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Abstract

Background

It has been established that patients with chronic rhinosinusitis with nasal polyps
(CRSwNP) often have co-existing asthma.

Objective

We aimed to test two hypotheses: (i) upper and lower airway inflammation in CRSwNP is
uniform in agreement with the united airways concept; and (ii) bronchial inflammation exists
in all CRSwWNP patients irrespective of clinical asthma status.

Methods

We collected biopsies from nasal polyps, inferior turbinates and bronchi of 27 CRSwNP
patients and 6 controls. All participants were evaluated for lower airway disease according
to international guidelines. Inflammatory cytokines were investigated using a Th1/Th2
assay including 14 chemokines and cytokines; tissue concentrations were normalized
according to tissue weight and total protein concentration. Individual cytokines and multivar-
iate inflammatory profiles were compared between biopsy sites and between patients and
controls.
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Results

We found significantly higher concentrations of Th2 cytokines in nasal polyps compared to
inferior turbinate and bronchial biopsies. In addition, we showed that the inflammatory pro-
file of nasal polyps and bronchial biopsies correlated significantly (p<0.01). From the Th2
cytokines measured, IL-13 was significantly increased in bronchial biopsies from CRSwWNP
patients with, but not without asthma.

Conclusion

Our findings support the united airways concept; however, we did not find evidence for sub-
clinical bronchial inflammation in CRSwNP patients without asthma. Finally, this study indi-
cates for the first time that nasal polyps potentially play an important role in the airway
inflammation rather than being a secondary phenomenon.

Introduction

It has been reported that 20-60% of patients with chronic rhinosinusitis with nasal polyps
(CRSwNP) have asthma. [1-3] However, the pathogenetic mechanism leading to CRSWNP is
uncertain; likewise, it is unknown why so many CRSWNP patients develop co-existing asthma.
It is assumed that the inflammatory profile is similar throughout the airway in CRSWNP
patients with co-existing asthma. However, before the present study, evidence for this assump-
tion was sparse and primarily derived from independent studies of the upper airway in CRS
patients and the lower airways in asthma patients.

Outside China, CRSWNP is an eosinophilic disease characterized by Th2 cytokines such as
interleukin (IL)-5, eotaxin and IL-13. [2,4,5] Nasal polyps from patients with asthma, com-
pared to those without, present with a stronger degree of eosinophilic inflammation. [6-10]
Furthermore, higher concentrations of IL-5, IL-9 and eotaxin and more eosinophils and lym-
phocytes have been shown in bronchial biopsies and lavages from CRSwWNP patients with
asthma or airway hyperresponsiveness (AHR) compared with CRSWNP patients without
asthma or AHR. [11-13] So far, only one study has compared nasal and bronchial inflamma-
tion in the same CRSwNP patients. [14] Ragab et al. compared the cytology of nasal and bron-
chial lavages in patients with CRS and found no correlation; however, both CRS with and
without nasal polyps were included in the study. Ediger et al. analyzed biopsies from polyps,
inferior turbinates (ITs) and bronchii using immunohistochemistry in CRSwNP patients with
asthma, AHR and patients without lower airway disease. [15] Only small differences were
found between groups—possibly because only non-steroid dependent asthma patients were
included—and more importantly, no paired analysis of nasal vs. bronchial biopsies was per-
formed. None of the above studies included bronchial biopsies from controls and to date, no
study has compared the inflammatory profile in upper and lower airway biopsies in the same
population of CRSWNP patients.

We here hypothesized that (i) upper and lower airway inflammation in CRSWNP show sim-
ilar profiles indicating a common pathogenic mechanism. We further hypothesized that (ii)
bronchial inflammation is present in all CRSWNP patients irrespective of their clinical asthma
status.
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Table 1. Demographics for the biopsy groups.

Age (median)

Sex (male) %
Atopy %

Inhaled steroids %
Samter’s triad %

CRSwNP +asthma CRSwNP-asthma Controls
n=18 n=9 n=6

46 (25-70) 55 (27-68) 35 (22-54)
67 67 83

44 33 0

61 0 0

17 0 0

CRSwNP = chronic rhinosinusitis with nasal polyps.

doi:10.1371/journal.pone.0127228.t001

Materials and Methods
Design

Patients who met the European Position Paper on Rhinosinusitis and Nasal Polyps (EP*OS)
criteria for CRSWNP [16] and agreed to participate were consecutively included during June
2011-January 2013 at the Department of Otorhinolaryngology, Head and Neck Surgery and
Audiology, Rigshospitalet. All patients lived in or around Copenhagen and were referred for
functional endoscopic sinus surgery (FESS); patients were included irrespectively of former
surgery. All had been treated according to the EP’OS guideline with nasal steroids and saline
irrigations for more than three months without recovery. Topical nasal steroids, but not
inhaled steroids, were discontinued four weeks before surgery. A control group comprised
non-asthmatic patients undergoing nasal septal surgery and/or turbinate reduction. Lower air-
way disease was classified according to the Global Initiative for Asthma (GINA) and Global ini-
tiative for chronic Obstructive Lung Disease (GOLD) guidelines. [17,18] For details about the
clinical evaluation, please see previous publication by Hikansson et al. [19]

Exclusion criteria were: age below 18 or above 80 years; systemic steroids within 3 months
before inclusion; severe psychiatric disorders; need for interpreter; pregnancy or nursing;
immunodeficiencies; chronic obstructive pulmonary disease (COPD), sarcoidosis, cystic fibro-
sis, primary ciliary dyskinesia; systemic vasculitis; unstable cardiovascular disease; dysregulated
diabetes, forced expiratory volume in the 1*' second (FEV1) < 0.5 liter; trombocytopenia or
international normalized ratio (INR) > 1.5.

Ethics statement. The study was conducted in accordance with the Declaration of Hel-
sinki and was approved by the Ethics Committee of Copenhagen County (H-B-2008-106); a
written informed consent was obtained from all participants.

Biopsies and BAL. We collected biopsies from nasal polyps, ITs and bronchii of 27
CRSwNP patients and 6 controls. IT biopsies were unavailable from seven of the CRSWNP
patients. All patients and controls were of European or Western Asian descent. For patient
characteristics, see Table 1.

During FESS, nasal biopsies (polyp and ITs) were taken endoscopically. Punch biopsies
from the IT were taken >2 cm posteriorly to its anterior edge. Subsequently, bronchoscopy
was performed and 6-8 biopsies were taken from the subcarinae of the right inferior lobe
according to guidelines.[20] Biopsies were snap frozen (in the operating room) in liquid nitro-
gen and kept at -80°C until homogenization. Large biopsies were cut into smaller pieces to pre-
serve primarily the superficial layers.

Biopsies were homogenized using a Tissuelyser LT (Qiagen, Hilden, Germany). Samples
were precooled in liquid nitrogen for at least 30 minutes and then disrupted and homogenized
without lysis buffer. One ml of 0.9% NaCl + Protease Inhibitor per 0.1 g tissue (Compete # 1
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697 498; Roche Diagnostics) was added after disruption and homogenization. Samples were
centrifuged at 3000 rpm for 10 min at 4°C and aliquots were kept at -80°C until analysis. From
tissue homogenates, the protein concentration was determined using a standard BCA assay
and the measured values were normalized to a concentration of 100 pg total protein per sample
(in 25 pl pr well), based on parallel analysis of protein concentrations. Homogenates were
analyzed using an ultra-sensitive human chemokine 7-plex assay (cat# K15031C-2) and an
ultra-sensitive human Th1/Th2 cytokine assay (cat# K15011-C2, Mesoscale Diagnostics, LCC,
Rockwill, US), according to the protocol from the manufacturer. Included biomarkers were:
eotaxin, interleukin (IL)-8, interferon-inducable protein (IP)-10, monocyte chemotactic
protein (MCP)-1, MCP-4, macrophage inflammatory protein (MIP)-1f, thymus- and activa-
tion-regulated chemokine (TARC), interferon (INF)-v, IL-10, IL-12p70, IL-13, IL-2, IL-4, IL-5
(for BAL, only the chemokine assay was performed). All plates were analyzed using a Sector
Imager from Mesoscale Diagnostics, LCC.

Statistics

In CRSwNP patients outside China, IL-5 has been shown to be a defining cytokine in CRSWNP;
therefore Spearman’s rho was used to identify IL-5-correlated cytokines (Spearman’s rho >0.6
and p<0.001) within nasal polyps. These cytokines were used in the subsequent between-
group analysis using the Kruskal-Wallis test. A paired Wilcoxon Signed Rank test was applied
for comparison of cytokine concentrations at different airway levels. Furthermore, to increase
comparability with previous studies, Spearman’s rho was used for a second analysis of the cyto-
kine correlation between biopsy sites (nasal polyps vs. bronchii).

To prepare data for multivariate analysis, biomarker concentrations were log transformed
producing roughly normally distributed data. An exploratory principal component analysis
(PCA) on the data from both locations revealed location as the main source of variation. There-
fore in order to at least partially remove this source of variation, the log-transformed data were
standardized (mean subtracted and divided by standard deviation) for each location separately.
The exploratory PCA and bi-plot analysis also showed a high degree of co-variation within the
IL-5 correlated cytokines (Th2) and the remaining cytokines (mainly Th1) further supporting
that we could treat these as two groups (profiles) in the multivariate analysis (Th1 and Th2).

A low Euclidian distance between the patient’s transformed cytokine levels in upper (nasal
polyps or ITs) and lower airway biopsies indicates that the cytokine signal co-varied between
the upper and lower airways. We devised a permutation test where the average patient Euclid-
ian distance was compared to the average distance calculated by randomly pairing measure-
ments from the two locations in different patients. [21] The null hypothesis was that the
distance between cytokine levels at the two locations was not patient specific. A p-value of 0.05
meant that 5% of the average permutation distances came out lower than the observed aver-
aged distance in the patients.

R was used for the PCA and permutation test [22] and SPSS version 19.0 (IBM, Chicago, IL)
was used for all other analyses; a p-value < 0.05 was considered statistically significant.

Results

Demographic data are reported in Table 1. In nasal polyps, IL-5 correlated highly with other
Th2 cytokines: eotaxin, MCP-1, MCP-4, TARC, IL-4 and IL-13. Univariate analysis of these
cytokines failed to show bronchial inflammation in CRSWNP patients without asthma

(Table 2); however, in patients with asthma, an increased IL-13 indicated bronchial inflamma-
tion in biopsies. A trend towards higher bronchial concentrations of Th2 cytokines was seen
with increasing asthma severity (Fig 1).
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Table 2. Comparison of cytokines in CRSWNP with/without asthma and controls.

CRSwNP +asthma CRSwNP-asthma Controls

Bronchial biopsies (pg/ml) n=18 n=9 n=6 P P adjusted
Eotaxin 603 (114-1828) 535 (143-1086) 479 (174-719) 0.47 -

MCP-1 278 (88-2151) 341 (301-906) 258 (148-1234) 0.55 -

MCP-4 281 (80-3999) 289(72—-1316) 193 (66—256) 0.27 -

TARC 47 (13-830) 45 (0-136) 22 (11-52) 0.06 -

IL-13 7 (0-1108) 0 (0-54) 1 (0-3.47) 0.04 0.05*

IL-4 0 (0-5) 0 (0-0) 0.03 (0-0.32) 0.11 -

IL-5 0.18 (0—41) 0 (0-6) 0 (0-0.43) 0.13 -

*Between the CRSwNP with and without asthma groups
CRSwNP = chronic rhinosinusitis with nasal polyps. NS = non-significant. Median concentrations of biomarkers in pg/ml (min-max). P-values calculated by

Kruskal-Wallis. Due to multiple comparisons, Bonferroni-adjusted p-values are reported.

doi:10.1371/journal.pone.0127228.t002

After normalization for tissue weight and total protein concentration, we found significantly
higher concentrations of Th2 cytokines in nasal polyp biopsies in comparison with bronchial
biopsies (p<0.05 for all); however, lower Th2 cytokine concentrations were found at the level
of the IT (Fig 2B). Most of the remaining cytokines (mainly Th1) did not differ significantly
between nasal polyps and bronchial biopsies except for IP-10 that was significantly decreased
in nasal polyps.

When applying a univariate correlation analysis, only IL-4 correlated significantly between
nasal polyp and bronchial biopsies; however, this was due to three outliers (Table 3).

Finally, using the permutation test we rejected the null hypothesis of no patient specific
association between nasal polyp and bronchial inflammation (p = 0.0029 and p = 0.0063 for
Th1 and Th2 cytokines, respectively). The correlation between IT and bronchial inflammation
was less consistent in patients (p<<0.001 and p = 0.15 for Th1 and Th2 cytokines, respectively)
and controls (p = 0.12 and p = 0.01 for Th1 and Th2 cytokines, respectively).

Discussion

This is the first study that simultaneously investigates inflammatory cytokines in biopsies from
the upper and lower airways in the same CRSWNP patients; in addition, this is the first study to
compare bronchial inflammation in CRSWNP patients with controls. In CRSWNP patients, we
found higher concentrations of Th2 cytokines in nasal polyps compared with bronchial biop-
sies and ITs and a strong correlation between the upper and lower airway inflammatory pro-
files was seen. None of the measured cytokines were significantly increased in the bronchi of
CRSwNP patients except for IL-13 in CRSWNP patients with asthma. Taken together, these
findings indicate that a similar inflammation exists throughout the airways in CRSwNP
patients and that nasal polyps might play an important role in this airway inflammation. Our
findings could not confirm the presence of subclinical bronchial inflammation in CRSwNP
patients without asthma.

Comparing inflammation throughout the airways

It has been hypothesized that asthma simply develops in allergic airway disease when the
inflammation of the upper airway is expressive enough—a hypothesis that is also feasible in the
context of CRSWNP and asthma. [23] Studies have shown a positive association between
asthma and the degree of nasal polyp inflammation [6-10,24,25], which potentially explains
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Fig 1. Inflammatory cytokines in bronchial biopsies (MCP-4, IL-5, IL-13 and TARC) in CRSwWNP patients and controls, stratified by asthma severity.
Log transformed data, concentrations in pg/mL. | = Intermittent; MiP = Mild persistent; MoP = Moderate persistent; SP = Severe persistent. P-values
represent comparison by Kruskal-Wallis test. In this analysis we included biopsies from controls with asthma that were not included in the inter-group
analyses. This analysis indicates that bronchial inflammation increases with increasing asthma-severity.

doi:10.1371/journal.pone.0127228.g001

why asthma is associated with a poorer clinical outcome in CRSWNP patients. [26,27] In addi-
tion, a stronger bronchial inflammation has been shown in CRSWNP patients with asthma
compared to those without. [11-13] However, one study, based on immunohistochemistry, did
not confirm this relationship; this study instead reported that the airway inflammation in
CRSwNP patients was stronger in the nasal polyps, and then faded towards the bronchii. [15]
In line with this finding, we found higher concentrations of Th2 inflammatory cytokines in
nasal polyps compared to bronchial biopsies and IT's in CRSWNP patients.

Our study thus indicates that nasal polyps might be an epicenter of airway inflammation in
patients with CRSWNP and asthma. However, the decreased inflammatory response of the
bronchii and ITs could also have resulted from a hypothetical protective mechanism outside
the nasal polyps—a mechanism that might also explain why polyps normally are absent at the
level of the ITs and bronchii. Furthermore, our findings might be ascribed to selection bias: as
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Fig 2. Concentration of Th1 and Th2 cytokines in nasal polyps, ITs and bronchial biopsies in CRSwWNP patients. A: Th1 cytokines. B: Th2 cytokines.
Log transformed data, concentrations in pg/mL. NP = nasal polyp, BB = bronchial biopsy, IT = inferior turbinate. P-values represent comparison by a paired
Wilcoxon signed rank test. Both CRSwNP patients with and without asthma are included in this analysis. All Th2 cytokines were increased in the nasal polyps
compared to the bronchii; this difference was not seen for Th1 cytokines.

doi:10.1371/journal.pone.0127228.9002
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Table 3. Correlation individual cytokines in the nasal polyps and bronchial biopsies.

Cytokine Spearman’s rho P
Eotaxin 0.11 0.6
MCP-1 0.22 0.26
MCP-4 0.37 0.06
TARC 0.30 0.12
IL-13 0.30 0.12
IL-4 0.40 0.04
IL-5 0.17 0.40

Two-sided p-values are reported.
An insignificant correlation is seen for several cytokines. Only IL-4 was significantly correlated, but this
correlation was driven by 3 outliers.

doi:10.1371/journal.pone.0127228.t003

patients are included from the department of otorhinolaryngology, patients with severe upper
airway inflammation are selected over those with primarily lower airway inflammation. Finally,
we found a trend towards higher bronchial cytokine concentrations with increasing asthma
severity indicating that had we included cases with more severe asthma, stronger bronchial
inflammation would have been reported (Fig 1).

The correlation of inflammatory profiles

We compared biopsies from three different levels of the airway: nasal polyps, ITs and bronchii.
We assumed that the inflammation was comparable across biopsy sites since the entire airway
is lined with respiratory pseudostratified epithelium with underlying lamina propria; however,
organ specific structures are situated just below these layers such as glands, vascular structures
and smooth muscle. We took this heterogeneity between biopsy sites into consideration during
biopsy sampling by preserving primarily the superficial layers before snap freezing; thereby we
removed most of the organ specific structures while preserving the inflammatory cells that
were situated superficially. [7] In addition, during the post-hoc correlation analysis, we stan-
dardized data to adjust for some of the differences between biopsy sites.

It has previously been assumed that a similar inflammatory profile exist throughout the air-
way in CRSWNP patients with co-existing asthma. However, before the present study, evidence
for this assumption was sparse and primarily derived from independent studies of the upper
airway in CRS patients and the lower airways in asthma patients. Only Ragab et al. had com-
pared upper and lower airway inflammation in the same patients—and failed to show a corre-
lation. [14] When we applied the same statistical method as Ragab et al., no unequivocal
correlation of individual cytokines was found (Table 3). However, when using a permutation
analysis that allowed us to analyze the correlation of Th1 and Th2 cytokine profiles instead of
individual cytokines, a significant interrelation was found. This approach revealed a strong cor-
relation between nasal polyp and bronchial inflammation indicating that specificity increased
when analyzing individual patient’s inflammation profiles. A correlation was also found
between IT and bronchial biopsies, both in patients and controls; however, this correlation did
not apply for both Th1 and Th2 cytokines. This demonstrates that even in the non-inflamed
airway, the profile of inflammatory cytokines is similar throughout the airway. Since the
inflammation in the nasal polyps was clearly Th2 driven, the strong correlation reported here
indicates that the bronchial inflammation in CRSWNP patients, however insignificant, also was
Th2 skewed.

PLOS ONE | DOI:10.1371/journal.pone.0127228 July 1,2015 8/11



@’PLOS ‘ ONE

Airway Inflammation in CRSwNP with Asthma

Comparing inflammation between groups

Subclinical upper and lower airway inflammation has been shown in allergic airway disease.
[28] In continuation of these findings, we hypothesized that all patients with CRSWNP have
bronchial inflammation irrespective of the asthma status. However, we could not confirm sub-
clinical inflammation in bronchial biopsies from CRSwNP patients without asthma. Even in
CRSwNP patients with asthma, bronchial inflammation was ambiguous and characterized
mainly by higher bronchial IL-13. Potentially, a more sensitive analysis could have shown
bronchial inflammation irrespective of asthma. Furthermore, we speculate that a trend for
higher concentrations was seen for several cytokines, indicating that a larger sample size could
have changed our conclusion. Thus, we might be at risk of a type II error when rejecting the (ii)
hypothesis.

Limitations

We found lower concentrations of Th2 cytokines in bronchial biopsies when compared to
nasal polyps—with and without standardization for total protein. This could in part be
explained by the continuation of inhaled steroids in 60% of the asthmatic CRSWNP patients,
whereas nasal steroids were discontinued four weeks before the operation [29-31]; alternatively
it could be due to the inclusion of both CRSwNP patients with and without asthma into the
analysis. However, Th1 cytokines were not depressed which in part contradicts a significant
effect of inhaled steroids. [32] Secondly, an analysis of CRSWNP patients who did not take
inhaled steroids still found that 5/7 Th2 cytokines were significantly increased in the nasal pol-
yps compared to the bronchii (MCP-1, MCP-4, TARC, IL-13 and IL-5, S1 Table). Thirdly,
bronchial cytokine concentrations were independent of inhaled steroids in the asthmatic
CRSWNP group (S2 Table) and except for IL-13, no significant difference in bronchial inflam-
mations was found between asthmatic and non-asthmatic CRSwNP patients (Table 2).

Finally, an important limitation was the poor match of atopy between groups and the inclu-
sion of three patients with Samter’s triad. However, when analysing non-atopics only or when
excluding the three patients with Samter’s triad, the conclusions from our finding remained
unchanged.

In conclusion, we found higher Th2 cytokine concentrations in nasal polyps compared with
the remaining airway and a strong correlation between the upper and lower airway inflamma-
tory profiles was seen; however, we could not confirm the presence of subclinical bronchial
inflammation in CRSWNP patients without asthma. Our findings indicate that a similar inflam-
mation exists throughout the airways in CRSwNP patients and potentially nasal polyps play an
important role in this airway inflammation rather than being a secondary phenomenon.

Supporting Information

S1 Table. Difference in Th2 cytokine concentrations in nasal polyps and bronchial biopsies.
In CRSwWNP patients who do not take inhalation steroids. P-values represent comparison by a
paired Wilcoxon signed rank test.

(DOCX)

S2 Table. Difference in bronchial cytokine concentrations with and without inhalation ste-
roid usage. Astmatic CRSwNP patients only. P-values represent comparison by a paired Wil-
coxon signed rank test.

(DOCX)
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