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Abstract  Toll-like receptor 4 (TLR4) signaling requires
a number of accessory proteins to initiate a signal. MD-2 is
one of the accessory proteins with a relevant role in
lipopolysaccharide responses. Although cigarette smoke
increases TLR4 expression, TLR4 signaling is altered in
smokers and in smokers COPD patients. The main aims of
this study were to explore whether MD?2 is altered in large
and small airways of COPD and of smokers without
COPD. The expression of MD2 ex vivo was assessed by
immunohistochemistry in surgical specimens from current
smokers COPD (s-COPD; n = 14), smokers without
COPD (S; n = 7), and from non-smoker non-COPD sub-
jects (C; n = 11. The in vitro effects of cigarette smoke
extracts on the MD2 expression in a human bronchial
epithelial cell line (16-HBE) were also assessed by flow
cytometry. MD2 is reduced in the epithelium and in the
submucosa in large airways but not in the epithelium and in
the submucosa in small airways of smokers and of
s-COPD. The expression of MD2 in the submucosa of the
large airways is significantly higher in comparison to the
submucosa of the small airways in all the studied groups.
In vitro, cigarette smoke is able to increase TLR4 but it
reduces MD2 in a dose-dependent manner in bronchial
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epithelial cells. Cigarette smoke may alter innate immune
responses reducing the expression of the MD2, a molecule
with an important role in TLR4 signaling.
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Abbreviations

TLR4  Toll-like receptor 4

COPD Chronic obstructive pulmonary disease
CSE Cigarette smoke extracts

LPS Lipopolysaccharide

MD-2  Mpyeloid differentiation-2
Introduction

The respiratory tract is one of the primary routes of entry
into the body for invading pathogens. Toll-like receptor 4
(TLR4) is the primary receptor for recognition of
lipopolysaccharide (LPS), found in gram-negative bacteria,
and was the first mammalian TLR to be characterized [1].
TLR4 signaling requires a number of accessory proteins to
initiate a signal [1]. A key component of the TLR4 receptor
cluster is Myeloid differentiation-2 (MD-2). MD-2 is a
protein that binds to the extracellular domain of TLR4 and
is essential for LPS recognition [2]. Under resting condi-
tions, TLR4 cycles between the Golgi and the plasma
membrane and translocates to the cell surface upon LPS
exposure [3]. The translocation of TLR4 to the cell mem-
brane was reported to depend on glycosylation, for which
MD-2 was required [4, 5]. On epithelial cells, soluble MD2
binds to TLR4 and increases TLR4 levels at the cell surface
by preventing TLR4 turnover through the endocytic
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pathway. Thus, sMD2 may prime epithelial cells for
enhanced immunoresponsive function prior to LPS expo-
sure [6].

The airway epithelium is active in airway defense
mechanisms by releasing cytoprotective mucus and
defensins and exerts an important role in coordinating local
inflammation and immune responses. The exposure to
cigarette smoke, the major risk factor for chronic
obstructive pulmonary disease (COPD), alters innate
immune responses of the bronchial airway epithelium. In a
LPS-stimulated bronchial epithelial cell line, cigarette
smoke further increases the expression of TLR4 and ori-
entates the activation of TLR4 toward a reduced release of
IP-10 with a preferential activation of the ERK pathway [7,
8]. These events lead to an increased neutrophil chemotaxis
and to a reduced lymphocyte chemotaxis thus altering the
balance between innate and adaptative responses generated
by the epithelium upon microbial stimulation [7, 8].
Although smokers and COPD smokers have an increased
expression of TLR4 in the epithelium of both large and
small airways [9], COPD smokers have a reduced expres-
sion of human beta defensin 2 (HBD2) in large airways.
Cigarette smoke reduces HBD2 expression and releases in
bronchial epithelial cells [9].

It is unknown whether in smokers and in COPD, the
expression of MD?2 is altered in large and in small airways
and which is the effect of cigarette smoke on MD2
expression.

The aims of the present study were to assess the
expression of MD2 in lung tissue samples from smokers
and COPD smokers and to evaluate in vitro the effects of
CSE on MD?2 expression in bronchial epithelial cells.

Materials and methods
Study population

The study population of this study was recruited at Istituto
Mediterraneo per i Trapianti e Terapie ad Alta Specializ-
zazione (ISMETT) in Palermo, Italy. All recruited patients
underwent surgery for lung cancer. The study protocol was
approved by the ISMETT Ethic Committee (#149311-29/
05/2006) and informed written consent was obtained from
each patient. The patients were recruited from September
2006 to January 2008 and classified into the following
groups as previously reported [9]: (1) Non-smoking
patients without chronic pulmonary underlying events
(Controls) (n = 11); (2) current smoking patients (>15
pack/year) without COPD (S) (n = —7); and (3) current
smoking patients (>15 pack/year) with stable moderate
COPD (s-COPD) (n = 14). COPD patients were treated
with bronchodilators. The patients were not under
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corticosteroid therapy (neither inhaled nor systemic) and
not under theophylline or antibiotics and did not have
exacerbations during the month preceding the study. All
the COPD patients included in the study were classified on
the basis of preoperative lung function test: FEV1/
FVC <70 %; 50 % < FEV1 < 80 % predicted and bron-
cho-dilatation reversibility less than 12 %. The following
variables at admission were recorded: age, gender, and
smoking habits (Table 1).

Histology

Tissue specimens from central bronchi or sub-pleural par-
enchyma samples were taken away from the tumor site,
fixed with 10 % Neutral buffer formalin, and embedded in
paraffin wax. A pathologist examined the lung parenchyma
and confirmed that they were tumor free and surrounded by
tumor-free tissue. Deparaffinised sequential sections (4-pm
thick) were stained with hematoxylin and eosin (HE) and
used for immunohistochemistry [10]. MD-2 was assessed
in large (internal perimeter > 6 mm) and small (internal
perimeter < or = 6 mm) airways.

The following antibody was used: rabbit anti-human
polyclonal anti-TLR4 (Santa Cruz; sc-10741) and anti-
MD?2 antibody (Santa Cruz; sc-20668) (1:10 overnight).
The reaction was revealed by using the Avidin-Biotin
technique (AP-LSAB2 KIT; DAKO). An antibody diluent
(DAKO) and irrelevant antibody (Santa Cruz Biotechnol-
ogy) of the same isotype were used as negative controls.

The cell nuclei were stained for 1 min with Hematoxylin
(DAKO). For distal airways examination, at least four non-
cartilaginous peripheral airways with an internal perimeter
less than 6 mm were selected for each patient. To avoid
measurements in tangentially cut airways, bronchioles with
a short/long diameter ratio less than one-third were
excluded from the study. In each airway, we measured the
internal perimeter along the subepithelial basement mem-
brane and the luminal diameter as the greater distance in a
plane perpendicular to the long axis of the lumen [11, 12].

The immunoreactivity in the epithelium of large and
small airways [9, 13-15] was evaluated blindly by two
independent investigators (M.F; G. C.) and was assessed as
positive epithelial cells/mm basement membrane. The
immunoreactivity in the submucosa was evaluated as pre-
viously described [16]. Results are expressed as medians
and 25-75 percentiles [9, 14, 15].

Preparation of cigarette smoke extracts (CSE)

Commercial cigarettes (Marlboro) were used in this study.
Cigarette smoke solution was prepared as described previ-
ously [7]. Each cigarette was smoked for 5 min and one
cigarette was used per 10 ml of PBS to generate a CSE-PBS
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solution. The CSE solution was filtered through a 0.22-pm
pore filter to remove bacteria and large particles. The smoke
solution was then adjusted to pH 7.4 and used within 30 min
of preparation. This solution was considered to be 100 %
CSE and diluted to obtain the desired concentration in each
experiments. The concentration of CSE was calculated
spectrophotometrically measuring the OD as previously
described [17] at the wavelength of 320 nm. The pattern of
absorbance, among different batches, showed very little
differences and the mean OD of the different batches was
1.37 £ 0.16. The presence of contaminating LPS on undi-
luted CSE was assessed by a commercially available kit
(Cambrex Corporation, East Rutherford, New Jersey, USA)
and was below the detection limit of 0.1 EU/ml.

Bronchial epithelial cell cultures

16-HBE, an immortalized normal bronchial epithelial cell
line [18], was used in this study. Bronchial epithelial cells
were maintained in MEM (Gibco, BRL, Germany), sup-
plemented with 10 % fetal calf serum (Gibco). Cell cul-
tures were maintained in a humidified atmosphere of 5 %
CO; in air at 37 °C. Cells were cultured in the presence and
absence of CSE (2.5, 5, and 10 %) for 24 h. In some
experiments, bronchial epithelial cells were cultured with
both CSE 10 % and LPS (1 pg/ml) (Sigma-Aldrich Cor-
porate, St Louis, MO) for 24 h. At the end of stimulation,
cells were collected for further flow cytometry evaluations.

Flow cytometry

The expression of MD2 in 16-HBE cells was evaluated as
previously described [19] by flow cytometry using a FACS

Table 1 Demography of recruited subject population

Calibur (Becton—-Dickinson, Mountain View, CA). To
evaluate the expression of MD-2, cells were fixed with PBS
containing 4 % paraformaldehyde for 20 min at room
temperature. Fixed cells were washed twice in permeabi-
lization buffer (PBS containing 1 % FBS, 0.3 % saponin,
and 0.1 % Na azide) for 5 min at 4 °C and then incubated
with a rabbit polyclonal anti-MD2 antibody (Santa Cruz;
sc-20668) (1:100) for 30’, followed by a FITC conjugated
anti-rabbit IgG (Dako, Glostrup, Denmark). Negative
controls were performed using rabbit immunoglobulins
negative control (Dako). Data are expressed as percentage
of positive cells.

Statistics

Data are expressed as medians and inter-quartile range or
as mean counts = SD. A non-parametric Mann—Whitney
test was applied for comparisons between the two subject
groups. For in vitro experiments, the differences between
different experimental conditions were evaluated by non-
parametric Wilcoxon test. P < 0.05 was accepted as sta-
tistically significant.

Results
Demographic characteristics of the subjects

The demographic characteristics and the functional evalu-
ations of the studied groups are shown in Table 1. All
recruited patient groups were similar with regard to age.
The number of packs/year was similar between S and
s-COPD (Table 1).

Controls (n = 11) Sm="17) s-COPD (n = 14) P value
Age (mean £ SD) 67 £ 5 68 £ 5 68 + 7 ns
Gender 8SM/3F 5M/2F 9M/5F
Packs/year (mean £ SD) - 30+ 7 31 £ 10 S versus s-COPD
ns
Pre bronchodilator FEV1-% of 87 +6 73 £ 8 68 + 12 S versus s-COPD
predicted (mean £ SD) ns
Post bronchodilator FEV1-% of 89 +7 75+9 73 + 14 S versus s-COPD
predicted (mean £ SD) ns
Pre bronchodilator FEV1/FVC % 82+ 5 78 £ 8 63+ 5 S versus s-COPD
of predicted (mean £ SD) <0.0003
Post bronchodilator FEVI/FVC % 85+ 7 79.6 £ 5 65+5 S versus s-COPD
of predicted (mean & SD) <0.0004

Comparisons by Mann—Whitney test

M male, F female, ns not significant
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Expression of MD2 in the epithelium
and in submucosa of large and small airways

TLR4 signaling requires a number of accessory proteins to
initiate a signal. One of the accessory proteins with a
crucial role for LPS recognition is represented by MD?2 [2].

Since TLR4 expression is increased in the epithelium of
both large and small airways in S and in s-COPD [9], in the
present study, we assessed the expression of MD2 in large
and small airways from controls, S and s-COPD. MD2
expression is reduced in the epithelium (Fig. 1a, b) and in
the submucosa (Fig. 2a, b) in large airways of smokers and
of s-COPD in comparison to controls. MD2 expression is
not reduced in both the epithelium (Fig. 3a, b) and the
submucosa (Fig. 4a, b) in small airways of smokers and of
s-COPD in comparison to the controls. The expression of
MD?2 in the submucosa of the large airways was signifi-
cantly higher than in the submucosa of the small airways in
all the studied groups (large airways: median 17.5; small
airways: median 0.1; P < 0.002). The expression of MD2
in the submucosa was mainly concentrated on inflamma-
tory cells. TLR4 expression is increased in the epithelium
in large airways in smokers and s-COPD in comparison to
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Fig. 1 MD2 expression is reduced in the epithelium of large airways.
Immunohistochemistry for MD2 in large airways from surgical
samples of Controls (n = 11), S (n = 7), and s-COPD (n = 14)
subjects. Cells were stained with an anti-MD2 antibody. Negative
controls were performed using rabbit immunoglobulins negative
control (see Materials and Methods for details). a Individual counts
for the number of positive epithelial cells/mm basement membrane in
large airways. Horizontal bars represent median values. *P < 0.05
values in figure represent Mann—Whitney U test analyses. b Repre-
sentative MD2 immunostaining (red stain) in large airways of a
Control, of a S, and of a s-COPD. x400 magnification
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controls [Controls = 14(8-19);
s-COPD 28(17-47)].

Smokers = 30(26—45);

Effect of cigarette smoke exposure on bronchial
epithelial cells

To assess the specific role of cigarette smoke on the MD2
expression, the effect of CSE on a bronchial epithelial cell
line was tested. In in vitro dose response experiments,
cigarette smoke was able to reduce MD?2 expression in a
dose-dependent manner (Fig. 5), and CSE 10 % was able
to significantly reduce MD2 expression on bronchial
epithelial cells (Figs. 6, 7) and was able to increase, in
parallel, TLR4 while it reducing MD2 (Fig. 7), suggesting
that cigarette smoke exposure promotes the expression of a
not fully functional TLR4 in bronchial epithelial cells.
Finally, we explored the effects of the agonist of TLR4, the
LPS, on MD2 expression in bronchial epithelial cells
exposed to CSE. LPS alone did not significantly modify
both the constitutive expression and the CSE-modified
MD2 expression in bronchial epithelial cells (Base-
line=71£15 CSE=63+14; LPS=0606= 14
LPS 4+ CSE 10 % = 66 + 13).
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Fig. 2 MD2 expression is reduced in the submucosa of large airways.
Immunohistochemistry for MD2 in large airways from surgical
samples of Controls (n = 11), S (n = 7), and s-COPD (n = 14)
subjects. Cells were stained with an anti-MD2 antibody. Negative
controls were performed using rabbit immunoglobulins negative
control (see Materials and Methods for details). a Individual counts
for the number of positive cells/mm? area. Horizontal bars represent
median values. *P < 0.05 values in figure represent Mann—Whitney
U test analyses. b Representative MD2 immunostaining (red stain) in
submucosa of large airways of a Control, of a S, and of a s-COPD.
x400 magnification
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Fig. 3 MD2 expression is not reduced in the epithelium of small
airways. Immunohistochemistry for MD2 in small airways from
surgical samples of Controls (n = 11), S (n =7), and s-COPD
(n = 14) subjects. Cells were stained with an anti-MD2 antibody.
a Individual counts for the number of positive epithelial cells/mm
basement membrane in small airways. Horizontal bars represent
median values. b Representative MD2 immunostaining (red stain) in
small airways of a Control, of a S, and of a s-COPD. x400
magnification
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Fig. 4 MD2 expression is not reduced in the submucosa of small
airways. Immunohistochemistry for MD2 in small airways from
surgical samples of Controls (n = 11), S (n =7), and s-COPD
(n = 14) subjects. Cells were stained with an anti-MD2 antibody.
a Individual counts for the number of positive cells/mm” area.
Horizontal bars represent median values. b Representative MD2
immunostaining (red stain) in submucosa of small airways of a
Control, of a S, and of a s-COPD. x400 magnification

Discussion

Cell surface and endosomal TLRs constitute one of the
major cell receptors involved in innate immunity of the
lung mediating immediate immune responses against
microbial pathogens.

TLR4, one of the most extensively studied TLRs, is a
type I transmembrane protein with an extracellular domain
of leucine-rich repeats that provides, via the activation of
MD2, the recognition of LPS, the invariant virulence factor
of Gram-negative bacteria [1]. LPS-induced cell responses
are tightly regulated via distinct pathways including sub-
cellular TLR4 localization and thus ligand sensing [20].
The role of lung cell-specific micro-environmental factors
in regulating expression and intracellular TLR4 localiza-
tion in response to LPS is largely unknown.

The present study investigated for the first time the
expression of MD2 in smokers and in s-COPD and the
specific role of cigarette smoke exposure on MD2
expression in a model of airway epithelial cells.

MD-2 was first described by Shimazu et al. [2], docu-
menting the need for assembling of MD-2 and TLR4 for
cells to be LPS sensitive. Studies of the receptor structure
have demonstrated that MD-2 binds directly to LPS caus-
ing an allosteric change that facilitates its binding to a
second TLR4 protein thus forming a receptor dimer [21,
22]. These studies also suggest that LPS does not directly
bind to the TLR4 receptor, thus explaining the obligate
requirement for MD-2. In contrast to CD14, MD-2 is
selectively associated with TLR4 and, in contrast to CD14,
does not transmit signals from danger-associated molecular
patterns [23].

TLRs establish the inflammatory setting in response to
infections or tissue damage and provide a low-grade acti-
vation of the innate immune system for day-to-day lung
structure stability [24, 25]. High grade activation of TLR
signaling, leading to increased production of cytokines and
reactive oxidant, contributes to experimental emphysema
[26].

MD-2 is found both as a membrane bound and soluble
protein and binds to TLR4 to assemble the functional
receptor.

Under resting conditions, TLR4 cycles between the
Golgi and the plasma membrane and translocates to the cell
surface upon LPS exposure [3]. Trafficking of TLR4 from
the Golgi to the plasma membrane is regulated by the small
TLR4-associated glycoprotein MD2 [4, 5]. However, in the
present study, LPS exposure is not able to modify both the
constitutive expression and the CSE-modified MD2
expression in bronchial epithelial cells.

In this regard, it has been demonstrated that abnormal
TLR4 trafficking leads to decreased TLR4 degradation,

@ Springer
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Fig. 5 CSE is able to reduce MD2 expression in a dose-dependent
manner in bronchial epithelial cells. 16-HBE cells were cultured in
the presence and in the absence of different concentrations of CSE
(2.5, 5, and 10 %) for 24 h and were used for assessing MD2
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Fig. 6 CSE 10 % is able to significantly reduce MD2 expression in
bronchial epithelial cells. 16-HBE cells were cultured in the presence
and in the absence of CSE 10 % for 18 h and were used for assessing
MD2 expression (n = 7). The expression of MD2 was evaluated by
flow cytometry and the results are expressed as Percentage of positive
cells (means &+ SD). *P < 0.05

which affects down-regulation of the proinflammatory state
[27]. Here it has been demonstrated that MD?2 expression is
reduced in the epithelium and in the submucosa in large
airways but not in small airways in smokers and in s-COPD
in comparison to controls. Differently, in large airways,
TLR4 is increased in the epithelium in smokers and in
s-COPD in comparison to controls. Although the predom-
inant pathology is present in small airways and lung
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expression. The expression of MD2 was evaluated by flow cytometry.
Representative histogram plots of the MD2 expression from two
different experiments are shown

parenchyma in COPD [28], the contribution of the alter-
ations within the large airways is becoming increasingly
important. In large airways, ciliated cells, goblet cells, and
submucosal glands produce mucus that traps inhaled
pathogens and other particulate material. Then coordinated
beating of cilia sweeps the trapped material from more
distally located airways toward proximal, a defense
mechanism known as mucociliary escalator [29]. Cigarette
smoke interferes with the innate host defense system by
increasing mucus production, reducing mucociliary clear-
ance, disrupting the epithelial barrier, and stimulating the
migration of inflammatory and immune cells. The data of
the present study further support the concept that a defect
in the innate immune responses in the large airways of
smokers may predispose to the development of COPD.
Cigarette smoke exposure increases TLR4 expression but
reduces MD-2 expression in bronchial epithelial cells. In
this regard, it has been previously demonstrated that
although TLR4 expression is increased, HBD2 expression
is reduced in the epithelium of large airways and its
expression positively correlates with FEV1/FVC ratio and
inversely correlates with the cigarette smoke exposure [9]
in smokers with COPD.

Cigarette smoke extracts reduce the expression of HBD2
in primary bronchial epithelial cells from smokers and
from COPD patients [30] and, in bronchial epithelial cells,
block the induction of HBD2 mRNA generated by
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Fig. 7 CSE 10 % is able to
reduce MD2 expression while it
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increases TLR4 expression in |
bronchial epithelial cells.
16-HBE cells were cultured in
the presence and in the absence
of CSE 10 % for 18 h and were
used for assessing MD2 and
TLR4 expression.
Representative histogram plots
are shown
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exposure to IL-1 beta, a cytokine with a crucial role in the
inflammation of COPD [9]. On the other hand, cigarette
smoke extracts increase the expression of TLR4 in a
bronchial epithelial cell line [7, 8] and orientate the acti-
vation of TLR4 toward an increased IL-8 release and a
reduced IP-10 release leading to an increased neutrophil
chemotaxis and to a reduced lymphocyte chemotaxis, thus
altering the balance between innate and adaptative
responses [7, 8]. This unbalance may amplify lung
inflammation since lung inflammation can be excessive
when the adaptive pulmonary immune responses are
inappropriate [31]. The MD2 expression in the submucosa
was significantly higher in large airways than (P < 0.002)
in small airways in all the studied groups. Taken together,
these findings suggest that physiologically the innate
immune responses are highly activated in the upper air-
ways to block pathogens at this level, thus protecting lower
airways and lung parenchyma from infections and from
excessive inflammation.

As consequence, the defect in large airways may acti-
vate an excessive activation of the innate immune
responses in the small airways and in the lung parenchyma,
thus amplifying the inflammatory responses at this level.
Physiologically, the distal airways are sterile while the

o -~ -« - -
10°10'10%10°10*
FL2-TLR4

airways of COPD patients are chronically colonized by
potential respiratory pathogens [32]. Pneumonia caused by
Gram-negative bacteria is a major cause of morbidity and
mortality in humans with an increasing prevalence of
community-acquired and early-onset ventilator-associated
pneumonia [33]. Chronic bacterial colonization together to
an oxidant/antioxidant unbalance can stimulate the host
immune system and cause a chronic airway inflammation
[34] that in turn may promote the tissue damage observed
in distal airways and lung parenchyma of COPD patients.
Bronchiolar inflammation correlates with functional
impairment and temporally precedes emphysema [35]. The
inflammatory processes promote the structural and func-
tional changes associated with chronic bronchitis in the
larger bronchi [36] while in the smaller bronchi and
bronchioles, they cause the occlusion of the lumen by
mucus, thickening of the walls, and narrowing of the lumen
[28].

In conclusions, cigarette smoke exposure in smokers as
well as in COPD patients alters the physiological activation
of innate immune responses in large airways increasing
TLR4 but not the accessory protein MD2 with a crucial
role in LPS responses. The altered immune competence of
large airways may increase inflammation in small airways
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and lung parenchyma. All these events may contribute to
increase the risk of infections and exacerbations in COPD
patients, thus promoting disease progression.
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