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ABSTRACT Toll-like receptors (TLRs) and nucleotide-binding oligomerisation domain (NOD)-like
receptors (NLRs) are two major forms of innate immune sensors but their role in the immunopathology
of stable chronic obstructive pulmonary disease (COPD) is incompletely studied. Our objective here was to
investigate TLR and NLR signalling pathways in the bronchial mucosa in stable COPD.

Using immunohistochemistry, the expression levels of TLR2, TLR4, TLR9, NOD1, NOD2, CD14,
myeloid differentiation primary response gene 88 (MyD88), Toll-interleukin-1 receptor domain-containing
adaptor protein (TIRAP), and the interleukin-1 receptor-associated kinases phospho-IRAK1 and IRAK4
were measured in the bronchial mucosa of subjects with stable COPD of different severity (n=34), control
smokers (n=12) and nonsmokers (n=12). The bronchial bacterial load of Pseudomonas aeruginosa,
Haemophilus influenzae, Moraxella catarrhalis and Streptococcus pneumoniae was measured by
quantitative real-time PCR.

TLR4 and NOD1 expression was increased in the bronchial mucosa of patients with severe/very severe
stable COPD compared with control subjects. TLR4 bronchial epithelial expression correlated positively
with CD4+ and CD8+ cells and airflow obstruction. NOD1 expression correlated with CD8+ cells. The
bronchial load of P. aeruginosa was directly correlated, but H. influenzae inversely correlated, with the
degree of airflow obstruction. Bacterial load did not correlate with inflammatory cells.

Bronchial epithelial overexpression of TLR4 and NOD1 in severe/very severe stable COPD, associated
with increased bronchial inflammation and P. aeruginosa bacterial load, may play a role in the pathogenesis
of COPD.
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Introduction
Inflammation plays a key role in the pathogenesis of chronic obstructive pulmonary disease (COPD) [1].
A symbiotic relationship between the microbiota and the innate and adaptive immune host response has
been postulated [2, 3]. Immune host responses to microbiota challenges are balanced in such a way as to
maintain the microbiota diversity required for induction of protective responses to pathogens [2, 3]. The
innate immune system recognises microbial pathogens through pattern recognition receptors (PRRs),
which detect the pathogen-associated molecular patterns (PAMPs) and induce inflammatory host
responses and activation of the adaptive immune responses [2, 3].

Toll-like receptors (TLRs) and nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs)
are two major PRRs, which provide responses against pathogenic invasion or tissue injury [4]. TLR2
recognises lipoteichoic acid (LTA) from Gram-positive bacteria and some nontypical lipopolysaccharides
(LPSs) of Gram-negative bacteria [5]; TLR4 recognises LPS and some endogenous ligands [5], and TLR9 is
involved in viral A/D- and bacterial B/K-type CpG DNA recognition [6]. CD14 acts as a coreceptor (along
with TLR4) for the detection of LPS but can bind LPS only in the presence of LPS-binding protein.
Although LPS is considered its main ligand, CD14 also recognises other PAMPs such as LTA [7].

NOD1 and NOD2 recognise intracellular bacteria through identification of peptidoglycan components,
such as a muramyl dipeptide found in almost all bacteria, or via γ-D-glutamyl-meso-diaminopimelic acid
found in Gram-negative bacteria [8]. Both myeloid differentiation primary response gene 88
(MyD88)-dependent and -independent (involving the CD14) signalling pathways are activated downstream
of TLR activation [9, 10]. Upon receptor stimulation, MyD88 recruits interleukin-1 receptor-associated
kinase (IRAK) family member IRAK4 to TLRs and induces IRAK1 phosphorylation, followed, in turn, by
activator protein AP-1 activation and nuclear translocation and/or IκB degradation and NF-κB nuclear
activation [11–14]. Toll-interleukin-1 receptor domain-containing adaptor protein (TIRAP) is essential for
the MyD88-dependent signalling pathway through TLR2 and TLR4 activation [15].

Abnormalities in any of these innate sensor-mediated processes may result in excessive inflammation due to
either hyperactive innate immune signalling or sustained compensatory adaptive immune activation [4, 5].
These characteristics have been observed in the lower airways of patients with stable COPD [1]. We
hypothesise the detection of bacterial proteins occurs to a greater extent in more severe COPD. The aim of
this study was to investigate TLR and NLR signalling pathways in the bronchial mucosa in relation to the
bronchial bacterial load of patients with stable COPD of differing severity and control subjects.

Methods
Subjects
All COPD patients and control subjects who underwent bronchoscopy and bronchial biopsies were recruited
from the Respiratory Medicine Unit of the Fondazione Salvatore Maugeri, Institute of Veruno (Veruno,
Italy). In COPD patients, the severity of airflow obstruction was graded using current Global Initiative for
Chronic Obstructive Lung Disease (GOLD) criteria (http://goldcopd.org). All former smokers had stopped
smoking for at least 1 year. COPD and chronic bronchitis were defined according to international guidelines
(http://goldcopd.org). All COPD patients were stable with no exacerbation in the 6 months prior to
bronchoscopy. None of the subjects was treated with theophylline, antibiotics, antioxidants, mucolytics
and/or glucocorticoids in the month prior to bronchoscopy. The study conformed to the Declaration of
Helsinki, and was approved by the ethics committees of the Fondazione Salvatore Maugeri (Veruno, Italy)
and the University Hospital of Ferrara (Ferrara, Italy). Written informed consent was obtained from each
subject and bronchial biopsies were performed according to the local ethics committee guidelines.

A detailed description of subjects, lung function tests, fibreoptic bronchoscopy and processing of bronchial
biopsies, immunohistochemistry, scoring system for immunohistochemistry, double staining, quantification
of bacterial load, in vitro experiments performed on normal human bronchial epithelial cells, and details
of statistical analysis are provided in the supplementary material.

This article has supplementary material available from erj.ersjournals.com
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Statistical analysis
The numbers of patients used in each group was based on previous studies which examined differences in
inflammatory cell numbers in bronchial biopsies [16]. Differences between groups were analysed using
ANOVA for functional data. The ANOVA test was followed by the unpaired t-test for comparison between
groups. The Kruskal–Wallis test applied for morphological data was followed by the Mann–Whitney
U-test for comparison between groups. Correlation coefficients were calculated using the Spearman rank
method. Probability values of p<0.05 were considered significant.

Results
Clinical characteristics of the subjects
We obtained and studied bronchial biopsies from 58 subjects: 34 with stable COPD, 12 control smokers
with normal lung function and 12 nonsmokers with normal lung function (table 1). COPD patients were
divided into two groups: mild/moderate (GOLD stage I–II, n=16) and severe/very severe (GOLD stage III–
IV, n=18). There was no difference in age between the subjects in the four groups. The smoking history
was similar in the three smoking groups. Values of forced expiratory volume in 1 s (FEV1) % pred and
FEV1/forced vital capacity (FVC) % differed significantly between total COPD patients (mild/moderate
and severe/very severe) and both control groups (healthy smokers and healthy nonsmokers). Lung
function in severe/very severe COPD patients also differed significantly from mild/moderate COPD
patients (ANOVA: p<0.0001 for FEV1 % pred and FEV1/FVC % values). 35% (n=12) of the total COPD
patients and 25% (n=3) of healthy smokers with normal lung function also had symptoms of chronic
bronchitis but this was not significant.

Inflammatory cells in the bronchial biopsies
The results of the immunohistochemical analysis are summarised in table 2. These data, obtained from
stable COPD patients, confirm previously reported results showing higher numbers of neutrophils in
severe/very severe COPD (table 2) [16]. There was also a trend towards increased CD8+ cell numbers in
severe and very severe patients but this did not reach significance according to the Kruskal–Wallis test.
COPD patients with chronic bronchitis had a similar number of neutrophils when compared with COPD
patients without chronic bronchitis [16, 17].

Immunohistochemistry
The results of the immunohistochemical study for the TLR and NLR signalling pathways are summarised
in table 2.

Immunohistochemistry in the bronchial epithelium
The expression of TLR4 in the bronchial epithelium was increased in severe/very severe stable COPD
compared with nonsmoking control subjects (p=0.0027) (table 2 and supplementary figure E1). There was
a trend towards significance between these COPD patients and control smokers with normal lung function
(p=0.054). The expression of TLR4 in the bronchial epithelium was also increased in mild/moderate stable
COPD patients compared with nonsmoking control subjects (p=0.024). Similarly, the expression of NOD1
in the bronchial epithelium was increased in severe/very severe stable COPD compared with mild/moderate
stable COPD patients (p=0.036) and nonsmoking control subjects (p=0.006) (table 2 and supplementary

TABLE 1 Clinical characteristics of chronic obstructive pulmonary disease (COPD) and control subjects who provided bronchial
biopsies

Groups Subjects n Age years M/F Pack-years Ex-/current
smoker

FEV1 % pred
pre-BD

FEV1 % pred
post-BD

FEV1/FVC %

Control nonsmokers 12 63±13 10/2 0 0 117±18 ND 86±10
Control smokers with
normal lung function

12 61±7 9/3 43±26 2/10 104±13 ND 81±6

COPD stages I and II 16 71±8 14/3 50±28 6/11 63±11# 67±13 57±9#

COPD stages III and IV 18 66±9 11/7 54±36 13/5 35±8#,¶ 38±9 44±10#,¶

Data are presented as mean±SD, unless otherwise stated. M: male; F: female; FEV1: forced expiratory volume in 1 s; BD: bronchodilator;
FVC: forced vital capacity; ND: not determined. Patients were classified according to Global Initiative for Chronic Obstructive Lung Disease
(http://goldcopd.org) levels of severity for COPD: mild (stage I), moderate (stage II), severe (stage III) and very severe (stage IV). For COPD
patients FEV1/FVC % are post-bronchodilator values. #: p<0.0001, significantly different from control smokers with normal lung function and
control never-smokers (ANOVA); ¶: p<0.0001, significantly different from mild/moderate COPD (ANOVA).
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figure E2). NOD1 expression also trended towards significance between severe/very severe stable COPD
patients and control smokers with normal lung function (p=0.054).

The bronchial epithelial expression of both MyD88 (Kruskal–Wallis: p=0.059; Mann–Whitney: p=0.012
and p=0.038, respectively) and TIRAP (Kruskal–Wallis: p=0.082; Mann–Whitney: p=0.035 and p=0.047,
respectively) also tended to be increased in severe/very severe stable COPD patients compared with mild/
moderate COPD and control smokers with normal lung function (table 2). No significant differences were
observed for the other molecules studied (table 2). These data are also summarised in figure 1a.

Immunohistochemistry in bronchial lamina propria
TLR4 was increased in severe/very severe COPD (p=0.027) and mild/moderate COPD (p=0.015)
compared with control smokers (table 2 and supplementary figure E1). NOD1 was increased in severe/
very severe COPD compared with control smokers (p=0.022) and control nonsmokers (p=0.002). It was
also increased in mild/moderate COPD (p=0.023) compared with control nonsmokers (table 2 and
supplementary figure E2). IRAK4 tended to be increased in mild/moderate COPD (Kruskal–Wallis:
p=0.071; Mann–Whitney: p=0.017) compared with control smokers (table 2). No statistical differences
were observed for the other molecules studied (table 2). These data are summarised in figure 1b. Double
staining for identification of CD8+ (T-cells), CD68+ (macrophages) and CD31+ (endothelial cells) cells
co-expressing TLR4 and NOD1 was performed in three representative COPD patients. The mean±SE

percentages of CD8+ TLR4+, CD68+TLR4+ and CD31+TLR4+ double-stained cells were 51±11%, 54±12%
and 61±5%, respectively; the mean±SE percentages of CD8+ NOD1+, CD68+NOD1+ and CD31+NOD1+

double-stained cells were 31±10%, 30±5% and 43±5%, respectively (supplementary figure E3).

TABLE 2 Immunohistochemical quantification of innate immune molecules and cytokines related to bacterial response in
bronchial biopsies

Control
nonsmokers

Control
smokers

Mild/moderate
COPD

Severe/very
severe COPD

Kruskal–Wallis
p-value

Epithelium score 0–3
TLR2 1.5 (0.75–2) 1.5 (0.75–2.5) 1.5 (0.75–2) 1.75 (0.75–2.5) 0.416
TLR4 1.0 (0.5–2) 1.25 (0.5–2) 1.25 (0.75–2.25)# 1.75 (0.75–3)# 0.008
TLR9 0.5 (0.12–0.75) 0.37 (0.12–1) 0.5 (0–1) 0.5 (0.12–1.5) 0.851
CD14 0.62 (0.5–1) 0.75 (0.25–1.5) 0.75 (0.5–1.75) 1.0 (0.5–1.75) 0.338
NOD1 2.0 (0.25–2.75) 2.5 (1–3) 2.5 (1–2.75) 2.5 (2–3)#,+ 0.022
NOD2 0 (0–0) 0 (0–0) 0 (0–0) 0 (0–0.25) 0.784
MyD88 1.62 (0.75–2.75) 1.62 (0.75–2.5) 1.5 (0.75–2) 2 (0.75–2.5) 0.059
TIRAP 1.5 (0.75–2.75) 2 (1–2.5) 1.75 (0.5–2.5) 2.37 (1–2.75) 0.082
Phospho-IRAK1 1.5 (0.75–2) 1.75 (0.75–2.5) 1.5 (1–2.5) 2 (1–2.25) 0.688
IRAK4 2.5 (1.5–3) 2.37 (1–3) 2.62 (1.75–3) 2.5 (1.5–3) 0.326

Lamina propria cells·mm−2

TLR2 101 (56–168) 124 (45–185) 90 (11–390) 150 (12–470) 0.341
TLR4 62 (46–129) 58 (32–111) 99 (40–285)¶ 111 (27–344)¶ 0.041
TLR9 4 (0–52) 5 (0–15) 13 (0–53) 4 (0–90) 0.211
CD14 118 (75–213) 133 (21–376) 103 (48–290) 161 (60–312) 0.999
NOD1 153 (37–355) 202 (98–323) 229 (145–419)# 286 (161–475)#,¶ 0.007
NOD2 0 (0–9) 0 (0–9) 0 (0–11) 0 (0–41) 0.780
MyD88 129 (32–216) 128 (44–275) 140 (56–252) 138 (44–339) 0.956
TIRAP 209 (73–314) 176 (101–376) 193 (54–548) 258 (39–548) 0.438
Phospho-IRAK1 322 (232–441) 324 (258–366) 344 (185–419) 302 (186–460) 0.550
IRAK4 155 (70–406) 142 (27–254) 206 (64–387) 172 (103–274) 0.071
CD4 164 (101–212) 246 (37–500) 258 (107–731) 252 (66–470) 0.206
CD8 147 (76–301) 179 (86–657) 195 (86–523) 244 (111–355) 0.365
CD68 284 (128–516) 275 (97–904) 367 (158–759) 340 (204–1054) 0.671
Neutrophil elastase 93 (58–166) 97 (45–308) 94 (28–512) 151 (47–470)#,¶ 0.045

Data are presented as median (range), unless otherwise stated. COPD: chronic obstructive pulmonary disease; TLR: Toll-like receptor;
NOD: nucleotide-binding oligomerisation domain; MyD88: myeloid differentiation primary response protein 88; TIRAP: Toll-interleukin-1
receptor domain-containing adaptor protein; IRAK: interleukin-1 receptor-associated kinase. The Kruskal–Wallis test was used for multiple
comparisons followed by the Mann–Whitney U-test for comparison between groups: #: p<0.05, significantly different from control nonsmokers;
¶: p<0.05, significantly different from control smokers with normal lung function; +: p<0.05, significantly different from mild/moderate COPD.
Significant values are shown in italics. The exact p-values for comparisons between groups are given in the Results section.
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Quantification of bacterial load in the bronchial biopsies
The results of the quantification of the bacterial load in the bronchial biopsies are summarised in table 3
and figure 1c. When data were expressed as absolute numbers, H. influenzae was decreased in severe/very
severe COPD compared with mild/moderate COPD (p=0.011) and control smokers (p=0.0013).
No significant differences were observed for P. aeruginosa, M. catarrhalis and S. pneumoniae (table 3).
To evaluate changes in the relative proportions of each bacterium studied, we expressed these data as
percentage of the total load value constituted by the sum of the four bacteria studied. The percentage of
P. aeruginosa tended to be increased in severe/very severe stable COPD compared with control smokers
with normal lung function (Kruskal–Wallis: p=0.050; Mann–Whitney: p=0.012); the percentage of
H. influenzae was significantly decreased in severe/very severe COPD compared with mild/moderate COPD
(p=0.029) and control smokers (p=0.010) (table 3 and figure 1c).

Quantification of TLR4 mRNA in in vitro H2O2-treated bronchial epithelial cells
Bronchial epithelial (16HBE) cells treated with H2O2 (100 µM) showed significantly increased TLR4
mRNA levels after 2 h (figure 1d).
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FIGURE 1 a, b) Schematic representation of the molecular variations related to bacterial-related molecules in
the a) bronchial epithelium and b) bronchial lamina propria of control nonsmokers (CNS), control smokers
(CS), mild/moderate stable chronic obstructive pulmonary disease (M COPD) and severe/very severe stable
COPD (S COPD) patients. TLR: Toll-like receptor; MyD88: myeloid differentiation primary response gene 88;
NOD: nucleotide-binding oligomerisation domain; TIRAP: Toll-interleukin-1 receptor domain-containing
adaptor protein. With worsening of the disease, levels of TLR4 and NOD1 increase in the bronchial epithelium
and bronchial lamina propria. c)Pseudomonas aeruginosa and Haemophilus influenzae variations in control
subjects and in COPD patients of increasing severity. M. catarrhalis: Moraxella catarrhalis; S. pneumoniae:
Streptococcus pneumoniae. With worsening of the disease, levels of P. aeruginosa increase, while levels of
H. influenzae decrease in bronchial biopsies. d) TLR4 mRNA significant increase induced by H2O2 stimulation
of bronchial epithelial cells (16HBE) at 2 h after oxidative stimulus. NT: not treated. See the supplementary
material for further details about the immunohistochemistry, quantification of bacterial load and in vitro
experiments. Data are presented as median±SE. #: significantly different from CNS; ¶: significantly different
from CS; +: significantly different from M COPD.
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Correlations between clinical parameters, number of inflammatory cells, TLR and NLR signalling
pathway expression, and bacterial load in the bronchial biopsies
In all smokers, the degree of TLR4 immunostaining in the bronchial epithelium was positively correlated
with the numbers of CD8+ cells (r=0.630; p=0.018) and CD4+ cells (r=0.580; p=0.029) in the bronchial
lamina propria. In addition, in all smokers, the degree of TLR4 immunostaining in the bronchial
epithelium was inversely correlated with FEV1 % pred (r=−0.36; p=0.019) and FEV1/FVC % (r=−0.39;
p=0.009). When the analysis was restricted to patients with stable COPD alone, the correlations between
the degree of TLR4 immunostaining in the bronchial epithelium with FEV1 % pred (r=−0.37; p=0.037)
and FEV1/FVC % (r=−0.50; p=0.005) were maintained (figure 2). In all smokers, NOD1 immunostaining

TABLE 3 Bacterial load in bronchial biopsies of chronic obstructive pulmonary disease (COPD) patients and control subjects

Control
nonsmokers

Control
smokers

Mild/moderate
COPD

Severe/very
severe COPD

Kruskal–Wallis
p-value

Subjects 5 9 13 15
16S (total bacterial load) 5809±11269 4014±7126 6026±15477 810±1377 0.288
Pseudomonas aeruginosa 167±157

(78.8±23.3)
117±122

(67.2±22.6)
143±149

(77.2±23.9)
61±62

(88.8±20.2)
0.451
(0.050)

Haemophilus influenzae 42±59
(20.6±23.9)

51±74
(31.8±22.1)

28±38
(22.6±24.0)

5±8¶,+

(10.7±20.5)¶,+
0.007
(0.029)

Moraxella catarrhalis 0.8±1.1
(0.6±1.3)

1±2.2
(0.7±1.9)

0.1±0.3
(0.07±0.26)

0.2±0.7
(0.47±1.25)

0.567
(0.924)

Streptococcus pneumoniae 0.06±0.13
(0.0±0.0)

0.0±0.0
(0.0±0.0)

0.11±0.34
(0.07±0.26)

0.0±0.0
(0.0±0.0)

0.710
(0.986)

Data expressed as n or mean±SE, unless otherwise stated. The bacterial load (copies·mL−1) is normalised for the bronchial biopsy superficial
layer (mm2). The percentage of each bacterial species studied over the total load value (i.e. P. aeruginosa plus H. influenzae plus M. catarrhalis
plus S. pneumoniae) is shown in parentheses. The Kruskal–Wallis test was used for multiple comparisons followed by the Mann–Whitney U-test
for comparison between groups: ¶: p<0.05, significantly different from control smokers with normal lung function; +: p<0.05, significantly
different from mild/moderate COPD. The exact p-values for comparison between groups are given in the Results section.
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FIGURE 2 Regression analysis performed in a, b) all smokers and c, d) patients with chronic obstructive
pulmonary disease (COPD) alone showing correlations between Toll-like receptor 4 (TLR4) scored epithelial
values and a, c) forced expiratory volume in 1 s (FEV1) % pred and b, d) FEV1/forced vital capacity (FVC) %.
The lung functional indices of bronchial obstruction were significantly and inversely correlated with the
immune expression of TLR4 in the bronchial epithelium of all smokers and of patients with COPD alone.
Correlation coefficients were calculated using the Spearman rank method.
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in the lamina propria was inversely correlated with FEV1 % pred (r=−0.39; p=0.019) and positively
correlated with the numbers of CD8+ cells (r=0.538; p=0.044).

Interestingly, in all smokers, the bronchial load of P. aeruginosa was inversely correlated with FEV1 % pred
(r=−0.41; p=0.012) (figure 3), whereas the reverse effect was seen with the bronchial load of H. influenzae,
which was positively correlated with FEV1 % pred (r=0.458; p=0.005) (figure 3). This association was
maintained in the COPD patient group when studied separately (r=0.424; p=0.025).

No other statistically significant correlations were found between clinical parameters, expression of
bacterial receptors, number of inflammatory cells and bacterial load.

Discussion
We have shown here that TLR4 and NOD1 protein expression is enhanced in the bronchial mucosa of
patients with severe/very severe COPD compared with control subjects. In addition, the bronchial epithelial
expression of TLR4 correlates positively with the numbers of CD4+ and CD8+ cells in the bronchial mucosa
and with the degree of airflow obstruction. NOD1 expression also correlated with CD8+ cell numbers. The
degree of airflow obstruction was positively correlated with an increased load of P. aeruginosa and a
decreased load of H. influenzae in the bronchial biopsies in all smokers and in patients with stable COPD.

A previous study found no significant differences in TLR4 expression in the bronchial mucosa of mild/
moderate stable COPD patients compared with control subjects, while the percentage of CD8+ cells
co-expressing TLR4 was increased [18]. The difference between the results reported here could be due to
the low number of COPD (n=8) and control subjects (n=5) studied [18], and also due to the different
severity of the COPD patients. In all smokers and patients with COPD, we found a significant positive
correlation between TLR4 epithelial expression and numbers of CD8+ and CD4+ cells in the lamina
propria, showing an association between bronchial inflammation and upregulation of TLR4 in stable
COPD. Furthermore, in agreement with our present data, increased TLR4 expression was reported by
Western blotting in GOLD stage IV COPD patients compared with control nonsmokers [19]. In contrast,
LEE et al. [20] reported decreased TLR4 levels associated with increased bronchial obstruction and
increased emphysema score on lung lysates of smokers, confirming the need for further investigations to
correctly position our present data. Here, we showed that CD8+, CD68+ and CD31+ cells mainly
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FIGURE 3 Regression analysis performed in a, b) all smokers and c, d) patients with chronic obstructive
pulmonary disease (COPD) alone showing correlations between forced expiratory volume in 1 s (FEV1) % pred
lung functional values and percentage of a, c)Pseudomonas aeruginosa and b, d)Haemophilus influenzae. In the
bronchial mucosa increased values of bronchial obstruction were associated with an increased percentage of
P. aeruginosa in all smokers, and a decreased percentage of H. influenzae in all smokers and patients with
COPD. Correlation coefficients were calculated using the Spearman rank method.

https://doi.org/10.1183/13993003.02006-2016 7

COPD | A. DI STEFANO ET AL.



MD2

M
yD

8
8

M
yD

8
8

N
O

D
1

N
O

D
1

N
O

D
2

N
O

D
2

Oxidative

stress

DAMP/PAMP

Gram-negative 

bacteria

Inflammatory 

cytokines

Gram-positive 

bacteria

CD14

T
IR

A
P

T
IR

A
P

IRAK4

IRAK1 IRAK2

C
A

R
D

C
A

R
D

C
A

R
D

C
A

R
D

C
A

R
D

C
A

R
D

IKKγ

IKKα

IκBα

p50 p65

p50 p65 Gene transcription

IκBα

p50

p p

p65

IKKβ

TLR4

FIGURE 4 Toll-like receptor 4 (TLR4) and nucleotide-binding oligomerisation domain 1 (NOD1) signalling in
chronic obstructive pulmonary disease (COPD). In the presence of concomitant oxidative stress stimuli,
pathogen-associated molecular patterns (PAMPs) from microorganisms and endogenous molecules termed
danger-associated molecular patterns (DAMPs) stimulate TLR4, leading to the recruitment of the TLR
signalling adaptor myeloid differentiation primary response protein 88 (MyD88) and the adapter molecule
Toll-interleukin-1 receptor domain-containing adaptor protein (TIRAP). The MyD88-dependent pathway recruits
the interleukin-1 receptor-associated kinase (IRAK) family of proteins that leads to IκB phosphorylation,
resulting in the activation and nuclear translocation of NF-κB (p50/p65) which can be responsible for the
overexpression of numerous inflammatory genes. TLR4, MyD88, TIRAP and p65 (NF-κB) result in increased
COPD patients. Bacterial peptidoglycan-derived peptides γ-D-glutamyl-meso-diaminopimelic acid and muramyl
dipeptide are recognised by the NOD cytosolic receptors NOD1 and NOD2. Through caspase recruitment
domain (CARD)–CARD interactions, NOD1 and NOD2 may stimulate the downstream IκB kinase (IKK) complex
that, in turn, phosphorylates the NF-κB inhibitor IκBα followed by NF-κB activation and nuclear translocation.
Gram-negative bacteria preferentially activate NOD1, which was found upregulated in our present study in
COPD patients.
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contributed to the upregulation of TLR4 and NOD1 in bronchial biopsies of COPD patients. In
agreement, using flow cytometric analysis, CD8+ cells co-expressing TLR4 were also increased in the
peripheral lung tissue of COPD patients compared with control smokers [21].

TLR4 recognises LPS, the major surface component of Gram-negative bacteria [5]. Lipid A is the pro-
inflammatory component of LPS and TLR4 is required for the recognition of lipid A of P. aeruginosa [22],
suggesting that its overexpression in the bronchial epithelium of severe/very severe stable COPD patients
may be important for sensing and responding to persistent colonisation of the lower airways of these
patients [23]. Interestingly, in vitro, TLR4 activates NF-κB, and propagates and maintains oxidative/
nitrosative cellular stress, which are both involved in the pathogenesis of stable COPD [1, 24].

Oxidative stress is more pronounced in advanced COPD [1], and in vitro both tobacco smoking exposure [18]
and oxidative stress [25] may upregulate TLR4 expression. In our in vitro experiments, using human
bronchial epithelial cells (16HBE) treated with H2O2, we showed that oxidative stress induced TLR4
mRNA. Recent evidence in smoking mice [26]. Furthermore, ozone- indicates that cigarette smoke
significantly enhanced tlr4 mRNA expression after 4 and 12 weeks (1.77- and 1.53-fold,
respectively)enhanced tlr4 mRNA in the lungs of mice after 6 weeks of exposure is completely ablated by
treatment with N-acetylcysteine (I.M. Adcock, unpublished data). The data, taken together, indicate that
increased oxidative stress could be capable of upregulating TLR4 also in the bronchi of stable COPD
patients, although specific studies in humans need to be performed to confirm this hypothesis.

We also demonstrated increased expression of NOD1 in the bronchial epithelium and lamina propria of
stable COPD patients compared with control subjects, suggesting an involvement of this cytosolic protein
in the recognition process of bacterial cell wall components in the bronchial mucosa of patients with stable
COPD [27]. In vitro human bronchial epithelial cells challenged with M. catarrhalis show an increased
CXCL8 expression that is blocked by NOD1 inhibitors [28]. In addition, in vitro NOD1 agonists activate
NF-κB in human endothelial cells [29], supporting the role of NOD1 in sustaining bronchial inflammation.

The increased expression of MyD88 in the bronchial epithelium of patients with severe/very severe stable
COPD compared with control smokers with normal lung function, without significant differences in CD14
expression, suggests the involvement of a MyD88-dependent downstream signalling pathway in the
immunopathology of the bronchial mucosa of stable COPD patients. This is in keeping with our data
showing increased expression of TIRAP in the bronchial epithelium of our severe/very severe COPD
patients, an index of MyD88-dependent pathway activation (figures 1 and 4) [15].

The decreased H. influenzae load observed in the bronchial mucosa of our patients with severe/very severe
stable COPD compared with mild/moderate COPD and control smokers with normal lung function is in
keeping with previous studies showing a fundamental role of TLR4 activation in the clearance of this
bacteria from the mouse lung [30, 31]. This is also in agreement with previous studies showing that
H. influenzae is virtually absent in severe/very severe COPD lung tissues and increased in milder forms of
COPD [32]. The absence of H. influenzae may also provide a niche for colonisation by other pathogenic
bacteria such as new strains of P. aeruginosa [32, 33].

Our data on the bronchial bacterial load are discordant with a previous study performed in lung
parenchymal tissues. This showed no significant differences in total bacterial load between advanced stable
COPD and control subjects [34], and may reflect the different lower airway compartment examined.
Previous studies have clearly demonstrated a progressive decrease of the total bacterial load from the upper
to lower airways and lung parenchyma [32, 33, 35], and this makes it more difficult to identify significant
differences between patients with stable COPD of different severities and control subjects in the presence
of very low levels of total bacterial load. This difference may also influence the related immune host
response developing in the bronchi and lung tissue (different compartments) of COPD patients when
compared with control subjects. These considerations are also reinforced by the data of CABRERA-RUBIO

et al. [36] showing that in patients with stable COPD the microbiota composition obtained by the analysis
of bronchial biopsies and bronchoalveolar lavage better represents the lower airway bacterial composition
compared with the analysis of sputum and bronchial aspirate samples [36].

Neither P. aeruginosa nor H. influenzae, expressed as absolute number or as percentage, were correlated
with inflammatory cells (CD8+, CD68+ neutrophils) or bacterial-related molecules (TLR4, NOD1) mainly
expressed in the bronchial biopsies. This finding suggests that in stable disease the microbiota may not be
directly related to the classical COPD inflammatory response developing in the bronchial mucosa. This
seems to be in contrast to the situation during COPD exacerbations where a concomitant increase of
bronchial inflammation [37], microbiota load [38] and TLR4 expression [39] has been observed. However,
a comprehensive study of pathogen-related bacteria and related inflammatory response in bronchial
biopsies of exacerbated COPD patients is lacking. Furthermore, changes in microbial composition in the
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lung and gut have been linked to organ-related alterations of the immune responses. However, no studies
have investigated changes in the gut microbiota of patients with COPD of increasing severity [40].

It is interesting to note that certain single nucleotide polymorphisms of the NOD2 gene were associated
with more severe disease in Japanese COPD patients [41] and this area deserves more research in the
future. Furthermore, in our current study, both IRAK4 and phospho-IRAK1, which favour NF-κB nuclear
activation [11], were overexpressed in the bronchial epithelium and lamina propria of all subjects studied.
This indicates that the bronchial mucosa is activated in COPD (figures 1 and 4). A more expansive study
using next-generation sequencing may determine the precise differences in inflammation and immunity in
these patients.

As a limitation of this study, and in agreement with other authors [33], we cannot exclude a bias in the
quantification of the bacterial load due to repeated antibiotic treatments, particularly in severe/very severe
COPD patients, even though a 1-month washout period from antibiotic treatments was applied in our protocol
study. In addition, the study was not powered to detect the effect of smoking cessation on these parameters and
further larger studies are required to confirm these data as well as the subgroup analysis performed here.

In conclusion, the overexpression of TLR4 and NOD1 in the bronchial epithelium of patients with severe/
very severe stable COPD, associated with increased bronchial inflammation and P. aeruginosa bacterial
load, may play a role in the pathogenesis of the disease.
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