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T cells and eosinophils in bronchial smooth muscle cell death in asthma
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Summary

Background Bronchial smooth muscle cells (SMC) proliferate, express adhesion molecules,
secrete cytokines and thus efficiently contribute to the pathogenesis of asthma.

Objective The aim of the study was to investigate whether, and by which mechanism, T cells
and eosinophils can cause death of airway SMC.

Methods The T cell- and eosinophil-induced cell death was analysed in primary human
bronchial SMC cultures as well as in bronchial biopsy specimens from non-asthmatic and
asthmatic individuals.

Results Bronchial SMC death showed characteristic morphological features of apoptosis in
3-6 days cultures with inflammatory cytokines (IFN-y, TNF-a), soluble death ligands [sFasL,
TNF-related apoptosis-inducing ligand (TRAIL)] and activated T-helper type 1 (Th1) and Th2
cell supernatants. The recombinant eosinophil cationic protein induced SMC necrosis within
1 h. Resting SMC expressed the death receptors TNFR1, TNFR2, Fas, TRAILR 1, TRAILR2 and
membrane FasL as a death-inducing ligand. IFN-y and TNF-o up-regulated TNFR1, TNFR2,
Fas and membrane FasL on SMC. TNF-o up-regulated TRAILR1 and TRAILR2; sFasL up-
regulated TNFR2. The intracellular caspase-3 activation in SMC was significantly increased
by IFN-v, sFasL, TRAIL, Th1 and Th2 cell supernatants. Increased expression of TRAIL in
asthmatics, but not in non-asthmatic individuals was demonstrated in situ. The apoptosis
receptors TRAILR1 and TRAILR2 were expressed in SMC and epithelial cells both in healthy
and asthmatic biopsies. Prominent apoptosis of SMC was observed in fatal asthma, but not
intermittent asthma biopses.

Conclusion The demonstration of bronchial SMC death both by apoptosis and necrosis
indicates the essential role of T cells and eosinophils in the bronchial tissue injury
particularly in the severe asthma.
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Introduction

thickness, subepithelial fibrosis, leucocyte infiltrates with
predominant eosinophils and T cells, as well as mucous

Persistent airway inflammation and irreversible structural
changes of the bronchial wall, defined as airway remodel-
ling, are crucial processes in asthma development [1]. An
altered expression and/or function of a large variety of
pro-inflammatory cytokines, growth factors and their
receptors, as well as a dysregulation in the differentiation,
proliferation and apoptosis of multiple cell types results in
epithelial damage, subepithelial basement membrane

'These authors contributed equally to the study.

gland and smooth muscle cells (SMC) hypertrophy, hyper-
plasia and dysfunction [1]. The increase in SMC content
can explain the mechanical consequences of airway
remodelling, such as airway luminal narrowing and
permanent reduction of the airway calibre [1].

Certain cytokines, most notably specific T-helper type 2
(Th2) cytokines and IL-1P, have been shown to directly
regulate airway smooth muscle responsiveness [2]. Grow-
ing evidence has been provided that T cells play a role
in chronic asthma [3]. T cells are well-documented
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inflammatory cells in asthma, infiltrating bronchial mu-
cosa [2] as well as airway smooth muscle layer [4]. Large
numbers of activated eosinophils are present in the
mucosa of asthmatic patients and they are thought to be
the central effector cells in asthma [4]. The numbers of
activated T cells and eosinophils detected in the bronchial
mucosa correlate with disease severity [4]. Bidirectional
stimulatory cross-talk has been demonstrated between
activated T cells and airway SMCs, a process that results
in the induction of asthmatic changes in airway SMC
responsiveness [5]. In addition, eosinophils can be the
source of pro-inflammatory cytokines including GM-CSF,
IL-4, IL-5, IL-6, IL-8 and TNF-a [6]. Recent studies have
highlighted the relationship between T cells and eosino-
phils and their effector functions, leading to epithelial cell
apoptosis in allergic diseases such as asthma and atopic
dermatitis as key tissue injury mechanisms [7, 8]. These
studies demonstrate that IFN-y, TNF-o and Fas-ligand
play essential roles in the allergic inflammation in ecze-
ma/spongiosis formation in atopic eczema and bronchial
epithelial shedding in asthma. Eosinophils can also induce
direct damage to cells of the inflammatory environment
by granule products, such as eosinophil cationic protein
(ECP), major basic protein (MBP) and eosinophil perox-
idase (EPO) [6]. The threshold for IFN-y response of
epithelial cells is relatively low, so that a Th2-like cell, or
a Tho cell, which secretes small quantities of IFN-y and
TNF-o can also induce epithelial cell apoptosis.

The TNF-related apoptosis-inducing ligand (TRAIL) in-
duces apoptosis of many transformed but also non-
transformed cells. In addition, TRAIL receptor (TRAILR)
activation has been reported to trigger non-apoptotic
signalling pathways. Five different receptors have been
identified to interact with TRAIL. The TRAILR1/death
receptor 4 (DR4) and TRAILR2/DR5 are the genuine death
receptors, while the TRAILR3/DcR1, TRAILR4/DcR2 and
osteoprotegerin function as decoy receptors, which do not
transmit apoptotic signals [9, 10]. Triggering of Fas,
TNFR1, TRAILR1 and TRAILR2 by specific ligands leads
to the recruitment of the Fas-associated death domain
(FADD) to the membrane. FADD recruits procaspase-8
leading to the activation of effector caspases, such as
caspase-3, followed by the DNA fragmentation and cell
death [11].

The aim of this study was to investigate whether, and by
which mechanism, T cells and eosinophils, present in the
SMC tissue or in its nearest proximity, can cause death of
airway SMC. Here we show that bronchial SMCs are an
important target of the inflammatory attack by T cells and
eosinophils. The excessive apoptosis may play a role in
remodelling, mainly in the change of tissue localization of
SMCs. The consequent turnover of the SMCs may finally
account for morphological changes and functional con-
traction/relaxation disorder in bronchial wall, particularly
in severe forms of asthma.

Material and methods

Subjects

A total of 10 asthmatic patients (seven severe, three
intermittent, age range 42-60 years) and six control
subjects (age range 40-63 years) were investigated. Stan-
dard pulmonary function testing was performed in all
subjects. Asthma was diagnosed by a pneumologist and
was confirmed by an improvement in forced expiratory
volume in 1s (FEV;) of 120, with an absolute increase of
>200mL from baseline, after administration of a -
adrenergic agonist or by a >20% improvement in FEV,
after a steroid trial. Severe asthma was defined according
to criteria adapted from an American Thoracic Society
workshop on refractory asthma [12]. The patients were all
treated with 1600 pg/day beclomethasone or equivalent
and long-acting bronchodilators and were all non-smo-
kers (smoking history < 10 pack-year). All patients were
symptomatic and had experienced at least one severe
exacerbation during the past year or were dependent on
maintenance therapy with oral prednisone. The study was
approved by the Local Medical Ethics Committee and all
patients gave informed consent. Biopsy samples from
non-asthmatic (control subjects) individuals were from
non-involved area of four lung adenocarcinoma patients
and two patients suffering from chronic cough, who did
not show any features of atopy and asthma. Biopsy speci-
mens from two fatal asthma cases were also examined.
The histology sections of these two patients were obtained
from the ongoing research project of the University of Sao
Paulo, Brazil, and the anonymized tissue slides were
kindly provided by Dr Thais Mauad.

Procedures

Bronchoscopy was performed according to standard pro-
cedures. A total of four to six biopsy specimens per patient
were taken at the carina of segmental bronchi using cup
forceps. Biopsy specimens were placed in Tris-buffered
saline solution and immediately transported to the labora-
tory for processing. Tissues were fixed in 4% paraformal-
dehyde and embedded in paraffin. Tissues were then
sectioned (5pum thickness) and placed on glass slides
coated with poly-L-lysine (0.1%) and baked overnight at
37 °C. Results are shown as means+SD. Wilcoxon’s rank
sum test and Mann-Whitney U-test were used for statis-
tical evaluation.

Reagents

Human recombinant IFN-y and IL-5 were purchased
(Peprotech EC Ltd, London, UK); GM-CSF was a gift
(Novartis Pharma, Basel, Switzerland). Ethidium bromide
was purchased (Sigma Chemical Co., St Louis, MO, USA).
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The following antibodies (Abs) were purchased: anti-FasL-
PE, anti-TRAIL 1 and 2-FITC (Alexis Corp., San Diego, CA,
USA); anti-Fas-FITC (Immunotech Coulter Company, Mar-
seilles, France); anty-TNFR1-PE and anti-TNFR2-FITC
(R&D Systems Europe Ltd, Abingdon, UK); anti-active
caspase-3 - PE (BD Pharmingen, Basel, Switzerland). Iso-
type Control IgG1-FITC/PE monoclonal antibody (mAb)
was from Beckman Coulter. Human recombinant soluble
FasL, TRAIL, TNF-a, and TWEAK were from Alexis Corp.,
propidium iodide (PI) was purchased from Fluka (Sigma-
Aldrich Co., Buchs, Switzerland), annexin V-FITC from BD
Pharmingen. The following cytokines and Abs were used in
T cells cultures: IL-2 (Roche, Basel, Switzerland); anti-IL-12
and IL-12 (BD Pharmingen); IL-4 and anti-IL-4 (Novartis
Pharma). Anti-CD2 (clones 6G4 and 4B2) and anti-CD28
were purchased from Sanquin Blood Supply Foundation,
Amsterdam, the Netherlands. Anti-CD3 has been produced
from clone CRL 8001 obtained from ATCC (Manassas, VA,
USA). Ionomycin, phorbol myristate acetate, phytohaema-
glutynin and brefeldin were purchased from Sigma Chemi-
cal Co. Anti-TRAIL mAb were from R&D Systems Europe
Ltd, anti-TRAILR1 Ab and anti-TRAILR2 Abs were from
Abcam Ltd (Cambridge, UK).

Cell cultures

Primary (passage 3 and 4) normal bronchial SMC were
purchased (Clonetics-BioWhittaker, Cambrex Company,
San Diego, CA, USA). Cells were grown in growth medium
(basal SMC growth medium - SMCGM), supplemented
with human recombinant epidermal growth factor 0.5 ng/
mL, insulin 5ug/mL, human recombinant fibroblast
growth factor 2 ng/mL, gentamicin 5 pg/mL, amphotericin
B 5pg/mL, 5% fetal bovine serum, in humidified atmo-
sphere containing 5% CO,, at 37 °C. Bronchial SMCs were
seeded into 24- or 48-well culture plates (30000 and
15000/well, respectively) in supplemented SMC growth
medium and incubated for 2 days to form a monolayer at
the bottom of plates. Afterwards different stimulants were
added to the SMC cultures in the growth phase of the cell
cycle and incubated for various time-points between 1h
for ECP and up to 6 days (other stimulants). To determine
single concentrations of the stimulants, several dose
response experiments were performed, and optimal con-
centrations were determined and used in further experi-
ments. Similarly, the SMC dose response analysis to
different ECP concentrations was also performed. Cells
were harvested by trypsinization (trypsin/EDTA solution,
neutralized by tripsin neutralizing solution, Clonetics--
BioWhittaker).

Flow cytometry

Bronchial SMCs were incubated with appropriate FITC- or
PE-labelled mAb for 45 min at 4 °C (receptors staining) or
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15 min at room temperature for annexin V and PI staining
and then fixed with 4% paraformaldehyde in PBS (pH 7.4).
For anti-active caspase-3 intracellular staining cells were
fixed and permeabilized according to the manufacturer’s
protocol (Cytofix/Cytoperm solution, Becton Dickinson,
Franklin Lakes, NJ, USA) and incubated with anti-active
caspase-3 mAb for 30 min at room temperature. Negative
control cells were prepared in a similar fashion with
isotype control IgG1-FITC/PE mAb. Fluorescence inten-
sity was measured by flow cytometry (EPICS XL-MCL
flow cytometer, Beckmann Coulter Int. S.A., Nyon, Swit-
zerland). 2000-5000 events were counted in the gated
region. The already apoptotic cells were not more than
20% of all cells. They were gated out to stain the receptors.

T cell differentiation and supernatant generation

Th1 and Th2 cells were obtained by differentiation of
purified cord blood CD45RA™ T cells as described in detail
before [13]. For Th1 and Th2 differentiation we use
100 000 naive cells in 500 pL completed growth medium
(cRPMI 1640), in 48 well/plate. Cytokine production by
Th1 and Th2 revealed distinct profiles. 10°/mL Th1 cells
secreted 7.8 ng/mL IFN-vy 0.1 ng/mL IL-4, <0.1 ng/mL IL-
5, <0.2ng/mL IL-13, 37.4 pg/mL TRAIL, 3.3 ng/mL TNF-
o; Th2 cells secreted 3.3 ng/mL IL-4, 5.8 ng/mL IL-5,
7.6 ng/mL IL-13, <0.1ng/mL IFN-y, 0.4ng/mL TNF-o
and 4.8 pg/mL TRAIL, 48 h after anti-CD2, anti-CD3 and
anti-CD28 mAb stimulation. In the experiments, freshly
prepared undiluted supernatants were used. In some
experiments, T cells were isolated from peripheral venous
blood by Ficoll (Biochrom KG, Berlin, Germany) density
gradient centrifugation as described before [13]. Undi-
luted, freshly prepared supernatants from unstimulated
(resting) as well as stimulated (48 h with anti-CD2, anti-
CD3 and anti-CD28 mADb) T cells were collected and used.
In the control SMC group cRPMI was used.

Cloning, expression and purification of human eosinophil
cationic protein

Eosinophils were isolated from peripheral blood of hyper-
eosinophilia patients mainly with atopic dermatitis and
hypereosinophilic syndrome patients. Messenger ribonu-
cleic acid from 107 purified eosinophils was isolated using
the Oligotex Direct mRNA Midi Kit (Qiagen AG, Basel,
Switzerland) followed by oligo-dT primed reverse tran-
scription. This cDNA was used to amplify a fragment
containing the open reading frame encoding mature ECP
by PCR using the following primers: 5'-primer 5’-CG GGA
TCC AGA CCC CCA CAG TTT ACG AGG G and 3’-primer 5’
GGG AAG CTT TTA GAT GGT GGT ATC CAG GTG AAC
TGG. The PCR product was gel purified and restricted with
BamHI and Hindlll incorporated into the amplification
primers (underlined sequences). Restricted fragments were
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gel purified and ligated into BamHI/Hindlll-restricted
pQE30 (Qiagen AG) expression vector to produce hexa-
histidine-tagged recombinant protein. The ligation mix-
ture was transformed into Escherichia coli strain M15 by
electroporation [14] and the nucleotide sequence was
confirmed to code the reported amino acid sequence of
human ECP [15]. Correct constructs were inoculated into
2xYT broth and induced with 2 mmol/L isopropyl-B-p-
thiogalactoside at an ODsg5 of 0.7 to produce recombinant
ECP. The protein was found in insoluble inclusion bodies,
which were solubilized in guanidinium hydrochloride and
one-step purified over Ni*"-NTA metal affinity chroma-
tography resin (Qiagen AG) under denaturing conditions.
The eluted protein was dialysed against water containing
0.05% glacial acetic acid and 5 mmol/L EDTA. The protein
was devoid of relevant contaminants as determined by
SDS-PAGE.

Staining of TRAIL, TRAILR1 and TRAILR2 in bronchial
sections

The tissue sections were obtained from biopsy tissues of
severe asthmatic patients (diagnosed according to the
GINA criteria, treated with inhaled steroids and [-2
agonists), approved by Institutional Review Board. Paraf-
fin tissue sections were deparafinized in Histoclear II
(Chemie Brunschwig AG, Basel, Switzerland) and hy-
drated through graded alcohol series. A high-temperature
antigen unmasking technique was used to retrieve anti-
gens (Vector Labolatories Inc., Burlingame, CA, USA).
Endogenous peroxidase activity was quenched by incu-
bating tissue sections in 0.3% hydrogen peroxide. Slides
were washed and blocked with 2.5% normal horse block-
ing serum. Appropriate primary and isotype control Ab
were applied. In case of TRAIL staining, incubation with
Impress reagent (Vector Labolatories Inc.) was used before
incubation with peroxidase-specific substrate solution,
chromogen diaminobenzidine (DAB). TRAILR1 and
TRAILR2 stainings were performed with EnVision+ Sys-
tem-HRP kit (DakoCytomation, Glostrup, Denmark).
Monoclonal anti-smooth muscle «-actin (Sigma Chemical
Co.) specific for the single isoform a-actin was used for
a-actin staining. Slides were counterstained with haema-
toxylin and mounted with permanent mounting media
(DakoCytomation, Glostrup, Denmark).

Real-time (RT) PCR for TRAIL, TRAILR1 and TRAILR2

Total RNA was isolated from SMCs using the RNeasy mini
kit (Qiagen AG) according to the manufacturer’s protocol.
The RNA was eluted in 60 mL of RNase-free water and
subjected for reverse transcription. Approximately
0.25-0.5 ug total RNA (12 pL) was transcribed using Taq
Man Reverse Transcription Reagents (Applied Biosys-
tems) according to the manufacturer’s guidelines. RT-PCR

reaction was performed using Taq Man Universal PCR
Master Mix (Applied Biosystems, Warington, UK) accord-
ing to the manufacturer’s protocol, using the following
primers to amplify specific gene products: TRAIL forward
primer, 5’-CCC AAT GAC GAA GAG AGT ATG AAC A-3/,
reverse primer, 5'-CTC AAA ATC ATC TTT CTA ACG AGC
TGA-3’, probe, FAM-CTG CTG GCA AGT CAA GTG GCA
ACT CC-TAMRA; TRAILR1 forward primer, 5-TGT ACG
CCC TGG AGT GAC AT-3/, reverse primer, 5-CAC CAA
CAG CAA CGG AAC AA-3/, probe, FAM-TGT CCA CAA
AGA ATC AGG CAA TGG ACA TAA T-TAMRA; TRAILR2
forward primer, 5-CAC TCA CTG GAA TGA CCT CCT
TT-3/, reverse primer, 5'-GTG CAG GGA CTT AGC TCC
ACT T-3', probe, FAM-TCA CAC CTG GTG CAG CGC AAG
CAG-TAMRA. Amplification of human 18S rRNA, probe
dye VIC-TAMRA (Applied Biosystems, Foster City, CA,
USA), was used as the housekeeping gene control for each
experimental sample, which remained stable under differ-
ent conditions of stimulation. Relative quantification was
performed in ABI PRISM 7000 Sequence Detection System
(Applied Biosystems, Foster City, CA, USA). The quantifi-
cation of the amplicons in each well was determined
according to the comparative C; (threshold cycle number)
method as described [16].

Demonstration of bronchial SMC viability and apoptosis in
cultures and tissues

SMCs viability was evaluated by ethidium bromide (50 p
M) uptake and flow cytometry. Annexin V, a phosphati-
dylserine binding protein, was used to detect apoptotic
cells [7, 17]. Hoechst staining was performed as described
[7]. SMCs cultures were evaluated with an inverted micro-
scope equipped with interference contrast and UV light
(Axiovert 405M; Carl Zeiss AG, Feldbach, Switzerland).
Apoptotic cells were identified in situ with terminal
deoxynucleotidyl transferase-mediated dUTP nick end
labelling (TUNEL), according to the manufacturer’s man-
ual (MEBSTATIN apoptosis Kit II, MBL Co. Ltd, Nagoya,
Japan) as described [8]. For active caspase-3 in situ
staining, paraffin embedded sections were used. Endogen-
ous peroxidase activity was blocked with methanol/H,0,
0.3% for 10 min. After antigen retrieval with 0.01 m citrate
(pH 6.0), the slides were incubated for 60 min with
primary Ab against the cleaved active caspase-3 (Asp
175) (Cell Signalling, Basel, Switzerland), diluted in PBS
containing 1% bovine serum albumin at room tempera-
ture and subsequently incubated with the second Ab-
rabbit Envision-HRP (DakoCytomation, Zug, Switzer-
land). The slides were then developed with NovaRed
substrate kit for peroxidase SK-4800 (Vector, Servion,
Switzerland). Neutralizing experiments to block the ef-
fects of a certain apoptosis-inducing ligand were per-
formed as described previously [7, 8].
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Results

Induction of bronchial SMC death by activated Th1 and
Th2 cells, IFN-y, sFasL, TNF-o. and TRAIL

To investigate whether SMC are particularly affected in
the process of an active injury and regeneration of
resident tissue cells in the asthmatic lung we analysed
cellular and molecular mechanisms of SMC death. Stimu-
lation with IFN-ysFasL, TNF-o and TRAIL induced death
of SMC after 3-6 days of culture (P<0.001 day 3-6,
except for TNF-a at days 3 and 4) (Fig. 1a). The combina-
tion of IFN-y and TNF-o escalated the process compared
with either cytokines alone. Similarly, supernatants from
in vitro differentiated Th1 and Th2 cells induced bronchial
SMC death (P<0.001, days 5 and 6). Although both
effector T cell subsets killed bronchial SMC, supernatants
from Th1 cells appeared to be more potent (P<0.01) (Fig.
1b). Cytokine production by Th1 and Th2 revealed distinct
profiles. 10°/mL Th1 cells secreted 7.8 ng/mL IFN-v,
0.1ng/mL IL-4, <0.1ng/mL IL-5, <0.2ng/mL IL-13,
37.4pg/mL TRAIL, 3.3 ng/mL TNF-a; Th2 cells secreted
3.3 ng/mLIL-4, 5.8 ng/mL IL-5, 7.6 ng/mLIL-13, <0.1 ng/
mL IFN-vy, 0.4 ng/mL TNF-o and 4.8 pg/mL TRAIL, 48 h
after anti-CD2, anti-CD3 and anti-CD28 mAb stimulation.

compared with Th2 cells. Although it was relatively high
in Th1 cells, TRAIL was produced both by Th1 and Th2
cells. Because of the multiple factors that may play a role
in SMC apoptosis our efforts to neutralize single cytokines
did not lead to a significant change in SMC viability in
vitro. Resting T cell supernatants, which do not contain
any detectable amounts of Th1 and Th2 cytokines, did not
induce SMC death. Annexin V staining of SMC membrane
phosphatidylserine 5 days after stimulation with IFN-vy
TNF-a sFasL and activated T cell supernatant showed that
the SMC cell death occurs via apoptosis (Fig. 1c).

Regulation of death receptors expression on bronchial SMC

Analysis of death receptors and ligands in primary human
bronchial SMC demonstrated that unstimulated SMC ex-
pressed high amounts of TNFR1, Fas, TRAILR1, TRAILR2
and membrane FasL and detectable TNFR2 (Fig. 2). IFN-y
and TNF-o appear to be the effector molecules increasing
the bronchial SMCs susceptiblity to apoptosis. They both
up-regulated TNFR1 and TNFR2 as well as the membrane
FasL expression on SMC 48 h after stimulation (Fig. 2a).
TRAIL stimulation significantly up-regulated TNFR2
without affecting TNFR1, Fas and FasL (Fig. 2b). The

Th1 cells produced higher quantities of I[FN-y and TNF-a apoptosis-inducing TRAIL receptors TRAILR1 and
(a) 100 (b) 100
80 - 80
Z 60 60 1
Qo
S & Control =2
< 40V IFNy Ny 40 - S ERNG
O IFN-y+TNF-o; # Control °
20 1 @ sFasL 20 4 ® Th1 sup.
O sTRAIL V Th2sup.
A TNF-o O Resting T cell sup.
0 T T T T O T T T
0 3 4 5 6 0 3 5 6
days days
(c) IFN-y TNF-a IFN-y+TNF-ou sFasL T cell sup.
66.5 18.0 21.5

Events

£

Fig. 1. Induction of bronchial smooth muscle cell (SMC) death by T cells and cytokines. Bronchial SMC were stimulated with IFN-y, TNF-a, sFasL and
TNF-related apoptosis-inducing ligand (TRAIL) (all at 10 ng/mL). The control group was not simulated. The SMCs viability was assessed by ethidium
bromide (50 uM) exclusion and flow cytometry after 3-6 days of culture (a). SMCs were stimulated with supernatants obtained from resting T cells (US T
cell sup.) and anti-CD2, CD3, CD28 mAb-activated Th1 or Th2 cells. The control group was stimulated with cRPMI. Percentage of viable cells was
determined by ethidium bromide exclusion. Results represent four experiments, performed in duplicates. *P<0.001 (compared with the control),
ip<0.01 (the difference between Th1 and Th2 supernatants). Asterisks cover all samples for days 3-5 (b). Annexin V staining of SMC membrane
phosphatidylserine shows the apoptotic features of SM cell death 5 days after stimulation (% of positive cells in comparison with the control group -
grey histograms). Supernatant was obtained from anti-CD2, CD3, CD28 mAb-activated T cells. Results are representative of one out of three experiments

with different SMC lines. *P<0.001 (c).
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Fig. 2. Death receptor expression on smooth muscle cells (SMCs). SMCs

cultured in the absence (us) or presence of IFN-y, TNF-a, both cytokines (a),

sFasL or TNF-related apoptosis-inducing ligand (TRAIL) (all at 10 ng/mL) (b). The percentage of SMC positively stained for TNFR1, TNFR2, Fas, FasL after

48 h of culture was demonstrated by flow cytometry. SMCs were stimu

lated with the above reagents and the percentage of TRAILR1 and TRAILR2

expressing cells is investigated (c). Filled curve shows isotype control Ab. Results are representative of one out of three separate experiments each

section, performed in duplicates, with different SMC lines. *P<0.001.

TRAILR2 were present on the surface of unstimulated
SMC. TRAILR1 and TRAILR2 were significantly up-regu-
lated by TNF-o and down-regulated by TRAIL stimulation
(Fig. 2¢). These results demonstrate significant expression
and regulation of TNF-o and TRAIL receptors on bron-
chial SMCs, whereas already highly expressed Fas in
resting SMC was not affected by these stimuli.

Comparison of necrosis and apoptosis of SMC induced by
eosinophils and T cells

To estimate the role of the eosinophils in asthma, the
influence of human recombinant ECP on bronchial SMC
death was also investigated. ECP induced cell death of
bronchial SMC as assessed by ethidium bromide exclusion
within hours, in a concentration dependant manner (Fig.
3a). The SMC viability was significantly decreased after 1 h
of stimulation with 20 pg/mL ECP. In contrast, the effects
of TNF-a, IFN-y and TRAIL stimulation became visible
after 3-4 days. The coupling of Fas signalling to the death
pathway activates the caspase enzyme cascade, ultimately
resulting in apoptosis [18]. Caspase-3 activity in SMCs was
assessed by staining with anti-active caspase-3 mAb and
flow cytometry measurements after 2 days of stimulation.

The bronchial SMC death by ECP did not show features of
apoptotic death assessed by caspase-3 activation. For
comparison, stimulation of SMC with IFN-y, sFasL, TRAIL,
Th1 or Th2 cell supernatants was investigated. A kinetics
of analysis was performed to optimize the time-point. The
data collected after 48 h demonstrate that caspase-3 acti-
vation becomes visible in T cell supernatant and IFN-v,
FasL and TRAIL stimulations (P<0.01) (Fig. 3b). ECP-
stimulated SMC did not show the morphological features
of apoptosis; the SMC became rather big with neither
nuclear condensation nor fragmentation (Fig. 3c). For
comparison TNF-a- and IFN-y-stimulated samples showed
typical round and shrunken cells, nuclear condensation
and fragmentation (Fig. 3c). These data demonstrate that
depending on the severity of eosinophil infiltration and the
amount of released active factors, eosinophils possess the
capacity to induce rapid bronchial SMC death by necrosis
within hours (by secreted ECP) or contribute to their
apoptosis (by secreted TNF-a).

TRAIL, TRAILRI and TRAILR2 expression in asthma

To investigate whether TRAIL plays a role in the inflam-
matory and structural changes, the expresion of TRAIL,

© 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-11
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Fig. 3. Eosinophil cationic protein (ECP) induces necrosis of bronchial
smooth muscle cell (SMC). Bronchial SMC were stimulated with human
recombinant ECP and the cell viability was assessed by ethidium bromide
exclusion (50 pM) and flow cytometry after 1, 3, and 6 h (a), expression of
intracytoplasmic active caspase-3 after 48 h of stimulation was investi-
gated by ECP (1 pumol/L) and for comparison Th1 cell, Th2 cell super-
natants, TNF-related apoptosis-inducing ligand (TRAIL), IFN-y and FasL
(10ng/mL each) stimulation. No increase in active caspase-3 was
investigated after 48 h of stimulation by ECP (b). Phase-contrast micro-
scopy and HOECHST staining (x200) do not demonstrate condensed and
fragmented nuclei after ECP stimulation. In contrast, typical apoptotic
features are demonstrated in TNF-o and IFN-y-stimulated cultures (c). (b)
and (c) were performed after 48 h of cultures. Results represent one out of
three experiments, performed in duplicates. *P<0.001.

TRAILR1, TRAILR2 was determined in the sections of the
proximal conducting airways from severe asthmatic pa-
tients and healthy control subjects. High expression of
TRAIL was demostrated in the smooth muscle layer only
in asthmatic subjects (Fig. 4a) but not in non-asthmatic
controls (Fig. 4b). In severe asthmatic patients visible
morphological changes that include aberrant hyper-
trophic and hyperplastic SMC islets were shown. The
SMC tissue sections were positive for TRAILR2 in both
asthmatic and non-asthmatic subjects (Figs 4a and b). As
demostrated in the cultured SMC, IFN-y stimulation sig-
nificantly induced expression of TRAIL mRNA, but not
TRAILR1 and TRAILR2 mRNA (Fig. 4c), TNF-astimulus
showed a weak up-regulation of TRAIL mRNA, approxi-
mately ninefold less than induced by IFN-y and did not
influence TRAILR1 and TRAILR2 expression. IFN-y does
not bind to a death receptor and cannot induce apoptosis
alone. Taken together with Fig. 2, SMC apoptosis induced
by IFN-v is apparently due to the up-regulation of TNFR1,
TRAIL and FasL. Neutralizing experiments to block the
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effects of a certain apoptosis-inducing ligand were per-
formed as previously demonstrated in epithelial cells [7].
Because of the involvement of all three pathways, a very
limited effect of a single apoptosis factor neutralization
was observed.

SMC apoptosis in severe asthma

In vivo relevance of the findings was investigated in
bronchial biopsy specimens. Airway SMC layer from the
proximal conducting airways was examined for histologic
changes and characteristic features of SMC apoptosis. The
mucosa of severe asthmatic subjects in a representative
central bronchus showed marked damage of the epithelial
layer with exfoliation of epithelial cells (Fig. 5a). Signifi-
cantly expressed active caspase-3 was also shown in
bronchial SMC and epithelial cells (Fig. 5a). This was
parallel with epithelial shedding. Biopsies from several
clinical severity stages of asthma patients were investi-
gated. PI was used to locate the bronchial SMC nuclei.
TUNEL staining demonstrated double stranded DNA
breaks in the nuclei of SMC in lung biopsies of particu-
larly fatal asthma patients in vivo (Fig. 5b). There was no
evidence of bronchial SMC apoptosis in intermittent
asthma biopsies. PI and TUNEL staining always over-
lapped in the analysed sections, suggesting that the in
vivo occurring bronchial SMC death is an apoptotic rather
than a necrotic process.

Discussion

The present study shows that bronchial SMC appear as an
essential target of the inflammatory attack by T cells and
eosinophils. The process of cell death triggered in the
environment of chronic inflammation can become an
important pathogenic mechanism of the abnormal cell
turnover and impaired tissue regeneration. This can lead
to morphological and functional disorder of the tissue
and organ [1]. Bronchial SMC apoptosis has been de-
monstrated in cultures and in situ as the mechanism
of essential tissue injury in especially severe forms of
asthma.

The crucial role of infiltrating T cells and eosinophils
has already been suggested in pathogenic mechanisms
responsible for breakdown of airway tissue and damage of
structural cells such as bronchial epithelial cells and SMC
[2, 19, 20]. A morphologic study of the bronchial mucosa
from patients with asthma demonstrated 54.5% lympho-
cytes, 22.1% eosinophils, 4.9% neutrophils, and 4.6%
mast cells in the inflammatory infiltrate [21]. T cells may
contribute to airway inflammation by activating and
prolonging the life span of eosinophils via IL-5, IL-3, and
GM-CSF [22]. They can also directly induce apoptosis of
epithelial cells due to IFN-y secretion, and also facilitate
the TNF-o-mediated apoptosis [7]. In the present study, we



8 K. Solarewicz-Madejek et a/

(a) Haematoxylin

TRAIL

TRAILR1

TRAILR2

(b)

TRAIL

TRAILR1

TRAILR2

a-actin

(c) 6
60 * Jus

I PNy
45 4- [0 TNF-o

30 1

ol AN P [

TRAIL TRAILR1 TRAILR2

Relative mRNA
expression

Fig. 4. Asthmatic tissue TNF-related apoptosis-inducing ligand (TRAIL) and TRAIL receptor (TRAILR) expression. High TRAIL, TRAILR1 and TRAILR2
expression is shown in situ in the smooth muscle cell (SMC) layer of severe asthma. Three severe asthma patients were analysed. Second column shows
X400 magnification of the indicated area in the left column (a). Non-asthmatic (control) tissue TRAIL and TRAILR expression. Biopsies from four non-
asthmatic control subjects were analysed. IC, isotype control antibody. a-actin staining was used in sequential sections to demonstrate SMC (b). Healthy

SMC cell culture TRAIL and TRAILR expression. IFN-yand TNF-a significantly induce the TRAIL, but not TRAILR1 and TRAILR2 mRNA expression after
8 h in cultured SMC. *P<0.001 (c).

show in vitro that IFN-y, TNF-aand TRAIL are capable of In this study we show that I[FN-yandTNF-o up-regulate
rendering bronchial SMC susceptible to apoptosis. The = TNFR1, TNFR2, as well as the membrane FasL on SMC,
cooperation of TNF-oTRAIL and FasL in inducing apopto- whereas TNF-o up-regulates also TRAILR1 and TRAILR2.
sis of Jurkat T cells has also been described [23]. Fas and TRAIL were shown to be expressed by SMC tissue
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Fig. 5. Demonstration of active caspase-3 in situ in bronchial smooth
muscle cell (SMC) and epithelial cells in two severe asthma patients (a).
TUNEL and propidium iodide (PI) staining of two fatal cases of asthma
and one representative of three intermittent asthma patients (b). DNase I
treated slides served as positive control. Non-asthmatic bronchial muco-
sa biopsies were used as negative control.

in vivo and on the surface of cultured human airway
myocytes in vitro [20]. Although not related to asthma, the
cooperation of three death pathways have been demon-
strated for vascular SMC (VSMC). TNF-a-treated VSMC
have been shown to undergo apoptosis upon Fas cross-
linking [24]. In addition, death pathway triggered by
TRAIL-producing CD4" T cells has been demonstrated
as a direct mechanism of VSMC apoptosis in atherosclero-
sis [25].

T cells are well documented to contact airway smooth
muscle by directly infiltrating the muscle layer of the
airways [2] as well as by acting in it's proximity - the
bronchial submucosa [21]. Although Th2 cells have been
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mostly focused as cells responsible for the development of
allergic diseases, Th1 cells may contribute to chronicity
and effector phase in allergic diseases [26]. In humans,
there is not a straight bias for type 1 and type 2
differentiated T cell subsets in disease. In addition to
typical Th2 cytokines (like IL-5 and IL-13), IFN-yTNF-a
and TRAIL have also been elevated in cultures of bronch-
oalveolar lavage fluid (BALF) cells from asthma patients
[27]. During asthma exacerbations, viral infections may
contribute to the IFN-y increases in the airways [28]. In
this study, Th1 cell supernatants induced stronger apop-
totic cell death of SMC than Th2 cell supernatants.
Because of multiple factors, that may play a role in SMC
apoptosis, our efforts for neutralization of IFN-y, TNF-o
and TRAIL did not lead to significant change in SMC
viability. SMCs exhibited a relatively low threshold in
response to IFN-v, in the range of 1-10 ng/mL. Significant
Th2 cell-induced SMC apoptosis can be attributed to the
effects of TRAIL, which is also secreted by these cells.
Although there are similarities, bronchial epithelial
cells, skin keratinocytes and bronchial SMC do not utilize
exactly the same predominant apoptosis pathway in
response to allergic inflammation. Epidermal keratino-
cytes do not express FasL in the course of eczemateous
dermatitis and up-regulation of Fas mainly by IFN-y
renders the cells susceptible to apoptosis. The death signal
is provided by FasL expressed by activated skin-infiltrat-
ing T cells [8]. In contrast, the TNFR-related apoptotic
pathway is predominant in bronchial epithelial cells. TNF-
awhich can be released by activated eosinophils, macro-
phages, mast cells and stimulated epithelial cells, up-
regulates both Fas and FasL as well as its own receptors
TNFR1 and TNFR1 on bronchial epithelial cells [7]. Bron-
chial SMCs utilize both apoptosis pathways. Bronchial
SMCs highly expressed TNFR1, Fas, FasL, TRAILR1 and
TRAILR2 on IFN-y and TNF-o stimulation. Thus, control
of SMC number through Fas, TNFR or TRAILR ligation
may be a general mechanism for regulating the architec-
ture of smooth muscles in the inflammatory lungs.
However not seen directly in SMC, large numbers of
activated eosinophils are present in its proximity - in the
mucosa of asthmatic patients and they are thought to be
the central effector cells in asthma [28, 29]. IFN-y-
activated eosinophils can trigger bronchial epithelial cell
apoptosis [7] as well as bronchial tissue injury due to
released cytotoxic proteins including ECP, eosinophil-
derived neurotoxin, EPO and MBP [6]. Our data suggest
that eosinophils may possess the capacity to promote also
bronchial SMC apoptosis by secreted TNF-o, as well as
induce SMC necrosis within hours, by secreted ECP, ECP
damages cells by a colloid-osmotic process, introducing
non-ion selective pores in both cellular and synthetic
membranes [30]. However, to induce toxic epithelial cell
death, doses far higher than those measured in the lysates
of eosinophils were required, obviously in vivo release and
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production in cultures may not be fully comparable to
each other [30].

The stressed epithelium which can secrete TNF-o0 may
contribute to the structural remodelling of the airways,
including thickening of the basement membrane and
induction of myofibroblasts [31]. Bronchial SMC consti-
tute an autocrine environment, which activated in the
atopic (IgE mediated) sensitized state or by specific
respiratory viruses induces the autologous expression of
specific cell surface proteins (e.g. CD23, ICAM-1, etc.) and
secretion of specific pro-inflammatory cytokines [5]. As it
was shown before in cultured SMCs, airway SMC receive
strong anti-apoptotic survival signals from a system of
extra-cellular matrix proteins, like fibronectin, laminin
and collagens I and IV [32]. However, the exact rate of
smooth muscle turnover within airways is not known, the
proliferative index and turnover of airway SMC appears to
be very low even in the presence of substantial airway
inflammation [33]. On the other hand, even low intensity
of apoptosis may have a significant impact on SMC
accumulation within intact asthmatic airways. The role
of TNF-a in severe asthma has been revealed by demon-
stration of high concentrations of TNF-o in BALF from
patients with more severe asthma [34]. Furthermore, a 10-
week clinical trial of treatment with a soluble TNF-
areceptor was associated with a significant decrease in
bronchial hyperresponsiveness and the improvement in
both asthma-related quality-of-life score and lung venti-
lation parameters [35].

Although not much is known of its role in atopic
disease, increased TRAIL expression was demonstrated by
several inflammatory cells under er vivo and in vivo
conditions in atopic dermatitis [36]. Also in the airways
TRAIL can be expressed and released by inflammatory
cells infiltrating the bronchial mucosa and by the airway
wall structural cells (fibroblasts, epithelial, endothelial
and SMC) as well [37]. The increased levels of TRAIL are
observed in BALF from asthmatic patients [37]. This study
demonstrates increased expression of TRAIL, TRAILR1
and TRAILR2 in SMC of severe asthma patients. Although
both TRAIL receptors were expressed in non-asthmatic
patients, the expression of TRAIL was missing in these
individuals, suggesting an important role of this cytokine
in the pathogenesis of asthma. It has previously been
shown that non-neoplastic cells like osteoblasts are a
target for TRAIL-mediated death induced by myeloma
cells. On the other hand, osteoblasts express osteoprote-
gerin - a factor which protects myeloma cells from TRAIL-
mediated apoptosis [10]. The expression of TRAIL and its
receptors is up-regulated by [FN-v. It has been shown that
TRAIL and FasL are expressed in distinct patterns in Th1
and Th2 cells upon activation through the TCR [38]. Th2
cells seem to be more resistant to either TRAIL or FasL-
induced apoptosis compared with Th1 cells. Thus, in-
creased secretion of TRAIL by SMC after [FN-vy stimulation

may contribute to control of Th1l-dependent inflamma-
tory events. Taken together, these findings suggest that
TRAIL plays a significant role in inflammation and tissue
remodelling in asthma.

In conclusion, the demonstration of bronchial SMC
death both by apoptosis and necrosis particularly in vivo
in fatal asthma, indicates the essential role of T cells and
eosinophils in the asthmatic bronchial tissue injury and
induction of bronchi pathology in asthma.

Acknowledgements

This study has been supported by Polish Committee of
Scientific Research grant no. 1387/P05/2000/19, Swiss
National Science Foundation grant nos. 32.112306,
32.118226, European Academy of Allergy and Clinical
Immunology (K. S.) and European Respiratory Society (T.
B.) fellowships and Global Allergy and Asthma European
Network (GA2LEN).

References

—_

An SS, Bai TR, Bates JH, Black JL, Brown RH, Brusasco V. Airway
smooth muscle dynamics: a common pathway of airway ob-
struction in asthma. Eur Respir J 2007; 29:834-60.

Hakonarson H, Grunstein MM. Autocrine regulation of airway

smooth muscle responsiveness. Respir Physiol Neurobiol 2003;

137:263-76.

3 Beier KC, Kallinich T, Hamelmann E. Master switches of T-cell

activation and differentiation. Eur Respir J 2007; 29:804-12.

4 Bentley AM, Menz G, Storz C ef al. Identification of T lympho-

cytes, macrophages, and activated eosinophils in the bronchial

mucosa in intrinsic asthma. Relationship to symptoms and

bronchial responsiveness. Am Rev Respir Dis 1992; 146:500-6.

Hakonarson H, Maskeri N, Carter C, Grunstein MM. Regulation of

TH1- and TH2-type cytokine expression and action in atopic

asthmatic sensitized airway smooth muscle. J Clin Invest 1999;

103:1077-87.

6 Weller PF. Human eosinophils. J Allergy Clin Immunol 1997;

100:283-7.

Trautmann A, Schmid-Grendelmeier P, Kruger K et al. T cells and

eosinophils cooperate in the induction of bronchial epithelial cell

apoptosis in asthma. J Allergy Clin Immunol 2002; 109:329-37.

Trautmann A, Akdis M, Kleemann D et al. T cell-mediated Fas-

induced keratinocyte apoptosis plays a key pathogenetic role in

eczematous dermatitis. J Clin Invest 2000; 106:25-35.

9 Sheikh MS, Fornace AJ Jr. Daeth and decoy receptors and p53-
mediated apoptosis. Leukemia 2000; 14:1509-13.

10 Tinhofer I, Biedermann R, Krismer M, Crazzolara R, Greil R. A
role of TRAIL in killing osteoblasts by myeloma cells. FASEB J
2006; 20:759-61.

11 Lavrik IN, Gols A, Krammer PH. Caspases: pharmacological
manipulation of cell death. J Clin Invest 2005; 115:2665-72.

12 American Thoracic Society. Proceedings of the ATS workshop on

refractory asthma: current understanding, recommendations,

and unanswered questions. Am J Respir Crit Care Med 2000;

162:2341-51.

[\S}

(S

~

<)

© 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-11



Smooth muscle cell apoptosis in asthma 11

13

14

15

16

20

21

22

23

24

Akdis M, Klunker S, Schliz M, Blaser K, Akdis CA. Expression of
cutaneous lymphocyte-associated antigen on human CD4(+)
and CD8(+) Th2 cells. Eur J Immunol 2000; 30:3533-41.
Crameri R, Jaussi R, Menz G, Blaser K. Display of expression
products of cDNA libraries on phage surfaces. A versatile screen-
ing system for selective isolation of genes by specific gene-
product/ligand interaction. Eur J Biochem 1994; 226:53-8.
Rosenberg HF, Ackerman SJ, Tenen DG. Human eosinophil
cationic protein. Molecular cloning of a cytotoxin and hel-
minthotoxin with ribonuclease activity. J Exp Med 1989; 170:
163-76.

Klunker S, Trautmann A, Akdis M ef al. A second step of
chemotaxis after transendothelial migration: keratinocytes un-
dergoing apoptosis release IFN-gamma-inducible protein 10,
monokine induced by IFN-gamma, and IFN-gamma-inducible
alpha-chemoattractant for T cell chemotaxis toward epidermis in
atopic dermatitis. J Immunol 2003; 171:1078-84.

Vermes I, Haanen C, Steffens-Nakken H, Reutelingsperger C. A
novel assay for apoptosis. Flow cytometric detection of phos-
phatidylserine expression on early apoptotic cells using fluor-
escein labelled Annexin V. J Immunol Methods 1995; 184:39-51.
Ashkenazi A, Dixit VM. Death receptors: signaling and modula-
tion. Science 1998; 281:1305-8.

Hamann KJ, Vieira JE, Halayko AJ et al. Fas cross-linking
induces apoptosis in human airway smooth muscle cells. Am J
Physiol Lung Cell Mol Physiol 2000; 278:L618-24.

Robertson NM, Zangrilli JG, Steplewski A et al. Differential
expression of TRAIL and TRAIL receptors in allergic asthmatics
following segmental antigen challenge: evidence for a role of
TRAIL in eosinophil survival. J Immunol 2002; 169:5986-96.
Ohashi Y, Motojima S, Fukuda T, Makino S. Airway hyperrespon-
siveness, increased intracellular spaces of bronchial epithelium,
and increased infiltration of eosinophils and lymphocytes in
bronchial mucosa in asthma. Am Rev Respir Dis 1992; 145:
1469-76.

Howarth PH, Bradding P, Montefort S et al. Mucosal inflamma-
tion and asthma. Am J Respir Crit Care Med 1994; 150:518-22.
Zhou J, Law HKW, Cheung CH, NG IHY, Malik Peiris JS, Lau YL.
Functional tumor necrosis factor-related apoptosis-inducing
ligand production by avian influenza virus-infected macro-
phages. J Infect Dis 2006; 193:945-53.

Geng YJ, Henderson LE, Levesque EB, Muszynski M, Libby P. Fas
is expressed in human atherosclerotic intima and promotes
apoptosis of cytokine-primed human vascular smooth muscle
cells. Arterioscler Thromb Vasc Biol 1997; 17:2200-8.

© 2009 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 1-11

26

27

28

29

30

31

32

33

34

35

36

37

38

Sato K, Niessner A, Kopecky SL, Frye R, Goronzy JJ, Weyand CM.
TRAIL-expressing T cells induce apoptosis of vascular smooth
muscle cells in the atherosclerotic plaque. J Exp Med 2006;
203:239-50.

El Biaze M, Boniface S, Koscher V et al. T cell activation, from
atopy to asthma: more a paradox than a paradigm. Allergy 2003;
58:844-53.

Cembrzynska-Nowak M, Szklarz E, Inglot AD, Teodorczyk-
Injeyan JA. Elevated release of tumor necrosis factor-alpha
and interferon-gamma by bronchoalveolar leukocytes from
patients with bronchial asthma. Am Rev Respir Dis 1993; 147:
291-5.

Busse WW, Lemanske RF. Asthma. N Engl J Med 2001; 344:
350-62.

Lee NA, Gelfand EW, Lee JJ. Pulmonary T cells and eosinophils:
coconspirators or independent triggers of allergic respiratory
pathology? J Allergy Clin Immunol 2001; 107:945-57.

Young JD, Peterson CG, Venge P, Cohn ZA. Mechanism of
membrane damage mediated by human eosinophil cationic
protein. Nature 1986; 321:613-6.

Morishima Y, Nomura A, Uchida Y ef al. Triggering the induction
of myofibroblast and fibrogenesis by airway epithelial shedding.
Am J Respir Cell Mol Biol 2001; 24:1-11.

Freyer AM, Johnson SR, Hall IP. Effects of growth factors and
extracellular matrix on survival of human airway smooth muscle
cells. Am J Respir Cell Mol Biol 2001; 25:569-76.

Panettieri RA Jr., Murray RK, Bilgen G, Eszterhas AJ, Martin JG.
Repeated allergen inhalations induce DNA synthesis in airway
smooth muscle and epithelial cells in wvivo. Chest 1995;
107:94S-5S.

Howarth PH, Babu KS, Arshad HS. Tumour necrosis factor-alfa
as a novel therapeutic target in symptomatic corticosteroid
dependent asthma. Thorax 2005; 60:1012-8.

Berry MA, Hargadon B, Shelley M et al. Evidence of a role of
tumor necrosis factor-alfa in refractory asthma. N Engl J Med
2006; 354:697-708.

Vassina E, Leverkus M, Yousefi S, Braathen LR, Simon HU, Simon
D. J Invest Dermatol 2005; 125:746-52.

Robertson NM, Rosemiller M, Lindemeyer RG, Steplewski A,
Zangrilli JG, Litwack G. TRAIL in the airways. Vitam Horm
2004; 67:149-67.

Zhang XR, Zhang LY, Devadas S, Li L, Keegan AD, F SY.
Reciprocal expression of TRAIL and CD95L in Th1 and Th2 cells:
role of apoptosis in T helper subset differentiation. Cell Death
Differ 2003; 10:203-10.



