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Abstract

Background

Smoking is associated with a mixed inflammatory infiltrate in the airways. We evaluated
whether airway inflammation in smokers is related to lung function parameters and inflam-
matory markers in exhaled breath.

Methods

Thirty-seven smokers undergoing lung resection for primary lung cancer were assessed
pre-operatively by lung function testing including single-breath-nitrogen washout test (sb-
N2-test), measurement of fractional exhaled nitric oxide (FeNO) and pH/8-isoprostane in
exhaled breath condensate (EBC). Lung tissue sections containing cancer-free large (LA)
and small airways (SA) were stained for inflammatory cells. Mucosal (MC+) respectively
connective tissue mast cells (MCt¢) and interleukin-17A (IL-17A) expression by mast cells
was analysed using a double-staining protocol.

Results

The median number of neutrophils, macrophages and mast cells infiltrating the lamina pro-
pria and adventitia of SA was higher than in LA. Both MCTC and MC+ were higher in the
lamina propria of SA compared to LA (MCr¢: 49 vs. 27.4 cells/mm?; MC+: 162.5 vs. 35.4
cells/mm?; P<0.005 for both instances). IL-17A expression was predominantly detected in
MC+¢ of LA. Significant correlations were found for the slope of phase Ill % pred. of the sb-
N2-test (rs=-0.39), for the FEV % pred. (rs= 0.37) and for FEV/FVC ratio (rs=0.38) with
MC+ in SA (P<0.05 for all instances). 8-isoprostane concentration correlated with the mast
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cells in the SA (rs=0.44), there was no correlation for pH or FeNO with cellular distribution
in SA.

Conclusions

Neutrophils, macrophages and mast cells are more prominent in the SA indicating that
these cells are involved in the development of small airway dysfunction in smokers. Among
these cell types, the best correlation was found for mast cells with lung function parameters
and inflammatory markers in exhaled breath. Furthermore, the observed predominant ex-
pression of IL-17A in mast cells warrants further investigation to elucidate their role in smok-
ing-induced lung injury, despite the lack of correlation with lung function and exhaled breath
parameters.

Introduction

Tobacco smoke is the most important risk factor for the development of chronic obstructive
pulmonary disease (COPD) [1,2]. Smoking induces an inflammatory response along the tra-
chea-bronchial tree, the lung parenchyma and pulmonary vasculature. The cellular pattern is
quite heterogeneous and comprises different inflammatory cells including mast cells [3-6].
Compared to non-smokers, smokers have increased numbers of mast cells in the large airways
[7]. Mast cells are composed of mucosal (MCr) and connective tissue mast cells (MCrc) [8].
Smoking and especially the development of COPD seems to induce a shift in mast cell pheno-
type with an increase in the percentage of MCrc [6].

The IL-17 cytokine superfamily triggers the production of different cytokines resulting in
the recruitment of inflammatory cells. There is increasing evidence for elevated IL-17 expres-
sion in chronic obstructive lung disorders [9,10]. IL-17A is not only expressed by T-cells but
also other inflammatory cells including mast cells [11] and it is up-regulated by cigarette
smoke exposure in human lung tissue explants [12] being likely involved in inflammatory cell
recruitment in smoking-induced lung injury. From previous studies in smokers we know that
cellular distribution of inflammatory cells within the airways is non-uniform with neutrophils
and mast cells being more prominent in the small airways compared to the large airways [13].
Inflammation is associated with the development of smoking-related small airway dysfunction
reflected by functional impairment as measured by physiologic tests [14]. The single-breath-
N2-test (sbN2-test) non-invasively detects the presence of uneven distribution of ventilation
and airway closure in the small airways at a time when not significantly changed, and has been
found to be associated with small airways pathology scores [15,16]. Other non-invasive tech-
niques identifying airway abnormalities linked to the effects of smoking comprise the analysis
of exhaled breath condensate (EBC) and fractional exhaled nitric oxide (FeNO).

So far, a comprehensive histological analysis of cellular infiltration in the large and small air-
ways of smokers and its correlation with exhaled breath markers and functional (small) airway
obstruction has not been investigated within the same study and was therefore the aim of the
following study. Furthermore, we were interested whether these inflammatory processes are re-
lated to certain subtypes of mast cells and their ability to produce IL17.
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Methods
Patients and tissue collection

Patients scheduled for surgical resection of primary lung cancer and a positive history of smok-
ing (at least 10 pack years) were prospectively enrolled in this cross-sectional study. Ex-smok-
ers were classified as having stopped smoking for at least 6 months before lung resection.
Patients who had received chemotherapy prior to surgery or resection due to other diseases
than lung cancer were not included. Spirometry, lung volume measurement using helium dilu-
tion and carbon monoxide diffusing capacity were performed preoperatively (within one week
before surgery) according to current guidelines [17,18]. A diagnosis of COPD was based on a
postbronchodilator FEV,/FVC ratio < 0.7 and a relevant medical history. The study was ap-
proved by the medical ethics committee of the Leiden University Medical Centre (Leiden, The
Netherlands, NCT01145300), and written informed consent was obtained.

Tissue sampling and processing

One or two central airways and at least 2 samples of peripheral lung tissue were collected as dis-
tant as possible from the tumor. Samples were coded and placed in 4% buffered formaldehyde,

dehydrated and embedded in paraffin. Sequential 4 um thick sections were generated and from
all blocks, a haematoxylin-eosin stained slide was used to check for the absence of tumor tissue,
pneumonia or lung fibrosis.

Immunohistochemistry

Immunohistochemistry was performed on consecutive tissue sections and slides were stained
for T-lymphocytes (CD3, CD4, CD8), B-lymphocytes (CD20), macrophages (CD68), neutro-
phils (neutrophil elastase; NE) and eosinophils (eosinophil cationic protein; EG2) using specif-
ic antibodies (Table 1). Mast cells can be distinguished in mucosal mast cells (MCr) that stain
only positive for the protease tryptase, and connective tissue mast cells (MCrc) that express
both tryptase and chymase [8]. For the simultaneous visualization of both MCt and MCr¢ a
double-staining protocol was developed. After deparaffinization, rehydration and heat-induced
antigen retrieval in Tris-ethylenediaminetetraacetic acid (pH 9, 97°C, DAKO, Glostrup, Den-
marKk) slides were treated with UltraV Block (Immunologic, Duiven, Netherlands) to block
non-specific binding sites. Subsequently, the sections were double-stained using an immuno-
alkaline phosphatase method with anti-mouse immunoglobulin conjugated to alkaline phos-
phatase as a second step. Tryptase-containing mast cells were detected with an anti-tryptase
antibody (Table 2) and the chromogen Permanent Red (DAKO, Carpinteria, USA). Next, the
remaining MCrc subclass was visualized with an anti-chymase antibody (Table 2). Before the
incubation of this antibody, antigen retrieval and treatment with Ultra V Block was repeated
for 10 respectively 15 minutes. Colour was developed using the Alkaline Phosphatase substrate
kit ITIT (Vector Blue, Vector Laboratories Inc, Burlingame, USA), providing a purple reaction
product in double stained cells. For the double-staining with IL-17A, the same pretreatment
was used as described above. Slides were incubated with polyclonal goat anti-human IL-17A
(Table 2) and detection was performed using biotinylated polyclonal rabbit anti-goat immuno-
globulin (DAKO, Glostrup, Denmark), avidin-biotin-peroxidase complex (Vectastain Elite
ABC Kkit; Vector Laboratories) and Permanent Red. Tryptase- respectively chymase-positive
cells were detected by Vector Blue as described above. The slides were counterstained with
methylene green (Fig 1A).
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Table 1. Antibodies used forimmunohistochemistry.

Antibody Species Dilution Clone Origin Secondary antibody
Anti-CD3 Mouse 1:50 DAKO, Glostrup, Denmark polyAP-Anti-Mouse IgG
Anti-CD4 Mouse 1:50 DAKO, Glostrup, Denmark polyAP-Anti-Mouse IgG
Anti-CD8 Mouse 1:1000 C8/144B DAKO, Glostrup, Denmark polyAP-Anti-Mouse IgG
Anti-CD20 Mouse 1:100 L26 DAKO, Glostrup, Denmark polyAP-Anti-Mouse IgG
Anti-CD68 Mouse 1:250 PG-M1 DAKO, Glostrup, Denmark polyAP-Anti-Mouse IgG
Anti-NE Mouse 1:200 DAKO, Glostrup, Denmark polyAP-Anti-Mouse IgG
Anti-EG2 Mouse 1:1000 Pharmacia & Upjohn Diagnostics AB, Sweden polyAP-Anti-Mouse IgG
Anti-tryptase Mouse 1:20000 G3 Millipore, Temecula, USA polyAP-Anti-Mouse IgG
Anti-chymase Mouse 1:1000 CC1 Leica Microsystems, Newcastle, UK polyAP-Anti-Mouse IgG
Anti-IL-17A Goat 1:20 R&D Systems, Abindon, UK Biotinylated Polyclonal rabbit anti-goat IgG

doi:10.1371/journal.pone.0129426.t001

Morphological and morphometric analysis

Depending on the availability, 1 or 2 central airways and 1 to 5 small airways from at least 2
samples of peripheral parenchyma were analysed per patient. Central or large airways (LA)
were defined as cartilaginous airways, maximum from the third generation. Small airways (SA)
were defined by an internal perimeter < 6 mm, and to avoid measurements in tangentially cut
airways airways with a short/long diameter ratio <0.33 were excluded from the study. In LA
and SA, the following regions were analyzed separately: the lamina propria or lamina propria
(IL, area between the epithelial basement membrane and the smooth muscle), the smooth
muscle area and the adventitia or adventitia (OL, area outside smooth muscle to the adjacent
cartilaginous area in LA respectively to the connection points of the surrounding parenchyma
in SA).

Since tryptase, chymase and IL-17A all have a cytoplasmatic localization, we used spectral
imaging for detection of colocalization (i.e. the presence of both Permanent Red and Vector
Blue in one cell) (Fig 1) [19]. For all large and small airways, 10 digital images were taken at
random using a Leica microscope (Leica DM 4000B, Goettingen, Germany), Multispectral

Table 2. Patient characteristics.

Male/Female 28/9
Ex-smokers/current smokers 16/21
Age (years) 6319
Pack years 33117
Steroid inhaler (yes/no) 13/24
Oral steroid (yes/no) 5/32
COPD (GOLD stage [:1L:111:1V) 19 (0:14:4:1)
FEV; (% pred.) 64115
FEV4/FVC (%) 7012
T.CO ml/min/mmHg (% pred.) 73118
Slope Il (% pred.) 246+128
CV/IVC (% pred.) 10337
CC/TLC (% pred.) 113119

N = 37. MeantSD. FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity.
T_CO = carbon monoxide transfer factor. Slope Il = slope of phase Il of the nitrogen washout test;
CV = closing volume; VC = vital capacity; CC = closing capacity; TLC = total lung capacity.

doi:10.1371/journal.pone.0129426.t002

PLOS ONE | DOI:10.1371/journal.pone.0129426 June 12,2015 4/13



@’PLOS ‘ ONE

Relation of Airway Inflammation and Small Airways Function in Smokers

2 -
ol - .
> -
” -
4 .. - . . =
’ ' i W
i ’ e 2/
., -~ L -
e ¢
&, %
v )
»
:, L -~
.
M £ |
> ‘. %
: S e [
A .
AL S N
P N
n ’ ’ ." ’
> -
T ¥
A A . 3
-
'
N
e F
. 3 » -
B ’ ;
. N »
] . o
‘e
- . s 4 - .
< - 7 S ¥ - RS s 5 .
4 “ . A % >
] ‘e . L s, .
G 'v, APt v g é
- o % 0 ar : Y.
. LN 4 [N - o
b Y. s, \
Q' .' A " 8
: bt ?
e ¥ v
25 S8 8 R St
L -
- . b 3 ™ '
. A b “
» s
P i h N Y
¢ 4 .
; o o Yo}
s oh i
- . | - F:
Rk o A -
@ ““’U W ”
s & O P e
-8 N . =
¢
v .. %
. N
»
R}

Fig 1. Example of an immunohistochemical staining and its corresponding spectral image. A Small
airway containing different subtypes of mast cells: MC+ (tryptase only) are in pink (Liquid Permanent Red,
DAKO), MC+¢ are double positive for pink and blue (Vector blue, Vector Labs). Section is counterstained with
methylene green. AL, alveolar lumen; L, airway lumen; M, smooth muscle. B Co-localization using spectral
imaging technique: red dots representing MCr, green dots representing MCrc. Original magnification: x10.

doi:10.1371/journal.pone.0129426.g001

imaging system Nuance FX camera and Nuance 2.10.0 software (Cri, Woburn, MA). After
loading the spectral characteristics containing the individual spectra of Permanent Red and
Vector Blue, the software was used to unmix the spectra in these images. The thresholds for
colocalization were defined by two independent investigators after having visually counted the
number of double positive cells. The same threshold and spectral settings were used for analysis
in all images of according series. The cellular infiltrate was then counted manually by a re-
searcher blinded to the clinical information using Image J 1.43 (National Institute of Health,
USA).

Small airways function

Small airways function was assessed by the single breath nitrogen test (sbN,-test) within

one week prior to surgery. To minimize the contribution of smooth-muscle contraction, the
sbN,-test was performed 15 min after administration of 400 ug of salbutamol per metered-
dose inhaler connected to a spacer. The measurement was performed using a dry roll-sealing
spirometer (Spiroflow; Morgan; Kent, UK) filled with 100% oxygen and equipped with a N,
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meter (Morgan) connected to the mouthpiece allowing continuous sampling as described pre-
viously [15,20,21]. Each patient performed a full slow inspiratory and expiratory slow vital ca-
pacity (VC) manoeuvre at a flow rate of approximately 0.5 L/s which was controlled by a
mechanical flow regulator. The expiratory N, concentration (%N,) was plotted against the
lung volume (between TLC and RV) and the slope of the nitrogen alveolar plateau (slope of
phase III) was calculated by drawing the best-fit line through phase III of the expiratory volume
concentration curve (%N2/L) by two blinded observer. The first departure from this straight
line was considered as indicative for airway closure and allowing to calculate closing volume
(CV, phase IV) and closing capacity (CC = RV+CV). The measurements were performed twice
and only the one with the higher VC was selected for further analysis. The measurements were
only accepted if the IVC and expiratory VC during the sbN,-test did not differ > 15% or 0.5 L
from each other. All volumes from the sbN,-test were corrected for body temperature and
pressure, saturated with water vapour and the parameters derived from the sbN,-test were ex-
pressed as percentage of predicted values.

EBC collection and analysis

All patients were asked to refrain from eating, drinking and smoking for at least 2 hours before
the collection of exhaled breath condensate (EBC). Exhaled breath condensate samples were
collected within one week prior to the surgery during 10 min of tidal breathing through a sin-
gle-use disposable RTube device (Respiratory Research, Inc., USA) wearing a nose clip. The
collecting tube was enclosed in a sleeve that was precooled at -20°C in a freezer. Approximately
2 ml of condensate was divided in different portions and immediately stored in sterile plastic
tubes at -80°C. A 250 pl aliquot of EBC was used for the pH assay. After defrosting and de-aera-
tion by bubbling argon gas through the sample at a rate of 350 ml/min for at least 20 min, pH
analysis was done using a thin and sensitive glass electrode and pH meter (Beckman, USA)
[22].

8-isoprostane concentrations in exhaled breath condensate were measured as previously de-
scribed [21] using a specific immunoassay (EIA) kit (Cayman Chemical Company, USA; lower
limit of detection 2.7 pg/ml).

Exhaled NO

Exhaled NO (Feyo) measurements were performed according to the guidelines of the Europe-
an Respiratory Society and the American Thoracic Society (ATS). The measurements were
performed with the NioxMino (Aerocrine, Sweden) at a standardized exhalation flow rate of
50 ml/s within one week prior to surgery. The exhalation manoeuvres were controlled by an
audible feedback. Exhaled NO levels were calculated as the mean of 3 technically adequate re-
producible measurements.

Statistical Methods

Data are summarized as mean (SD) for normally distributed variables and as medians (inter
quartile range, IQR) for non-normal data distribution. The cellular density is expressed as
number of cells per mm?. If two or more airways from one patient were examined, mean cell
concentration of all airways from this subject was used for statistical analysis. Because the use
of sequential sections for e.g. the mast cell subset analyses may be complicated in case of large
differences between adjacent sections, we excluded those sections in which this spread was be-
yond a set limit. Therefore, the density of the tryptase (total mast cells, MCy, - MC1+MCrc)
respectively chymase positive cells (MCrc) retained from the IL-17A double staining was
plotted against the cellular density of corresponding cells from the tryptase-chymase double
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staining using Bland-Altman analysis. Only airways with a cellular density within the 95% con-
fidence interval were included in further analysis. Differences between groups were analyzed
using Mann-Whitney U-test and paired observation differences using Wilcoxon-matched
paired test. Correlations between variables were expressed using the Spearman correlation co-
efficient (r,). Differences and correlations were considered statistically significant at P<0.05.
Univariate and multivariate analyses were performed to assess the associations between cellular
infiltration and (1) smoking state (ex/current smoker), (2) use of inhaled corticosteroids (ICS)
and (3) FEV1% predicted. Variables which significantly correlated with cellular infiltration in
the univariate analysis were included in the multivariate analysis. Results are expressed as re-
gression coefficient beta.

Results
Patients

From the 38 smokers enrolled in the study, one had to be excluded because histological analysis
of the lung tissue revealed cancer infiltration. Finally, tissue from 37 patients was available for
analysis. Patient characteristics are shown in Table 2.

Morphometric analysis

One or two LA were analysed per patient. In the large airways, the median tissue area of the
lamina propria was 0.15 mm? (0.1;0.2) and 0.13 mm? (0.10;0.20) for the adventitia. At least one
suitable SA was obtained for each patient, with a median of 3 (2;3) SA per patient. The median
internal perimeter of the SA was 1.78 mm (1.34;2.67), the median tissue area of the lamina pro-
pria 0.05 mm? (0.03;0.20) and of the adventitia 0.12 mm? (0.07;0.20).

In the whole group, the number of neutrophils, mast cells and macrophages was significant-
ly higher in both the lamina propria and adventitia of SA than in the LA (Table 3). No differ-
ences in the cell content infiltrating the LA and SA was found for CD3", CD4", CD8" and
CD20" lymphocytes. We next focused on subpopulations of mast cells and observed a signifi-
cantly higher cell content per square area of both MCt and MCrc in the total wall area (Fig 2).
A deeper focus on MCrc cells present in the lamina propria or adventitia showed for the lami-
na propria 40% (22.9;56.3) in LA and 24.5% (11.2;34.7) in SA; for the adventitia 78.9%
(55.3;92) in LA and 39.7% (25.5;50.5) in SA (P<0.05). There was a 5-fold and even higher
amount of MCr in the lamina propria respectively the adventitia of SA compared to the LA.
Both MCr and MCrc were found to express IL-17A with the percentage of mast cells express-
ing IL17-A being higher in the LA compared to the SA (Fig 3).

Compared to non-COPD patients, the number of mast cells (MCror) and MCr in the lamina
propria was significantly lower in COPD patients (MCrq, 261.9 cells/mm? vs. 183 cells/mm>
respectively MCr 207.8 vs.101.5 cells/mm?). No difference was found for other inflammatory
cell types. A significantly higher number of neutrophils in both the lamina propria and adventi-
tia of the small airways was observed in current smokers compared to former smokers (data
not shown). In a multiple linear regression analysis no effect of FEV, ICS use or smoking state
was seen on mast cell subpopulations or IL17-expression. Only the neutrophilic cellular con-
tent of the SA was found to be significantly and independently associated with smoking state
(beta coefficient 95.6, CI 12.4 to 178.9, p = 0.03) and FEV1% pred. (beta coefficient -2.7, CI
-5.4t0 0.5, p = 0.05).
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Table 3. Cellular distribution of inflammatory cells in smokers.

Neutrophils (NE)

Macrophages
(CD68)

Mast cells (MCroy)

MCrc

MCr
MCrofIL-17A

% MCqo/IL-17A
MCro/IL-17A

% MCrc/IL-17A

CD3*
lymphocytes
CD4*
lymphocytes
CcD8*
lymphocytes
CD20*
lymphocytes
Eosinophils (EG2)

lamina propria
(cells/mm?)
73.4%# (42.5;126)
128.4*# (83.5;162)

69.1% (53;109.3)

27.4%# (15;45.7)
35.4%# (21.3;74.4)
12.2# (0;25.3)
17.6%# (0;29.2)
19.2# (6.4;38.3)

50* (33.3;80)
579.9# (253.8;780.1)

217# (65.3;297.6)
214.24 (132.6;332.3)
O# (0;17.4)

21.3# (6.7;58.8)

Large airways Small airways

smooth muscle adventitia(cells/  lamina propria smooth muscle adventitia(cells/

(cells/mm?) mm?) (cells/mm?) (cells/mm?) mm?)
0 (0:0) 34.1% (14:62.9)  223.6# (129.7:314.7) 0 (0:0) 116.6 (57.6;260.1)
3.5% (0:29.7) 86.6% (45.2:144.4) 221.3# (141.1:324)  0(0:0) 406.6 (240:617)
7.6 (0:51) 69.9% (49.1:103.7) 210.4 (148.3;284.2) 0 (0:0) 212.1
(151.6;257.1)
0* (0:30.6) 50.6% (25.0.76.5) 494 (24.7:81.9) 0 (0:0) 63.1 (43.6;122.5)
0% (0;8.6) 11* (5.5:28.8) 162.5 (80.6:210.8) 0 (0:0) 122.5 (80.9:163.1)
0(0;16.6) 46.4% (14.2,72.8) 0 (0;24.3) 0 (0:0) 15.7 (5.6:45.7)
0% (0;20) 64.3* (35.6:75)  O# (0;15.2) 0 (0:0) 9.9 (3.4;20.5)
0% (0;30) 30.9 (16.9;70.4)  12.3% (0:22.2) 0 (0:0) 28.7 (9.1:55.5)
0% (0;80) 84.6* (53.8,100)  40¥ (0:62) 0 (0:0) 40¥ (21:62.3)
21% (0;72.2) 124.2% 515.7# (441.2;724.9) 0 (0:0) 955.5
(71.2;284.1) (801.7;1164.6)
0(0) 46.1% (2.4255.1)  280.7# (147.5;332.5) 0 (0:0) 5015
(386.4:666.7)
0* (0:45) 73.1% 298.4# (182.9:463) 0 (0:0) 4708
(23.47:237.2) (339.9:760.3)
0 (0,0) 0* (0;0) 10.6# (0:33.4) 0 (0:0) 49.4 (19:126.8)
0 (0;0) 8.4* (0;26.1) 20.4 (0:84.4) 0 (0:0) 241 (9;113.4)

N = 37 (non-COPD n = 18, COPD n = 19). Median (IQR).
*P<0.05 vs. corresponding SA within same group.
#P<0.05 vs OL within same group.
¥P<0.05 vs. % MC+q/IL-17A. MC+c = connective tissue mast cells, positive for tryptase and chymase. MCt = mucosal mast cells, only positive for
tryptase. MC+; = all trytpase positive mast cells (MCrc + MC+). MCro/IL-17A = tryptase positive mast cells expressing IL-17A. MC+¢/IL-17A = chymase
positive mast cells expressing IL-17A. % MC+/IL-17A = percentage of tryptase positive mast cells (MC+c + MCy) expressing IL-17A. % MC+¢/IL-

17A = percentage of MC+¢ expressing IL-17A.

doi:10.1371/journal.pone.0129426.1003

Exhaled breath markers / single-breath washout-test

Analysis of EBC revealed a pH of 7.7+0.8 and an 8-isoprostane concentration of 4.8+2.8 pg/ml.
Mean exhaled FeNO concentration was 15.7+9.1 ppb. There were no correlations for the EBC
pH or FeNO with cellular infiltration of the SA. In the LA, the EBC pH significantly correlated
with neutrophils (r, 0.48) and CD20" lymphocytes (r, 0.41) of the adventitia respectively lami-
na propria, whereas the Feyg correlated with MCr; (rs = 0.46) and CD20" lymphocytes (r, =
0.37) in the lamina propria. The 8-isoprostane concentration was significantly correlated with
MCr cells (rg = 0.44) in the adventitia of small airways (p<0.05). For all other cell types, there
were no significant correlations.

In both LA and SA, the content of MCr in the lamina propria correlated significantly with
the nitrogen slope % pred. (r, = -0.43 respectively r, = -0.39). There was a significant correla-
tion between MCr in the small airways and both the FEV1% predicted (r; = 0.37) and the
FEV/FVC ratio (r, = 0.38, both instances p<0.05). The MCy/IL-17A cells and macrophages in
LA correlated with the nitrogen slope % pred. (r; = 0.37 respectively r, = 0.49, p<0.05). For
both the LA and SA, there were no other correlations for neutrophils and macrophages with
FEV,% pred., the FEV,/FVC ratio, the nitrogen slope or the number of pack years. Significant
correlations were found for SA CD4+ lymphocytes and FEV1/FVC ratio (r; = -0.44)
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Fig 2. Cellular distribution of mast cells and their subpopulations. Median cellular distribution of mast cells and their subpopulations in the lamina
propria and adventitia of large (LA) and small airways (SA) is presented. * P<0.05. The difference between LA and SA in the lamina propria for MCt was

5-fold and 11-fold for the adventitia.
doi:10.1371/journal.pone.0129426.g002

respectively FVC % pred (r, = -0.51) and for CD8+ lymphocytes and FVC% pred. in both LA
and SA (r, = -0.38 respectively r, = -0.39). In addition, there were no correlations between neu-
trophils, IL-17A expression and total mast cells.

Discussion

The present study shows that cellular distribution of inflammatory cells in smokers is heteroge-
neous with neutrophils, macrophages and mast cells being more abundant in the small airways.
In the small airways of smokers, there were more MCr mast cells than MCrc cells, whereas
there was no difference in the large airways. Interestingly, this difference was not related to IL-
17 expression on mast cells. A further novel finding is the correlation between mast cells and
the phase III slope of the sbN2 test pointing towards a role for mast cells in the pathogenesis of
airway obstruction. In addition, 8-isoprostane levels in EBC (but not pH) also correlated with
mast cell parameters, most notably the MCr subpopulation.

The non-uniform cellular distribution along the tracheo-bronchial tree has been observed
by other researchers and is confirmed by our results [13]. The reasons for this observation are
speculative; possibly, differences in the local inflammatory milieu might result in a different
gradient in cytokines and chemokines. In our study, we specifically focused on the distribution
of mast cells subpopulations, which was found to be non-uniform in different compartments
of small and large airways in smokers. The number of MCrc in the adventitia of small airways
was higher compared to the inner layer (Table 3). The same distribution pattern of MCrc was
found by Andersson [6] and Gosman [23] in their smoking control group. In patients suffering
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Fig 3. Percentage of IL-17A positive mast cells. Median percentage of IL-17A positive mast cells in the
lamina propria and adventitia of large (LA) and small airways (SA) is presented. * P<0.05.

doi:10.1371/journal.pone.0129426.9003

from COPD - and especially those with severe stages — the percentage of MCrc in the adventi-
tia of small airways decreased with a shift in relative mast cells densities from the outer to the
inner wall layers. Overall, the MCrc population increased in density in all lung compartments
with increasing severity of COPD, whereas the MCr population decreased resulting in a net re-
duction in total mast cell density [6].

Previous studies showed that the number of IL-17A positive cells is increased in the submu-
cosa of central and small airways from COPD patients, indicating an important role of this cy-
tokine in the recruitment of inflammatory cells and even in the development of COPD [10,24].
Our observation that mast cells express a considerable amount IL-17A adds important infor-
mation to this finding, because a role for mast-cell derived IL-17 has only been proposed in the
development of joint destruction in rheumatoid arthritis [25,26]. Why IL-17A expression is
mainly related to the MCrc phenotype and is more prominent in the large airways is specula-
tive. Nevertheless, the results of our study suggest that mast cells might be an important player
in orchestrating inflammation in the airways by IL-17A-mediated attraction of other inflam-
matory cells. The observed correlation of the nitrogen slope % pred. with MCr,IL-17A density
in the LA (r; = 0.37) is in line with this suggestion, although no correlation was found with SA.
These findings are underpinned by the fact that IL-17A is upregulated in both non-COPD and
COPD lung parenchyma by cigarette smoke exposure using a lung tissue explants culture sys-
tem [12]. In COPD, increased levels of IL-17A were found in sputum and serum and IL-17A
concentration inversely correlated with FEV1% predicted [27]. In a mouse model, smoke ex-
posed IL-17RA’/” mice failed to develop emphysema [28] and anti-IL-17 antibodies attenuated
airway inflammation in tobacco-smoke exposed mice [29]. These data support the role of IL-
17A in smoke-induced airway inflammation and may open a target for new therapeutics.
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There is evidence that markers of inflammation are increased in sputum and EBC from
smokers [30]. We extended this observation and were interested whether this finding is re-
flected by impaired small airways function. The sbN2-test is closely related to small airway
pathology and has been validated against small airway pathology scores [16]. Small airway nar-
rowing as assessed by the sbN2-test is associated with neutrophilic inflammation in bronchial
biopsies and broncho-alveolar lavage in patients with COPD [20]. This could not be confirmed
in our study, we only found the correlation for mast cells and the nitrogen slope. This might be
attributed to the heterogeneous study population consisting of (ex-) smokers including both
COPD and non-COPD patients.

Apart from the correlation between isoprostane concentration and the density of MCr re-
spectively MCrc, no further correlation was found for exhaled markers and inflammatory cells.
Isoprostanes are produced by reactive oxygen species (ROS)-mediated peroxidation of arachi-
donic acid by various cell types including mast cells, and are increased in EBC of smokers and
COPD patients [31-33]. This correlation further strengthens the special role of mast cells in in-
ducing smoking-induced airway injury.

A potentially confounding aspect in studies performed on surgically resected material from
patients with lung cancer is that the tumor itself might affect the local cellular response. How-
ever, except for transbronchial biopsies (that are infrequently used only for research purposes)
only surgical specimens allow for the examination of peripheral airways. Because we examined
tissue at least 2 cm distant from the tumor site we consider it unlikely that the tumor itself bi-
ased our results. Unfortunately, no tissue from an adequate non-smoking control group was
available arguing that the specific cellular distribution might not be unique to smokers.

The analysis of mast cells was based on two different double staining protocols: one protocol
directed at the identification of mast cell subtypes (expression of both tryptase-chymase
[MCrc] respectively tryptase only [MCr]), the other one at the IL-17A analysis. Although we
checked the possible error resulting from sequential sections using Bland-Altman analysis (see
methods), the density of MCrc/IL-17A was higher in both large and small airways than the
density of all mast cells expressing IL-17A (MCr/IL-17A) (Table 3). Furthermore, the total
number of mast cells in the inner layer of small airways as based on the mast cell subtype dou-
ble staining differed from the total amount of mast cells derived from the IL-17A protocol.
This was not seen in the other compartments. A triple staining would certainly have helped to
address this problem but was not achieved despite extensive effort. Therefore, no information
about tryptase-only positive mast cells expressing IL-17A is available, but based on the results
it can be assumed that this is a very small amount. We are aware that other different cell types
produce IL-17 and might interact in a more distinct way the inflammatory cascade but in this
study, we were interested for the first time whether mast cells are able to express IL-17A in
smokers. Because all patients were scheduled for surgical resection and optimal functional con-
trol had to be achieved, ICS therapy could not be stopped preoperatively. Even though it is
known that ICS decrease cellular inflammation (including mast cells) in the large airways in
patients suffering from COPD [34] and IL-17 expression is reduced by dexamethasone in pe-
ripheral blood and bronchoalveolar lavage fluid in asthmatics rats [35], no effect of ICS use on
different mast cells subpopulations and their IL-17 expression could be seen in our study popu-
lation using an univariate analysis. The number of patients using systemic corticosteroids was
too small to draw a general conclusion on the effect of systemic corticosteroids.

In summary, our results show a differential influx of inflammatory cells in the large and
small airways of smokers. They point to a role of IL-17A producing mast cells in smoking-in-
duced lung inflammation that should be further explored, and may reveal a relevant target for
directed therapy. Finally, our data show that assessing airway inflammation in smokers only by
markers of exhaled breath or small airway testing may be of limited value.

PLOS ONE | DOI:10.1371/journal.pone.0129426 June 12,2015 11/183



@’PLOS ‘ ONE

Relation of Airway Inflammation and Small Airways Function in Smokers

Acknowledgments

We gratefully thank Jeanette M. Gast-Strookman in data management and all patients for par-
ticipating in the study.

Author Contributions

Conceived and designed the experiments: YN JS KFR PSH. Performed the experiments: YN AS
RJ. Analyzed the data: YN. Contributed reagents/materials/analysis tools: LS FP TM. Wrote
the paper: YN PSH. Read and critically revised the manuscript: JS TM KFR. Approved the final
manuscript: YN JS LS AS R] FP TM KFR PSH.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Fletcher C, Peto R. The natural history of chronic airflow obstruction. Br Med J 1977; 1:1645—1648.
PMID: 871704

From the Global Strategy for the Diagnosis, Management and Prevention of COPD, Global Initiative for
Chronic Obstructive Lung Disease (GOLD) 2015. Available from: http://www.goldcopd.org.

Saetta M. Airway inflammation in chronic obstructive pulmonary disease. Am J Respir Crit Care Med
1999; 160:517-S20. PMID: 10556163

Hogg JC. Pathophysiology of airflow limitation in chronic obstructive pulmonary disease. Lancet 2004;
364:709-721. PMID: 15325838

Grashoff WF, Sont JK, Sterk PJ, Hiemstra PS, de Boer WI, Stolk J et al. Chronic obstructive pulmonary
disease: role of bronchiolar mast cells and macrophages. Am J Pathol 1997; 151:1785-1790. PMID:
9403729

Andersson CK, Mori M, Bjermer L, Lofdahl CG, Erjefalt JS. Alterations in lung mast cell populations in
patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2010; 181:206-217.
doi: 10.1164/rccm.200906-09320C PMID: 19926870

Ekberg-Jansson A, Amin K, Bake B, Rosengren A, Tylen U, Venge P et al. Bronchial mucosal mast
cells in asymptomatic smokers relation to structure, lung function and emphysema. Respir Med 2005;
99:75-83. PMID: 15672853

Irani AA, Schechter NM, Craig SS, DeBlois G, Schwartz LB. Two types of human mast cells that have
distinct neutral protease compositions. Proc Natl Acad Sci U S A 1986; 83:4464—4468. PMID: 3520574

Doe C, Bafadhel M, Siddiqui S, Desai D, Mistry V, Rugman P et al. Expression of the T helper 17-asso-
ciated cytokines IL-17A and IL-17F in asthma and COPD. Chest 2010; 138:1140—-1147. doi: 10.1378/
chest.09-3058 PMID: 20538817

Zhang J, Chu S, Zhong X, Lao Q, He Z, Liang Y. Increased expression of CD4+IL-17+ cells in the lung
tissue of patients with stable chronic obstructive pulmonary disease (COPD) and smokers. Int Immuno-
pharmacol 2013; 15:58-66. doi: 10.1016/j.intimp.2012.10.018 PMID: 23127823

Eustace A, Smyth LJ, Mitchell L, Williamson K, Plumb J, Singh D. Identification of cells expressing IL-
17A and IL-17F in the lungs of patients with COPD. Chest 2011; 139:1089—-1100. doi: 10.1378/chest.
10-0779 PMID: 20864612

Chang Y, Al-Alwan L, Alshakfa S, Audusseau S, Mogas AK, Chouiali F et al. Upregulation of IL-17A/F
from human lung tissue explants with cigarette smoke exposure: implications for COPD. Respir Res
2014; 15:145. doi: 10.1186/s12931-014-0145-7 PMID: 25427574

Battaglia S, Mauad T, van Schadewijk AM, Vignola AM, Rabe KF, Bellia V et al. Differential distribution
of inflammatory cells in large and small airways in smokers. J Clin Pathol 2007; 60:907-911. PMID:
16917001

Shaw DE, Berry MA, Thomas M, Green RH, Brightling CE, Wardlaw AJ et al. The use of exhaled nitric
oxide to guide asthma management: a randomized controlled trial. Am J Respir Crit Care Med 2007;
176:231-237. PMID: 17496226

Buist AS, Ross BB. Predicted values for closing volumes using a modified single breath nitrogen test.
Am Rev Respir Dis 1973; 107:744-752. PMID: 4695626

Cosio M, Ghezzo H, Hogg JC, Corbin R, Loveland M, Dosman J et al. The relations between structural
changes in small airways and pulmonary-function tests. N Engl J Med 1978; 298:1277-1281. PMID:
651978

Wanger J, Clausen JL, Coates A, Pedersen OF, Brusasco V, Burogs F et al. Standardisation of the
measurement of lung volumes. Eur Respir J 2005; 26:511-522. PMID: 16135736

PLOS ONE | DOI:10.1371/journal.pone.0129426 June 12,2015 12/183


http://www.ncbi.nlm.nih.gov/pubmed/871704
http://www.goldcopd.org
http://www.ncbi.nlm.nih.gov/pubmed/10556163
http://www.ncbi.nlm.nih.gov/pubmed/15325838
http://www.ncbi.nlm.nih.gov/pubmed/9403729
http://dx.doi.org/10.1164/rccm.200906-0932OC
http://www.ncbi.nlm.nih.gov/pubmed/19926870
http://www.ncbi.nlm.nih.gov/pubmed/15672853
http://www.ncbi.nlm.nih.gov/pubmed/3520574
http://dx.doi.org/10.1378/chest.09-3058
http://dx.doi.org/10.1378/chest.09-3058
http://www.ncbi.nlm.nih.gov/pubmed/20538817
http://dx.doi.org/10.1016/j.intimp.2012.10.018
http://www.ncbi.nlm.nih.gov/pubmed/23127823
http://dx.doi.org/10.1378/chest.10-0779
http://dx.doi.org/10.1378/chest.10-0779
http://www.ncbi.nlm.nih.gov/pubmed/20864612
http://dx.doi.org/10.1186/s12931-014-0145-7
http://www.ncbi.nlm.nih.gov/pubmed/25427574
http://www.ncbi.nlm.nih.gov/pubmed/16917001
http://www.ncbi.nlm.nih.gov/pubmed/17496226
http://www.ncbi.nlm.nih.gov/pubmed/4695626
http://www.ncbi.nlm.nih.gov/pubmed/651978
http://www.ncbi.nlm.nih.gov/pubmed/16135736

@’PLOS ‘ ONE

Relation of Airway Inflammation and Small Airways Function in Smokers

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Maclintyre N, Crapo RO, Viegi G, Johnson DC, van der Grinten CP, Brusasco V et al. Standardisation
of the single-breath determination of carbon monoxide uptake in the lung. Eur Respir J 2005; 26:720—
735. PMID: 16204605

van der Loos CM. Multiple immunoenzyme staining: methods and visualizations for the observation
with spectral imaging. J Histochem Cytochem 2008; 56:313-328. PMID: 18158282

Lapperre TS, Willems LN, Timens W, Rabe KF, Hiemstra PS, Postma DS et al. Small airways dysfunc-
tion and neutrophilic inflammation in bronchial biopsies and BAL in COPD. Chest 2007; 131:53-59.
PMID: 17218556

Battaglia S, den Hertog H, Timmers MC, Lazeroms SP, Vignola AM, Rabe KF et al. Small airways func-
tion and molecular markers in exhaled air in mild asthma. Thorax 2005; 60:639-644. PMID: 16061704

Koczulla R, Dragonieri S, Schot R, Bals R, Gauw SA, Vogelmeier C et al. Comparison of exhaled
breath condensate pH using two commercially available devices in healthy controls, asthma and
COPD patients. Respir Res 2009; 10:78. doi: 10.1186/1465-9921-10-78 PMID: 19703285

Gosman MM, Postma DS, Vonk JM, Rutgers B, Lodewijk M, Smith M et al. Association of mast cells
with lung function in chronic obstructive pulmonary disease. Respir Res 2008; 9:64. doi: 10.1186/1465-
9921-9-64 PMID: 18783610

Eustace A, Smyth LJ, Mitchell L, Williamson K, Plumb J, Singh D. Identification of Cells Expressing In-
terleukin-17A and F in the Lungs of COPD Patients. Chest 2010.

Suurmond J, Dorjee AL, Boon MR, Knol EF, Huizinga TW, Toes RE et al. Mast cells are the main inter-
leukin 17-positive cells in anticitrullinated protein antibody-positive and-negative rheumatoid arthritis
and osteoarthritis synovium. Arthritis Res Ther 2011; 13:R150. doi: 10.1186/ar3466 PMID: 21933391

Noordenbos T, Yeremenko N, Gofita |, van den Sande M, Tak PP, Canete JD et al. Interleukin-17-posi-
tive mast cells contribute to synovial inflammation in spondylarthritis. Arthritis Rheum 2012; 64:99—-109.
doi: 10.1002/art.33396 PMID: 21968742

ZhangL, Cheng Z, Liu W, Wu K. Expression of interleukin (IL)-10, IL-17A and IL-22 in serum and spu-
tum of stable chronic obstructive pulmonary disease patients. COPD 2013; 10:459-465. doi: 10.3109/
15412555.2013.770456 PMID: 23537276

Chen K, Pociask DA, McAleer JP, Chan YR, Alcorn JF, Kreindler JL et al. IL-17RA is required for CCL2
expression, macrophage recruitment, and emphysema in response to cigarette smoke. PLoS One
2011; 6:620333. doi: 10.1371/journal.pone.0020333 PMID: 21647421

Shen N, Wang J, Zhao M, Pei F, He B. Anti-interleukin-17 antibodies attenuate airway inflammation in
tobacco-smoke-exposed mice. Inhal Toxicol 2011; 23:212-218. doi: 10.3109/08958378.2011.559603
PMID: 21456954

Borrill ZL, Roy K, Vessey RS, Woodcock AA, Singh D. Non-invasive biomarkers and pulmonary func-
tion in smokers. Int J Chron Obstruct Pulmon Dis 2008; 3:171-183. PMID: 18488441

Inonu H, Doruk S, Sahin S, Erkorkmaz U, Celik D, Celikel S et al. Oxidative stress levels in exhaled
breath condensate associated with COPD and smoking. Respir Care 2012; 57:413-419. doi: 10.4187/
respcare.01302 PMID: 21968597

Rahman I. The role of oxidative stress in the pathogenesis of COPD: implications for therapy. Treat
Respir Med 2005; 4:175—200. PMID: 15987234

Borrill ZL, Roy K, Vessey RS, Woodcock AA, Singh D. Non-invasive biomarkers and pulmonary func-
tion in smokers. Int J Chron Obstruct Pulmon Dis 2008; 3:171-183. PMID: 18488441

Lapperre TS, Snoeck-Stroband JB, Gosman MM, Jansen DF, van Schadewijk A, Thiadens HA et al. Ef-
fect of fluticasone with and without salmeterol on pulmonary outcomes in chronic obstructive pulmonary
disease: a randomized trial. Ann Intern Med 2009; 151:517-527. PMID: 19841453

XiongW, Zeng D, Xu Y, Fang H, Cao Y, Song Q et al. Expression of interleukin-17 in lung and peripher-
al blood of asthmatic rats and the influence of dexamethasone. J Huazhong Univ Sci Technolog Med
Sci 2007; 27:498-500. PMID: 18060619

PLOS ONE | DOI:10.1371/journal.pone.0129426 June 12,2015 13/13


http://www.ncbi.nlm.nih.gov/pubmed/16204605
http://www.ncbi.nlm.nih.gov/pubmed/18158282
http://www.ncbi.nlm.nih.gov/pubmed/17218556
http://www.ncbi.nlm.nih.gov/pubmed/16061704
http://dx.doi.org/10.1186/1465-9921-10-78
http://www.ncbi.nlm.nih.gov/pubmed/19703285
http://dx.doi.org/10.1186/1465-9921-9-64
http://dx.doi.org/10.1186/1465-9921-9-64
http://www.ncbi.nlm.nih.gov/pubmed/18783610
http://dx.doi.org/10.1186/ar3466
http://www.ncbi.nlm.nih.gov/pubmed/21933391
http://dx.doi.org/10.1002/art.33396
http://www.ncbi.nlm.nih.gov/pubmed/21968742
http://dx.doi.org/10.3109/15412555.2013.770456
http://dx.doi.org/10.3109/15412555.2013.770456
http://www.ncbi.nlm.nih.gov/pubmed/23537276
http://dx.doi.org/10.1371/journal.pone.0020333
http://www.ncbi.nlm.nih.gov/pubmed/21647421
http://dx.doi.org/10.3109/08958378.2011.559603
http://www.ncbi.nlm.nih.gov/pubmed/21456954
http://www.ncbi.nlm.nih.gov/pubmed/18488441
http://dx.doi.org/10.4187/respcare.01302
http://dx.doi.org/10.4187/respcare.01302
http://www.ncbi.nlm.nih.gov/pubmed/21968597
http://www.ncbi.nlm.nih.gov/pubmed/15987234
http://www.ncbi.nlm.nih.gov/pubmed/18488441
http://www.ncbi.nlm.nih.gov/pubmed/19841453
http://www.ncbi.nlm.nih.gov/pubmed/18060619

