the tumour necrosis factor superfamily, can induce
apoptosis through interaction with the TRAIL-R1 and TRAIL-
R2 receptors (alternatively known as DR4 and DR5, respec-
tively) [27-29]. Although expression of TRAIL and its receptors
is detected in many steady-state human cell types [33], their
physiological function is poorly understood. However, TRAIL
has been shown to play an important role in T-cell-mediated
immunomodulatory function and intestinal epithelium homeo-
stasis [34, 35]. Here, the observation that club cells can induce
apoptosis in alveolar A549 cells provides support for our
hypothesis of the involvement of TRAIL-expressing club cell in
the aberrant alveolar wound repair found in IPF.

Pathologically, IPF is characterised by its regional and
temporal heterogeneity. Affected alveolar regions in proximity
to the fibroblastic foci and collagen deposition displayed
increased numbers of TRAIL-expressing club cells (as com-
pared with control healthy lung biopsies) and were associated
with elevated alveolar epithelial cell apoptosis. Furthermore, in
IPF lungs, TRAIL-positive alveolar epithelial cells were notably
present in areas of hyperplastic cuboidalised alveoli and in
epithelia overlying fibroblastic foci. In contrast, alveolar
epithelial cells of control lungs did not express TRAIL.
TRAIL-mediated apoptosis has been reported in other chronic
disease states. For instance, in chronic pancreatitis the
pancreatic stellate cells overexpress TRAIL and directly
contribute to the acinar regression through induction of
apoptosis in parenchymal cells via a TRAIL-receptor-mediated
apoptosis mechanism [36]. TRAIL-mediated apoptosis has
been reported as a key mediator for progression of human
diabetic nephropathy where TRAIL-overexpression in renal
tubular epithelial cells is associated with severe tubular
atrophy and interstitial fibrosis [37]. Other studies have
demonstrated upregulation of TRAIL in intestinal epithelial
cells associated with epithelial cell destruction through TRAIL-
mediated apoptosis and progression of inflammatory bowel
disease such as ulcerative colitis and Crohn’s disease, while
downregulation is associated with the refractory stages of the
disease [38, 39]. Chronic endoplasmic reticulum stress and
Fas—FasL-mediated apoptosis in alveolar epithelial cells and
their association in aberrant alveolar wound repair in IPF have

VOLUME 41 NUMBER 3 691



MECHANISMS OF LUNG DISEASE K.M. AKRAM ET AL.

. # 1
i) 40 - i) 80+
o 70,
o EE N BN ') [
= 30+ e = 60- =
= (8]
§ 20 ) 2 %7
- ¥
4 o 40
2 & Z 30 L
¢ 104 IIII:III 2
= G 20+ —
S O
o T
g 0-  -esessesesessesessseee- mmm® ?D(; 10 EEEm
& 0+ ecoccco0cooe
-10 T T '10 T T
Control IPF Control IPF

FIGURE 8. Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) and club cell marker (CC)10 immunohistochemistry and terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labelling (TUNEL) assay immunofluorescence in normal control and idiopathic pulmonary fibrosis (IPF) lung tissue
samples. a) Alveolar region of control lung dual stained with CC10/TRAIL antibodies. No CC10-labelled club cells were detected in the alveolar region. Alveolar epithelial cells
were negative to TRAIL. b) Dual immunostaining with CC10/TRAIL of the bronchioloalveolar region of normal control lung shows CC10-labelled club cells in the bronchiolar
epithelium (arrows, visualised with very intense purple (VIP)). Clusters of macrophages were positively labelled with TRAIL, which was visualised with 3,3'-diaminobenzidine
(DAB) (M). No alveolar epithelial cells were labelled with TRAIL. c) Club cells were labelled with CC10 antibody within the epithelium of hyperplastic alveolar regions of IPF lung
(visualised with DAB). d) Dual-labelled CC10/TRAIL club cells were detected in the hyperplastic alveolar region of IPF lung (arrow, stained with both DAB for TRAIL and VIP for
CC10). Type Il alveolar epithelial cells also showed positive to TRAIL immunostaining but negative to CC10 (arrowhead). ) CC10/TRAIL dual-labelled club cells were detected
in the epithelium overlying the fibroblastic foci (FF) and hyperplastic regions (arrows). Alveolar epithelial cells were TRAIL-positive and CC10-negative (arrowhead). (Continued
on following page).
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FIGURE 8. (Continued from previous page.) f) Pro-surfactant protein (SP)-C/TUNEL dual staining of control lung. TUNEL-positive nuclei were not detected in proSP-C-
positive type Il alveolar epithelial cells (red fluorophore-labelled). g) proSP-C/TUNEL dual-labelled cells (arrow) were detected in the hyperplastic regions of IPF lung tissue. A
heterogeneous pattern of TUNEL-positive alveolar epithelial cells was observed. The arrowhead indicates a proSP-C-only cell. Notable numbers of inflammatory cells in the
interstitial spaces were also TUNEL-positive. h) Apoptosis was detected in alveolar epithelial cells overlying the fibroblastic foci in IPF lung (arrow). Magnification: x 200 for all
images. i) Quantitative analysis of CC10/TRAIL dual-positive cells in the alveolar region of normal and IPF lungs (21 IPF patients and 19 controls). j) Quantification of proSP-C/
TUNEL-positive cells in the alveolar regions of IPF and healthy control lungs (12 IPF and 12 controls). Data are presented as mean +sem. #: p=0.0004 (Wilcoxon matched-

pairs signed rank test); *: p=0.0035 (Mann-Whitney U-test).

been reported previously [7, 40]. Combining the literature
evidence with our study findings, here we suggest that TRAIL-
mediated apoptosis could play a crucial role in alveolar
epithelial cell apoptosis and fibrogenesis propagation in IPF;
this is probably mediated via activated TRAIL-expressing club
cells consequent on alveolar bronchiolisation. These findings
unravel critical targets for further investigation towards
development of novel therapeutic agents, perhaps in combina-
tion with tissue-engineered wound repair modelling.
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