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ORIGINAL ARTICLE

Decreased indoleamine 2,3-dioxygenase activity
and IL-10/IL-17A ratio in patients with COPD

Kittipong Maneechotesuwan,' Kanda Kasetsinsombat,” Adisak Wongkajornsilp,?

Peter J Barnes®

ABSTRACT

Rationale Indoleamine 2,3-dioxygenase (IDO) induces
generation of requlatory T cells but suppresses Th17 cells
and therefore might attenuate neutrophilic inflammation.
The role of IDO in neutrophilic airway diseases such as
chronic obstructive pulmonary disease (COPD) remains
unknown. We evaluated IDO activity and expression and
interleukin (IL)-10 and IL-17A levels in sputum from
patients with COPD.

Methods DO activity and cytokine concentrations in
sputum supernatants from patients with COPD of varying
severity and in smoking and non-smoking control
subjects were determined by high-performance liquid
chromatography and ELISA, respectively.

Results Patients with COPD had reduced sputum IDO
activity and expression and IL-10 levels, with increased
IL-17A, IL-6 and CXCL8 concentrations and sputum
neutrophils. These changes were significantly correlated
with disease severity. IDO activity was decreased, but to
a lesser extent, in normal smokers compared with non-
smoking controls.

Conclusions Patients with COPD have a progressive
reduction in IDO activity with reversal of the balance
between IL-10 and IL-17A, resulting in chronic airway
neutrophilic inflammation.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a
chronic airway inflammatory disorder which
involves an abnormal inflammatory response to
noxious particles and gases. Cigarette smoking acti-
vates innate immune cells such as epithelial cells
and macrophages.! Activated dendritic  cells
induce adaptive immune cells including the two
lineages of CD4 T helper (Th) cells (interferon
(IFN)y-secreting Th1 cells and interleukin
(IL)-17-secreting Th17 cells), CD8 cytotoxic T cells
(Tc1) and B cells.! This leads to the formation of
lymphoid follicles with chronic airway inflamma-
tion which is characterised by a predominance of
CD8 T cells at all airway levels including the lung
parenchyma.” ® There is also an increase in CD68
cells (monocytes/macrophages) in the bronchial
subepithelium and alveoli* and an increased
number of neutrophils in the airways and sputum.
Previous studies have emphasised the role of several
inflammatory cells in the pathogenesis of COPD—
mainly alveolar macrophages, neutrophils and T
lymphocytes.” However, although proinflammatory
CD4 T cell activation is involved in amplifying and
perpetuating the chronic inflammatory state of

What is the key question?

» The key question is whether indoleamine
2, 3-dioxygenase (IDO) plays an important role
in neutrophilic airway inflammation in COPD.

What is the bottom line?

» In this study we demonstrated that IDO activity
was progressively reduced in patients with
COPD of increasing clinical severity which
resulted in the induction of IL-17A and
concomitant loss of IL-10 secretion.

Why read on?

» In addition to in vivo data we also conducted
in vitro study to confirm the effect of reduced
IDO activity on the balance between IL-17A
and IL-10 expression in monocyte-derived
macrophages. The results may lead to a novel
approach to treating inflammation in COPD by
increasing IDO activity.

stable COPD, the role of regulatory T (Treg) cells
and CD4 Th17 cells remains uncertain.

There is an interplay between Treg and Th17 cells
in regulating the development of autoimmunity and
chronic inflammation.® These lineages are both
derived from naive CD4 T cells, which undergo polar-
isation, and there is mutual suppression between these
subtypes in vitro and presumably in vivo.” The differ-
entiation of Treg cells may be linked to the differenti-
ation of Th17 cells depending on the overall
polarising cytokine environment. The imbalance
between Th17 and Treg cells may contribute to the
chronic inflammatory response with reduced reso-
lution of airway inflammation in COPD.

IL-17 is predominantly expressed by Th17 cells
and has a potential proinflammatory role in COPD by
stimulating the production of neutrophil chemotactic
mediators such as CXCL1 (GRO-a), CXCL8 (IL-8)
and IL-6 from airway epithelial cells.® In addition,
IL-17 is upregulated in the bronchial mucosa of
patients with COPD.” '® However, there are data that
question the role of IL-17 in COPD as its expression
is not well correlated with airway neutrophilia.” *°

Indoleamine 2,3-dioxygenase (IDO), the main
inducible and rate-limiting tryptophan degrading
enzyme, has recently been shown to act as an
important T cell immunomodulator and inducer of
tolerance."’ Tt is predominantly expressed in
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Chronic obstructive pulmonary disease

macrophages and dendritic cells."' The IDO pathway has a
potential role in the control of airway inflammation in asthma,
and this may be mediated via the anti-inflammatory cytokine
IL-10"% which is a potent activator of IDO.'* IDO inhibits T cell
responses in various inflammatory disorders including auto-
immune diseases, asthma, allograft rejection and viral infections.
It regulates the balance of Th17 to Treg cells through the Treg
differentiation inducible effects of kynurenine,'* ' thereby pos-
sibly supressing Th17-mediated inflaimmation. However, it is
currently unknown whether COPD is associated with reduced
IDO activity and how this affects the balance between Th17 and
Treg cells. In addition to its anti-inflammatory effects, IDO
could suppress oxidative stress by using superoxide anions as a
substrate and a cofactor in its catalytic process.'® Furthermore,
tryptophan catabolites act as potent radical scavengers.'” This
led us to hypothesise that patients with increasing severity of
COPD may have a progressive reduction in sputum IDO activity
that may affect the balance between IL-10 and IL-17A. We
therefore measured sputum IDO activity, IL-10 and IL-17A
levels in patients with COPD of different severity compared
with age-matched non-smoking and smoking controls.

We demonstrate here that patients with COPD have a reduc-
tion in IDO activity which is associated with increased IL-17A
and decreased IL-10 concentrations and that this is correlated
with disease severity. In addition, sputum IL-17A concentrations
were positively correlated with IL-6 and CXCL8 concentrations
at all COPD severity stages, whereas they were negatively asso-
ciated with forced expiratory volume in 1 s/forced vital capacity

(FEV,/FVC%).

METHODS

Patients

Patients with COPD who were current or former smokers
with a smoking history of >10 pack-years were recruited.

We included male and female subjects aged 40-80 years with
baseline post-bronchodilator FEV,/FVC < 0.7. COPD severity
was graded according to the Global Initiative for Obstructive
Lung Disease (GOLD).'® Patients were excluded if they had a
history of asthma or a respiratory infection or a COPD exacer-
bation within 8 weeks prior to screening and sputum induction.
Normal smoker controls had the same demographics and a
similar smoking history but were free from significant diseases
as determined by history and physical examination and had
baseline post-bronchodilator FEV; > 80% predicted normal
value and FEV{/FVC > 0.7. Non-smoking controls were age-
matched to normal smokers but with no smoking history. The
study was approved by the ethics review committees of Siriraj
Hospital and all subjects gave written informed consent.

Study design

This study was aimed at investigating the levels of sputum IDO
activity in patients with COPD of different severity. All patients
entering the run-in phase stopped inhaled corticosteroids (ICS),
theophylline and long-acting bronchodilators (LABA) and
received inhaled short-acting B, agonists used as rescue medica-
tion for 2 weeks prior to sputum induction. At the end of the
run-in period, patients were eligible for the study if they had
complied with the run-in treatment and had no COPD exacer-
bations. Seven patients with GOLD stage III COPD dropped
out in the run-in period when ICS, theophylline and LABA or
long-acting muscarinic antagonists had been withdrawn.

Statistical analysis

Data are presented as means*=SEM. Demographic data were
described by number and percentage of patients for categorical
variables. Comparisons of IDO activity between patients with
COPD who were current or ex-smokers and between cigarette
smoke extract (CSE)-untreated and CSE-treated macrophages

Table 1  Demographic data and clinical characteristics of study subjects
Patients with COPD

Characteristic Non-smoking controls (N=7)  Normal smoker controls (N=12)  GOLD | (N=10)  GOLD Il (N=20)  GOLD Il (N=14)
Age (years) 62.7+£1.77 53.2+4.09 74.7+£3.28%** 68.9+£1.82%** 67.8+£2.54***
Sex (% male) 42.8 100 80 85 92.85
Smoking (pack-years) 0 25.8+2.11 39.0+6.04* 43.4+7.39 27.9+5.8
Ex-smoker (n) 0 3 8 16 13
ICS/LABA (n) 0 0 6 1" 6
FEV4/FVC (%) 81.3+0.87 78.8+1.21 59.06+3.09*** 54.94+2.22*** 38.46+2.69***
Postbronchodilator FEV, (% predicted) 97.45+3.3 102.1£4.15 101.4+5.47 68.68+1.88*** 40.94+2.13* **
Prebronchodilator FEV; (I) 1.92+0.15 2.62+0.08 1.70+0.16*** 1.35+0.07*** 0.92+0.06***
FEV; reversibility (%) 0.62+0.81 2.72+0.89 7.31£2.01 7.71£1.75 7.9£2.71*
Total cell count (x10°) 0.80+0.06 1.01£0.13 1.26+0.22 1.54+0.15*** 1.43+0.31**
Macrophage number (x106) 0.34+0.088 0.32+0.042** 0.30+0.05** 0.28+0.053** 0.198+0.022***
Macrophages (%) 43.46+11.36 34.64+4.57** 25.82+3.4** 21.13+4.22%** 17.16+2.01***
Neutrophil number (x10°) 0.44+0.10 0.66+0.12** 0.9+0.18** 1.2+0.15%** 1.20+0.3***
Neutrophils (%) 54.4+11.56 63.56+4.42** 69.74+4.46** 76.26+4.23%** 80.72+2.0%**
Eosinophil number (x10°) 0.004+0.002 0.02+0.005** 0.024+0.008** 0.02+0.005 0.02+0.008**
Eosinophils (%) 0.57+0.27 2.22+0.49** 1.76+0.53** 1.38+0.25 2.04+0.62**
Lymphocyte number (x10°) 0.0043+0.002 0.0+0.0 0.0+0.0 0.001+0.0008 0.0+0.0
Lymphocytes (%) 0.56+0.24 0.0+0.0 0.0+0.0 0.089+0.05 0.0+0.0
Epithelial cell number (x106) 0.007+0.003 0.0+0.0 0.017+0.01 0.007+0.002 0.0007+0.0007
Epithelial cells (%) 1.004+0.54 0.0+0.0 1.84+1.22 0.51£0.16 0.05+0.05

Data presented as means+SEM unless otherwise indicated.

*p<0.05 vs smoking controls.

**p<0.05 vs non-smoking controls.

COPD, chronic obstructive pulmonary disease; GOLD, Global Initiative for Obstructive Lung Disease.
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were performed by the Mann—-Whitney U test. The r, correl-
ation coefficient was determined for the correlation of the
kynurenine/tryptophan (Kyn/Trp) ratio, IL-10 and IL-17A with
FEV/FVC% using the Spearman rank correlation test. Multiple
linear regression analyses were performed for independent vari-
ables (medication, number of pack-years). The median was cal-
culated if the distribution of the variables was not normal.
Statistical analysis for multiple comparisons was performed
using one-way ANOVA and the Welch test with the Dunnett T3
correction'? for equal variances not assumed or Bonferroni cor-
rections for equal variances assumed. All statistical tests were
two-sided, and significance was accepted at the level of 95%
and p<0.05 using PASW statistics 18 (SPSS, IBM, Somers,
New York, USA).

Additional details of the study method are provided in the
online supplement.

RESULTS

Subject characteristics

We studied 63 subjects: 44 with COPD (10 GOLD stage I, 20
GOLD stage II, 14 GOLD stage III), 12 smoking controls
without COPD (9 current smokers) and 7 never smokers with
normal lung function (table 1). The percentage of sputum neu-
trophils increased with GOLD grades.
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Figure 1

IDO expression and activity

IDO expression and bioactivity (expressed as the Kyn/Trp ratio)
measured in sputum samples were both decreased in patients
with COPD compared with non-smoking controls, and this was
correlated with disease severity (figure 1A,B). These differences
reached significance in samples from smoking normal controls
(IDO immunoreactive cells 43.2+1.5%, p<0.001; Kyn/Trp
ratio 1.36+0.18, p<0.001), GOLD stage I COPD (IDO immu-
nopositive cells 29.5+3.4%, p<0.001; Kyn/Trp ratio 0.58
+0.07, p<0.001), GOLD stage II COPD (IDO immunopositive
cells 15.6+1.3%, p<0.001; Kyn/Trp ratio 0.17=0.03,
p<0.001) and GOLD stage III COPD (IDO immunopositive
cells 5.8+0.5%, p<0.001; Kyn/Trp ratio 0.048+0.009,
p<0.001) compared with those from non-smoking controls
(IDO immunopositive cells 76.28+2.7%; Kyn/Trp ratio 2.55
+0.1). There was a graded reduction in IDO expression and
bioactivity in patients with increasing clinical severity of COPD:
for IDO expression (smoking controls vs GOLD stage I,
p=0.025; GOLD stage I vs GOLD stage II, p=0.021; GOLD
stage Il vs GOLD stage III, p<0.001); for IDO activity
(smoking controls vs GOLD stage I, p=0.012; GOLD stage I vs
GOLD stage II, p=0.004; GOLD stage II vs GOLD stage III,
p=0.011). Concentrations of kynurenine were also significantly
reduced in sputum samples from patients with increasing
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Comparison of (A) sputum indoleamine 2,3-dioxygenase (IDO) expression, (B) IDO activity and (C) kynurenine concentrations in patients

with chronic obstructive pulmonary disease of different Global Initiative for Obstructive Lung Disease (GOLD) stages, normal smokers and
non-smokers. (D) A positive correlation is shown between IDO activity and forced expiratory volume in 1 s/forced vital capacity (FEV1/FVC%). Results
expressed as means+SEM. *p<0.05 vs non-smokers; **p<0.001 vs non-smokers. Kyn/Trp ratio, kynurenine/tryptophan ratio.
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severity of COPD compared with samples from non-smoking
controls (figure 1C). The differences were significant between
samples from non-smoking controls (69.6+4.5 uM) and those
from normal smokers (19.7+1.7 uM, p<0.001), GOLD stage I
COPD (10.4+0.78 uM, p<0.001), GOLD stage II COPD
(6.3£0.72uM, p<0.001) or GOLD stage III COPD
(2.9£0.26 uM, p<0.001). The graded reduction in kynurenine
levels also corresponded with the increasing severity of COPD
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(smoking controls vs GOLD stage I, p=0.002; GOLD stage I vs
GOLD stage II, p=0.009; and GOLD stage II vs GOLD stage
III, p=0.001). In addition, IDO activity was significantly corre-
lated with the degree of airflow obstruction (FEV{/FVC %)
(rs=0.54, p=0.0001; figure 1D) and the number of pack-years
(coefficient of variance 0.003, p=0.022). There was no differ-
ence in IDO activity between patients with COPD who were
treated with ICS/LABA (coefficient of variance 0.085, p=0.51).
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Figure 2 Comparison of sputum concentrations of (A) interleukin (IL)-10 and (B) IL-17A in patients with chronic obstructive pulmonary disease of
different Global Initiative for Obstructive Lung Disease (GOLD) stages, normal smokers and non-smoking controls. (C, D) Relationship between
sputum indoleamine 2,3-dioxygenase (IDO) and IL-10 and IL-17A in patients of all GOLD stages showing the association of lower sputum IDO
concentrations in patients with lower IL-10 levels and in patients with higher IL-17A levels. (E, F) Relationship between forced expiratory volume in 1
slforced vital capacity (FEV1/FVC%) and IL-10 and IL-17A in patients of all GOLD stages showing an association of lower FEV1/FVC% in patients
with lower IL-10 levels and in patients with higher IL-17A levels. Results expressed as means+SEM. **p<0.001 vs non-smokers.
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However, there was no significant difference in IDO activity
between patients with COPD who were current smokers
or ex-smokers (current smokers 0.31+0.09 vs ex-smokers
0.2220.04, p=0.4).

IL-10

Concentrations of IL-10 were lower in sputum samples from
patients with more severe COPD than in samples from non-
smoking controls. A significant reduction was found in sputum
samples from smoking control subjects (27.5%+2.7 pg/ml)
compared with samples from non-smoking controls
(119.5+8.9 pg/ml, p<0.001) and from patients with GOLD
stage I COPD (12.1%+0.84 pg/ml, p<0.001; figure 2A). A
further significant reduction was detected in samples from
patients with GOLD stage III disease (5.0%=0.49 pg/ml) com-
pared with samples from non-smoking controls (p<0.001) and
those with GOLD stage II disease (7.83%0.59 pg/ml, p<0.001).
Patients with COPD of greater clinical severity exhibited a
greater reduction in sputum IL-10 levels (smoking controls vs
GOLD stage I, p=0.001; GOLD stage I vs GOLD stage II,
p=0.006; GOLD stage II vs GOLD stage III, p=0.009). In add-
ition, sputum IL-10 levels were significantly correlated with
IDO activity (r,=0.41, p=0.005) and the degree of airflow
obstruction (r,=0.31, p=0.037; figure 2C,E).

IL-17A

Patients with COPD of greater severity had an increase in
sputum IL-17A concentrations (smoking controls vs GOLD
stage I, p=0.005; GOLD stage I vs GOLD stage II, p=0.002;
GOLD stage II vs GOLD stage III, p=0.002). A significant
increase was found in sputum samples from smoking controls
(23.6*1.8 pg/ml) compared with samples from non-smoking
controls (2.6=0.7 pg/ml, p<0.001) and patients with GOLD
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stage I COPD (51.1£5.4 pg/ml, p<0.001; figure 2B). A further
significant increase was detected in samples from patients with
GOLD stage II COPD (82.2+4.4 pg/ml) compared with
samples from non-smoking controls (p<0.001) and from
patients with GOLD stage III COPD (125.9+8.3 pg/ml,
p<0.001). Sputum IL-17A levels in COPD patients were
inversely correlated with IDO activity (r;=—0.34, p=0.026;
figure 2D) and the degree of airflow obstruction (r;=-0.42,
p=0.0046; figure 2F). The upregulation of IL-17A levels was
correlated with increased sputum IL-6 concentrations (r;=0.47,
p=0.0011) and CXCLS8 concentrations (r;=0.36, p=0.016) in
patients with COPD of all severity stages (figure 3A,B) but not
with percentage sputum neutrophils (r,=0.27, p=0.07; figure
3C), whereas increased CXCLS8 concentrations were strongly
correlated with percentage sputum neutrophils (r,=0.66,
p<0.001; figure 3D).

In vitro experiments

We conducted an in vitro study to investigate the effect of
reduced IDO activity on the balance between IL-17A and IL-10
expression in monocyte-derived macrophages by knockdown of
IDO with siRNA. Treatment of macrophages with siRNA IDO
resulted in IDO knockdown both its mRNA and protein expres-
sion and bioactivity (Kyn/Trp ratio 0.01=0.003, p=0.004) com-
pared with scrambled siRNA (0.03+0.002; figure 4A,B), with
77% reduction in IDO mRNA expression. IDO knockdown sig-
nificantly tipped the balance of the expression of these two
cytokines towards IL-17A whereas control siRNAs had no effect
(IL-17A: 28.8%+2.4% for siRNA IDO vs 14.1+1.6% for
scrambled siRNA, p=0.01; IL-10: 1.1+0.38% vs 3.9+0.7%,
p=0.031; figure 4C,D). In addition, CSE significantly reduced
IDO activity in monocyte-derived macrophages (CSE-treated
macrophages 0.004+0.0006 vs CSE-untreated macrophages
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Figure 3 3 Relationship between sputum interleukin (IL)-17A levels and (A) IL-6, (B) CXCL8, (C) sputum neutrophil percentage in patients with
chronic obstructive pulmonary disease of all Global Initiative for Obstructive Lung Disease (GOLD) stages, illustrating a positive correlation of IL-17A
in patients with IL-6 and with CXCL8 but no correlation with sputum neutrophil percentage. (D) A positive correlation is shown between CXCL8

levels and sputum neutrophil percentage in patients with all GOLD stages.
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Figure 4 Effects of siRNA knockdown of indoleamine 2,3-dioxygenase (IDO) in macrophages treated with silDO compared with scramble (Scr)
siRNA. (A) IDO protein expression, (B) IDO activity, (C) interleukin (IL)-17A expression, (D) IL-10 expression, (E) IDO activity in monocyte-derived
macrophages exposed to cigarette smoke extract (CSE). Mean=SEM values of three independent experiments are shown. Kyn/Trp ratio,

kynurenine/tryptophan ratio.

0.014+0.001, p=0.001; figure 4E). These in vitro results com-
plemented our in vivo finding that cigarette smoke contributed
to the loss of IDO activity which resulted in IL-17A/IL-10
imbalance.

DISCUSSION

In this study we demonstrate for the first time that IDO activity
and expression is reduced in the sputum of patients with COPD
and that this is related to increasing clinical severity. In addition,
patients with COPD of increasing clinical severity had progres-
sive upregulation of IL-17A and reduction in IL-10 concentra-
tions. Increased sputum IL-17A concentrations were in turn
positively correlated with IL-6 and IL-8 concentrations and with
sputum neutrophils.

IDO mediates T cell suppressive and antioxidant effects. It
inhibits T cell-mediated responses in several inflammatory disor-
ders, all of which are associated with either neutrophilic or
eosinophilic inflammation. It uses superoxide anions as a sub-
strate and a cofactor in its catalytic process.'® On consumption
of superoxide anions, IDO initiates the formation of tryptophan
catabolites which act as potent radical scavengers.!” Because of
its ability to convert a pro-oxidant into antioxidants, IDO mod-
ulates oxidative stress.'” IDO suppresses the formation of intra-
cellular reactive oxygen species in acute lung allograft injury and
enhances the resistance of lung cells to oxidative stress.”’
Although no data exist on the expression of IDO in COPD, the
presence of oxidative stress in patients with COPD,?! at least in
part due to increasingly impaired antioxidant enzymes,* may
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imply a reduction in IDO activity. Our study showed that IDO
activity was indeed reduced in normal smokers who did not
have airflow obstruction compared with healthy non-smokers,
and progressively reduced with increasing severity of COPD.
This reduction in IDO activity was, at least in part, due to
decreased IDO expression in sputum macrophages.

Kynurenine, the major metabolite of IDO activity, may tip the
balance of IL-10-producing Treg cells to IL-17-producing Th17
cells." Our data confirm that this occurs in COPD patients and
that the reduction of IDO activity is linked to the change in
balance of IL-10/IL-17 towards IL-17A in induced sputum.
A greater imbalance of IL-10/IL-17A levels was found if the clin-
ical severity of COPD was greater, consistent with a previous
study showing that the degree of IL-17 upregulation in the
bronchial mucosa of patients with stable COPD was correlated
with disease severity.” In addition, patients with more severe
COPD had a significantly greater reduction in kynurenine con-
centrations. These data suggest that the IL-10/IL-17A balance
may be regulated by IDO through the effects of kynurenine.

IL-17A was upregulated in the bronchial mucosa of patients
with COPD’ '° and may contribute to the regulation of chronic
inflammation in COPD.? IL-17 induced the release of CXCL1,
CXCLS8 and granulocyte-macrophage colony-stimulating factor
from airway epithelial cells and smooth muscle cells, thereby
orchestrating neutrophilic inflammation.® #* #* Mice exposed to
cigarette smoke show upregulation of IL-17 production and
increased airway neutrophilia,”® and the inhibition of IL-17 by a
specific neutralising antibody attenuates neutrophilic airway
inflammation.?® However, the present study is consistent with
previous studies’ '° that found no correlation between sputum
IL-17A levels with neutrophilic airway inflammation, whereas
sputum IL-17A concentrations were negatively associated with
airflow obstruction (FEV{/FVC%) in patients with COPD.
Sputum IL-17A levels were also associated with IL-6 and
CXCLS8 concentrations which correlated with the percentage of
sputum neutrophils. These data suggest that IL-17A-induced
neutrophilic airway inflammation in COPD is mediated, at least
in part, through IL-6 and CXCLS. However, we cannot exclude
the possibility that CXCL8 might be regulated independently
from IL-17A as several stimulants are involved in CXCL8 pro-
duction through the activation of Toll-like receptor (TLR) 9 on
neutrophils or via the activation of airway epithelial cells by
human rhinovirus and cigarette smoke.?” %’

The reduction in sputum kynurenine and IL-10 appears to be
smoking-dependent. In patients with COPD, although the regu-
lation of IL-10 production is complex, this, at least in part, is
associated with smoking status and is dependent on cell type.
Cigarette smoking may promote IL-10 release from the airway
that is primarily defective in patients with COPD.*° Cigarette
smoke exposure could induce IL-10 production through the
upregulation and activation of TLR4 and TLR9 on lung CD8 T
cells from patients with COPD.*>' The number of mucosal
mature dendritic cells that produce IL-10 was decreased in
healthy smokers and current smokers with COPD,*? 33 and this
might reduce IL-10 concentrations in the airways. In addition,
kynurenine induces the development of tolerogenic dendritic
cells' and the differentiation of CD4 T cells towards Treg
cells'® through the interaction with aryl hydrocarbon receptors
that results in the induction of IL-10 and tryptophan catabolism.
This suggests that the IL-10 reduction in smokers, which was
not seen in patients with COPD, may be due to the fact that the
majority of them in this study were ex-smokers.

In contrast, IL-17A and IDO activity were COPD-dependent.
The IDO molecule contains heme, which is essential for its

enzymatic activity. The activation of IDO requires the single
electron reduction of ferric to ferrous iron that promotes the
binding of IDO to L-tryptophan. Intracellular reducing cofactors
including superoxide anion radical are required for IDO heme
iron reduction. Cigarette smoke-induced oxidative stress
increases superoxide anion radical levels®® and particulate
matter in cigarette smoke causes accumulation of iron,*® both of
which might affect IDO activity. This was consistent with our in
vitro study which showed that CSE significantly suppressed IDO
activity in macrophages. Although the number of pack-years was
positively correlated with IDO activity, there was no difference
in IDO activity between patients with COPD who were current
smokers and patients with COPD who were ex-smokers. This
may explain the higher IDO activity in healthy subjects than in
patients with COPD, most of whom were ex-smokers. The
mechanisms of IDO suppression in patients with COPD could
involve other alternative pathways that warrant further
investigation.

Statin treatment upregulates IDO activity in patients with
asthma®® and tips the balance between Treg and Th17-derived
cytokines towards IL-10, with downregulation of IL-17.>7 In
addition, the use of statins has been associated with a reduced
number of exacerbations and the rate of FEV; decline in
patients with COPD.?® 3% Statins may therefore be beneficial in
suppressing airway inflammation in patients with COPD, and
this requires future investigation in controlled trials.

In summary, our data provide evidence that IDO activity is
progressively reduced in patients with COPD of increasing
clinical severity which results in the induction of IL-17A and
concomitant loss of IL-10 secretion. This suggests that inflam-
mation in patients with COPD may be amplified, and that this
may be a factor determining disease severity and long-term pro-
gression of the disease. It also raises the possibility that increas-
ing IDO activity may be a novel approach to treating
inflammation in COPD.

Acknowledgements We thank Tasaneeya Suthamsamai, Jirawat Assawapoom
and Kanokwan Ratanasaenglert for technical assistance and Valla Wamanuttajinda
for assistance with in vitro experiments. We also thank the normal volunteers for
their participation in the study.

Contributors Study concept: KM. Study experiments: KM, KS. Data analysis: KM,
KS, AW. Manuscript preparation: KM, PJB.

Funding The study was supported by the National Science and Technology
Development Agency (NSTDA) (BT-B-01-MG-14-5114).

Competing interests None.
Patient consent Obtained.
Ethics approval The Ethics Review Committees of Siriraj Hospital.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES

1 Brusselle GG, Joos GF, Bracke KR. New insights into the immunology of chronic
obstructive pulmonary disease. Lancet 2011;378:1015-26.

2 Saetta M, Di Stefano A, Turato G, et al. CD8+ T-lymphocytes in peripheral airways
of smokers with chronic obstructive pulmonary disease. Am J Respir Crit Care Med
1998;157:822-6.

3 Hogg JC, Chu F, Utokaparch S, et al. The nature of small-airway obstruction in
chronic obstructive pulmonary disease. N Engl / Med 2004,350:2645-53.

4 Retamales |, Elliott WM, Meshi B, et al. Amplification of inflammation in
emphysema and its association with latent adenoviral infection. Am J Respir Crit
Care Med 2001;164:469-73.

5 Barnes PJ. Immunology of asthma and chronic obstructive pulmonary disease.

Nat Rev Immunol 2008;8:183-92.

6 Awasthi A, Murugaiyan G, Kuchroo VK. Interplay between effector Th17 and
regulatory T cells. J Clin Immunol 2008;28:660—70.

7 Zhou L, Chong MM, Littman DR. Plasticity of CD4+ T cell lineage differentiation.
Immunity 2009;30:646-55.

336 Maneechotesuwan K, et al. Thorax 2013;68:330-337. doi:10.1136/thoraxjnl-2012-202127

"yBuAdoo Aq paloalold 1sanb Aq 20z ‘0T [Udy uo jwod g xeloyy/:dny woly papeojumoqd "ZT0zZ J1aquasad 6T U0 22T2Z02-2T02Z-ulxeioyyosTT 0T Se paysignd 1sii) :xeloy L


http://thorax.bmj.com/

Chronic obstructive pulmonary disease

19

21

22

23

24

Linden A, Hoshino H, Laan M. Airway neutrophils and interleukin-17. Eur Respir J
2000;15:973-7.

Di Stefano A, Caramori G, Gnemmi |, et al. T helper type 17-related cytokine
expression is increased in the bronchial mucosa of stable chronic obstructive
pulmonary disease patients. Clin Exp Immunol 2009;157:316-24.

Doe C, Bafadhel M, Siddiqui S, et al. Expression of the T helper 17-associated
cytokines IL-17A and IL-17F in asthma and COPD. Chest 2010;138:1140-7.
Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and tryptophan
catabolism. Nat Rev Immunol 2004;4:762-74.

Maneechotesuwan K, Supawita S, Kasetsinsombat K, et al. Sputum indoleamine-2,
3-dioxygenase activity is increased in asthmatic airways by using inhaled
corticosteroids. J Allergy Clin Immunol 2008;121:43-50.

Munn DH, Sharma MD, Lee IR, et al. Potential regulatory function of human
dendritic cells expressing indoleamine 2,3-dioxygenase. Science
2002;297:1867-70.

Nguyen NT, Kimura A, Nakahama T, et al. Aryl hydrocarbon receptor negatively
regulates dendritic cell immunogenicity via a kynurenine-dependent mechanism.
Proc Natl Acad Sci USA 2010;107:19961-6.

Mezrich ID, Fechner JH, Zhang X, et al. An interaction between kynurenine and the
aryl hydrocarbon receptor can generate requlatory T cells. J Immunol
2010;185:3190-8.

Hayaishi O. Utilization of superoxide anion by indoleamine oxygenase-catalyzed
tryptophan and indoleamine oxidation. Adv Exp Med Biol 1996;398:285-9.
Thomas SR, Stocker R. Redox reactions related to indoleamine 2,3-dioxygenase and
tryptophan metabolism along the kynurenine pathway. Redox Rep 1999;4:199-220.
Rodriguez Roisin R. The Global Initiative for Chronic Obstructive Lung Disease.
Global Strategy for Diagnosis, Management, and Prevention of COPD Updated
2010. http:/www.goldcopd.org/Guidelines/guideline-2010-gold-report.html
(accessed 27 Sep 2011).

SPSS Inc. Post hoc tests: SPSS 16.0 algorithms. Chicago, IL: SPSS Inc., 2007:831-8.

Liu H, Liu L, Fletcher BS, et al. Novel action of indoleamine 2,3-dioxygenase
attenuating acute lung allograft injury. Am J Respir Crit Care Med
2006;173:566-72.

Kirkham PA, Caramori G, Casolari P, et al. Oxidative stress-induced antibodies to
carbonyl-modified protein correlate with severity of chronic obstructive pulmonary
disease. Am J Respir Crit Care Med 2011;184:796-802.

Harju T, Mazur W, Merikallio H, et a/. Glutathione-S-transferases in lung and
sputum specimens, effects of smoking and COPD severity. Respir Res 2008;9:80.
Rahman MS, Yang J, Shan LY, et al. IL-17R activation of human airway smooth
muscle cells induces CXCL-8 production via a transcriptional-dependent mechanism.
Clin Immunol 2005;115:268-76.

McAllister F, Henry A, Kreindler JL, et al. Role of IL-17A, IL-17F, and the IL-17
receptor in regulating growth-related oncogene-alpha and granulocyte

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

colony-stimulating factor in bronchial epithelium: implications for airway
inflammation in cystic fibrosis. J Immunol 2005;175:404-12.

van der Deen M, Timens W, Timmer-Bosscha H, et al. Reduced inflammatory
response in cigarette smoke exposed Mrp1/Mdr1a/1b deficient mice. Respir Res
2007;8:49.

Shen N, Wang J, Zhao M, et al. Anti-interleukin-17 antibodies attenuate airway
inflammation in tobacco-smoke-exposed mice. Inhal Toxicol 2011;23:212-18.
Mortaz E, Adcock IM, Ito K, et al. Cigarette smoke induces CXCL8 production by
human neutrophils via activation of TLR9 receptor. Eur Respir J 2010;36:1143-54.
Hudy MH, Traves SL, Wiehler S, et a/. Cigarette smoke modulates rhinovirus-induced
airway epithelial cell chemokine production. £ur Respir J 2010;35:1256-63.
Mortaz E, Henricks PA, Kraneveld AD, et al. Cigarette smoke induces the release of
CXCL-8 from human bronchial epithelial cells via TLRs and induction of the
inflammasome. Biochim Biophys Acta 2011;1812:1104-10.

Moermans C, Heinen V, Nguyen M, et al. Local and systemic cellular inflammation
and cytokine release in chronic obstructive pulmonary disease. Cytokine
2011;56:298-304.

Nadigel J, Prefontaine D, Baglole CJ, et al. Cigarette smoke increases TLR4 and
TLR9 expression and induces cytokine production from CD8(+) T cells in chronic
obstructive pulmonary disease. Respir Res 2011;12:149.

Tsoumakidou M, Bouloukaki I, Koutala H, et al. Decreased sputum mature dendritic
cells in healthy smokers and patients with chronic obstructive pulmonary disease.
Int Arch Allergy Immunol 2009;150:389-97.

Rogers AV, Adelroth E, Hattotuwa K, et al. Bronchial mucosal dendritic cells in
smokers and ex-smokers with COPD: an electron microscopic study. Thorax
2008;63:108-14.

Rahman |, Biswas SK, Kode A. Oxidant and antioxidant balance in the airways and
airway diseases. Eur J Pharmacol 2006;533:222-39.

Ghio AJ, Hilborn ED, Stonehuemer JG, et al. Particulate matter in cigarette smoke
alters iron homeostasis to produce a biological effect. Am J Respir Crit Care Med
2008;178:1130-8.

Maneechotesuwan K, Ekijiratrakul W, Kasetsinsombat K, et al. Statins enhance the
anti-inflammatory effects of inhaled corticosteroids in asthmatic patients through
increased induction of indoleamine 2, 3-dioxygenase. J Allergy Clin Immunol
2010;126:754-62 e1.

Zhang X, Jin J, Peng X, et al. Simvastatin inhibits IL-17 secretion by targeting
multiple IL-17-regulatory cytokines and by inhibiting the expression of IL-17
transcription factor RORC in CD4+ lymphocytes. J Immunol 2008;180:6988—6.
Keddissi JI, Younis WG, Chbeir EA, et al. The use of statins and lung function in
current and former smokers. Chest 2007;132:1764-71.

Blamoun Al, Batty GN, DeBari VA, et al. Statins may reduce episodes of
exacerbation and the requirement for intubation in patients with COPD: evidence
from a retrospective cohort study. Int J Clin Pract 2008;62:1373-8.

Maneechotesuwan K, et al. Thorax 2013;68:330-337. doi:10.1136/thoraxjnl-2012-202127

337

"1ybuAdoo Aq paroslold 1sanb Aq 20z ‘0T |Mdy uo Jwod fwg xeloyy/:dny wolj papeojumoq ‘ZT0z Jaquadad 6T U0 /2T202-2T0Z-lulxeloyyosTT 0T Se paysiignd 1sii :xeloyl


http://www.goldcopd.org/Guidelines/guideline-2010-gold-report.html
http://www.goldcopd.org/Guidelines/guideline-2010-gold-report.html
http://www.goldcopd.org/Guidelines/guideline-2010-gold-report.html
http://www.goldcopd.org/Guidelines/guideline-2010-gold-report.html
http://www.goldcopd.org/Guidelines/guideline-2010-gold-report.html
http://thorax.bmj.com/

