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ABSTRACT Cystic fibrosis (CF) lung disease is characterised by chronic Pseudomonas aeruginosa infection

and leukocyte infiltration. Chemokines recruit leukocytes to sites of infection. Gene expression analysis

identified the chemokine CCL18 as upregulated in CF leukocytes. We hypothesised that CCL18

characterises infection and inflammation in patients with CF lung disease.

Therefore, we quantified CCL18 protein levels in the serum and airway fluids of CF patients and healthy

controls, and studied CCL18 protein production by airway cells ex vivo.

These studies demonstrated that CCL18 levels were increased in the serum and airway fluids from CF

patients compared with healthy controls. Within CF patients, CCL18 levels were increased in P. aeruginosa-

infected CF patients. CCL18 levels in the airways, but not in serum, correlated with severity of pulmonary

obstruction in CF. Airway cells isolated from P. aeruginosa-infected CF patients produced significantly

higher amounts of CCL18 protein compared with airway cells from CF patients without P. aeruginosa

infection or healthy controls.

Collectively, these studies show that CCL18 levels characterise chronic P. aeruginosa infection and

pulmonary obstruction in patients with CF. CCL18 may, thus, serve as a potential biomarker and

therapeutic target in CF lung disease.
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Introduction
Lung disease determines morbidity and mortality of patients with cystic fibrosis (CF). The combination of

bacterial infections, continuous leukocyte recruitment into the airways and tissue remodelling are hallmarks

of CF lung disease [1, 2]. These processes are regulated by chemokines, a family of proteins essential for

leukocyte migration, antibacterial host defence, fibrosis, tissue remodelling and angiogenesis [3, 4]. Several

chemokines have been linked to the pathogenesis of pulmonary diseases, recently the CC chemokine ligand

(CCL)18, formerly known as pulmonary and activation-regulated chemokine (PARC) [5–9]. CCL18 was

first described in 1997 and is exclusively present in primates [10]. CCL18 expression is particularly high in

the lung, but it is also present, in lower amounts, in lymphoid tissues [10]. At the cellular level, CCL18 is

produced by leukocytes, mainly macrophages in response to T-helper cell (Th) type 2 cytokines [11] and, to

a lesser extent, dendritic cells [12]. Functionally, CCL18 modulates a variety of immune cells, including

T-cells, B-cells, dendritic cells and haematopoietic progenitor cells [9], and stimulates collagen production

by lung fibroblasts [13]. CCL18 is readily detectable in normal human serum and was found to be elevated

in several systemic diseases [9, 14, 15], in particular in chronic lung diseases, such as hypersensitivity

pneumonitis [16], idiopathic pulmonary fibrosis (IPF) [17], chronic obstructive pulmonary disease

(COPD) [18–20], sarcoidosis [21] and allergic asthma [22].

A macroarray gene expression analysis in CF neutrophils, comprising 1050 genes, identified the chemokines

CCL17 and CCL18 as specifically upregulated in CF neutrophils [23], suggesting that these chemokines

could be involved in the pathogenesis of CF lung disease. The chemokine CCL17 (also known as TARC) has

been previously described to be involved in allergic bronchopulmonary aspergillosis (ABPA) [24–26], but

the role of CCL18 in CF remained elusive. We hypothesised that CCL18 plays a role in chronic CF lung

disease and comprehensively quantified CCL18 protein levels in serum and airway fluids from individuals

with CF and control subjects. Our studies demonstrate that CCL18 levels characterise chronic Pseudomonas

aeruginosa infections in CF patients and correlate with lung function and CXCR1 chemokines, suggesting

CCL18 as a potential biomarker and therapeutic target in CF.

Materials and methods
Patient cohorts
The CF group included 18 male and 22 female patients with a mean¡SD age of 21¡14 years (table 1).

Inclusion criteria were the diagnosis of CF by clinical symptoms and positive sweat tests (sweat Cl-

concentration .60 mmol?L-1) or disease-causing mutations in the cystic fibrosis transmembrane

conductance regulator (CFTR) gene, forced expiratory volume in 1 s (FEV1) .30% predicted and being

clinically stable and on steady concomitant therapy at least 4 weeks prior to the study. 18 CF patients were

DF508 homozygous, 15 were DF508 heterozygous carriers of the CFTR gene and seven had CFTR mutations

TABLE 1 Patient groups

Cystic fibrosis Controls

Subjects 40 27
Age years 21¡14 25¡9
Males/females 18/22 12/15
White blood cell count 6109?L-1 11¡6 8¡3
FEV1 % predicted (range) 66¡14 (33–92)
Neutrophils in sputa % 82¡34 17¡10
Pseudomonas aeruginosa 18 ND
Staphylococcus aureus (MSSA) 10 ND
S. aureus (MRSA) 1 ND
Haemophilus influenzae 3 ND
Achromobacter xylosoxidans 4 ND
Stenotrophomonas maltophilia 5 ND
Burkholderia cepacia 1 ND
Aspergillus fumigatus 14 ND
Candida albicans 19 ND
Antibiotics 18 0
DF508 homozygous/heterozygous/other 18/15/7 ND

Results are expressed as n or mean¡SD, unless otherwise stated. FEV1: forced expiratory volume in 1 s;
MSSA: methicillin-sensitive S. aureus; MRSA: methicillin-resistant S. aureus; ND: not determined.
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other than DF508. Chronic P. aeruginosa infection was defined when .50% of patient samples in the year

prior to CCL18 analysis were P. aeruginosa positive. According to this definition, 18 CF patients were

chronically infected with P. aeruginosa. Induced sputum samples were obtained and mechanically processed

as described previously [27, 28]. Other pathogens detected in the CF cohort are listed in table 1. 27 control

subjects without pulmonary diseases were selected as the control group (12 males, 15 females; mean¡SD age

25¡9 years). These subjects had no suspected or proven pulmonary disease and were free of respiratory

tract infections. Informed written consent was obtained from all subjects included in the study or their

parents, and all study methods were approved by the local ethics committee and by the institutional review

board (University of Tübingen, Tübingen, Germany). Induced sputum was obtained, processed and stored

as described previously [29]. Cell-free sputum supernatant was stored at -80uC until analysis.

ELISA
CCL18, CXCL1, CXCL2 and CXCL8 protein levels were measured in duplicates by a commercially available,

sandwich ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA and Creative Biomart, Shirley, NY, USA)

according to the manufacturer’s instructions. Samples were pre-diluted according to the manufacturer’s

instructions. The CCL18 intra-assay precision coefficient of variation was 2.6% and the inter-assay precision

coefficient of variation was 8.2%.

CCL18 production
To quantify CCL18 protein production ex vivo, we isolated sputum cells from CF patients or control

subjects using dithiothreitol as described previously [27, 30], followed by centrifugation (3006g) and

resuspension in RPMI-1640 (Invitrogen, Karlsruhe, Germany) with 10% heat-inactivated fetal bovine

serum (Biochrom AG, Berlin, Germany), 200 U?mL-1 penicillin and 200 mg?mL-1 streptomycin

(Invitrogen). The resulting cell suspension was incubated at 16106 cells per well at 37uC in 5% CO2.

After overnight culture, cell-free supernatants were harvested for ELISA analyses.

Statistical analysis
Differences between the patient groups were calculated using the nonparametric Kruskal–Wallis test. When

a significant difference was found, the nonparametric Mann–Whitney U-test was applied for two-group

comparisons. Correlations were tested using Spearman’s rho test. A correlation was assumed when the

correlation coefficient was .0.3. A p-value ,0.05 was considered to be significant. Statistical analysis was

performed with Prism 4.0 (Graph Pad Software, San Diego, CA, USA) and Stata version 8.2 for Windows

(StataCorp., College Station, TX, USA).

Results
Increased systemic and airway CCL18 protein levels in CF
CCL18 protein levels were significantly increased in both serum (fig. 1a) and sputum supernatants (fig. 1b)

from CF patients compared with healthy controls. Within individual CF patients, CCL18 protein levels were

consistently higher in serum than in sputum supernatants (fig. 1c). Despite these statistically significant

differences between CF patients and healthy control subjects, the detected CCL18 protein levels showed a

broad range in both serum and sputum, from levels similar to those found in healthy control subjects up to

30-fold higher serum levels in distinct CF patients compared with healthy control subjects (fig. 1). Based on

this heterogeneity, we hypothesised that CCL18 protein levels in CF patients are modulated by CF-

associated factors.

CCL18 characterises chronic P. aeruginosa infection in CF
To dissect the factors that modulate CCL18 levels in CF patients, we correlated systemic and airway CCL18

protein levels with disease parameters, including age, sex, body mass index, CFTR mutation and

medications as well as bacterial and fungal infections. Among all the factors analysed, only P. aeruginosa

showed a statistically significant association with CCL18 protein levels. CF patients with chronic

P. aeruginosa infections had increased CCL18 protein levels in serum (fig. 2a) and sputum supernatants

(fig. 2b) compared with patients without chronic P. aeruginosa infections. This association was restricted to

P. aeruginosa and was not a common reflection of underlying infection, since no statistically significant

correlations were found between CCL18 protein levels and any other CF-characteristic pathogens, such as

Staphylococcus aureus (p.0.05), Haemophilus influenzae (p.0.05), or Aspergillus fumigatus (p.0.05) (table 2).

To test whether CF airway cells autonomously produce enhanced levels of CCL18 protein, we isolated

airway (sputum) leukocytes from healthy control subjects and CF patients and quantified the spontaneous

CCL18 protein production capacity ex vivo. These studies demonstrated that CF airway cells produced

increased amounts of CCL18 protein compared with healthy control cells (fig. 3a). Moreover, airway cells
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from chronic P. aeruginosa-infected CF patients produced significantly higher amounts of CCL18 protein

compared with non-P. aeruginosa-infected CF patients (fig. 3b).

CCL18 airway levels correlate with lung function, cell recruitment and CXCR1 chemokines in CF
CCL18 protein levels in airway fluids were inversely correlated with lung function parameters (FEV1)

(fig. 4a), whereas circulating serum CCL18 levels did not show any correlation with FEV1 (p.0.05). CCL18

protein levels in sputum further positively correlated with numbers of airway neutrophils (r50.64; p,0.01)

and lymphocytes (r50.52; p,0.05) in CF sputa, but not with airway macrophages (p.0.05). CCL18 levels

in serum did not show any correlation with peripheral blood cell counts (data not shown). Inspired by these

correlations between airway CCL18 protein levels and numbers of neutrophils infiltrating the airway, we

asked whether CCL18 levels correlate with neutrophil-attracting chemokines. Therefore, we quantified

protein levels of CXCR1 and CXCR2 chemokines, as they represent the major neutrophil-recruiting

chemokine axis, and found that airway levels of the CXCR1 ligand CXCL8 (or interleukin (IL)-8) showed a

strong and statistically significant positive correlation with airway protein levels of CCL18 (fig. 4b). By

contrast, airway protein levels of the CXCR2 ligands CXCL1 (p.0.05) and CXCL2 (p.0.05) did not show a
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FIGURE 1 CCL18 levels in cystic fibrosis (CF) patients and healthy controls. CCL18 protein levels were quantified by
means of ELISA in a) serum and b) sputum from CF patients and healthy control subjects. The scatter graph depicts
individual patients with horizontal bars indicating the median for each group. c) Comparison of serum and sputum
CCL18 levels in CF patients.
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FIGURE 2 CCL18 levels and Pseudomonas aeruginosa infection in cystic fibrosis (CF) patients. CCL18 protein levels were
quantified by means of ELISA in a) serum and b) sputum from CF patients with (+) or without (-) chronic P. aeruginosa
infection. CF patients were stratified according to chronic P. aeruginosa infection status independent of any other
pathogens detectable in CF airway fluids. The scatter graph depicts individual patients with horizontal bars indicating the
median for each group.
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statistically significant correlation with CCL18 protein levels, suggesting an interaction of CCL18 with

CXCR1, but not CXCR2, recruitment pathways.

Discussion
CF lung disease is characterised by a progressive destruction of the lung tissue due to bacterial infection,

chronic inflammation and tissue remodelling. Besides elastase [31], immunological host factors responsible

for determining the severity of the pulmonary disease, which may serve as biomarkers, are poorly defined.

Here we show that the chemokine CCL18 is increased in CF patients, both systemically and at the

pulmonary site of inflammation. Our studies further showed that CCL18 protein levels characterise chronic

P. aeruginosa infections in CF and correlate with both pulmonary function parameters and neutrophil-

attracting chemokines. When viewed in combination, these studies suggest that CCL18 may serve as a novel

biomarker and potential therapeutic target in CF lung disease.

CCL18 is preferentially expressed in the lung and has been found to be increased in a variety of pulmonary

diseases, including hypersensitivity pneumonitis [16], IPF [17], sarcoidosis [21], allergic asthma [7, 22],

various interstitial lung diseases [32] and lung disease in systemic sclerosis [33]. In IPF, a vicious circle

involving alveolar macrophages and fibroblasts was found to perpetuate pulmonary fibrosis via CCL18 [34].

CCL18 protein levels were further shown to correlate with mortality in IPF [17]. In COPD, increased

CCL18 levels in serum were associated with an unfavourable clinical course [18], acute exacerbations [20]

TABLE 2 CCL18 levels and CF pathogens

p-value#

CCL18 serum CCL18 sputum

Pseudomonas aeruginosa ,0.05 ,0.05
Staphylococcus aureus (MSSA) 0.21 0.17
Haemophilus influenzae 0.28 0.24
Achromobacter xylosoxidans 0.32 0.35
Stenotrophomonas maltophilia 0.18 0.25
Aspergillus fumigatus 0.13 0.16
Candida albicans 0.29 0.34

CF: cystic fibrosis; MSSA: methicillin-sensitive S. aureus. Bold font indicates statistical significance. #: two-
tailed p-values for the correlations (Spearman’s rho) between detection of the indicated bacteria/fungi in CF
airway fluids and CCL18 protein levels in serum and sputum from CF patients.
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and overall mortality [19]. In asthma, CCL18 levels were elevated in sputum, but not in serum [35], which

contrasts with findings in IPF and COPD, probably due to the underlying different disease entities. In other

studies, CCL18 has been demonstrated to predict the risk of cardiovascular events [36].

CCL18 protein levels were consistently higher in the circulation compared with the airway compartment in

our study. Beyond CF lung disease, this airway-to-blood compartmentalisation seems to be a general

phenomenon of CCL18 biological distribution, since similar CCL18 protein distributions have been found

previously in interstitial lung diseases [32] and asthma [35]. Nevertheless, the mechanisms regulating the

biological distribution of CCL18 in CF and other pulmonary diseases remain poorly understood and should

be dissected in future investigations. However, the lack of a rodent homologue for human CCL18 precludes

in vivo studies in small animal models.

Based on our observation that CCL18 levels were increased systemically as well as in the airway fluids, we

speculate that both systemic CFTR-associated and pulmonary infection-associated factors modulate the

production of CCL18 in CF patients. Regarding the cellular source of CCL18, increased serum levels may

result from leakage of pulmonary CCL18 into the circulation and/or from a systemic leukocyte Th2/

alternative macrophage (M2) activation and/or neutrophil polarisation in CF [37, 38], meaning that

circulating leukocytes in CF could be intrinsically polarised towards increased CCL18 production. The latter

hypothesis is supported by our observation that CCL18 levels were higher in the circulation than in the

airway compartment in CF and by a previous study showing that CCL18 expression was systemically

increased in circulating blood neutrophils of CF patients [23]. Based on the latter study, we hypothesise that

CFTR deficiency may exert either a direct effect on the gene expression pattern of neutrophils or that

the altered gene expression pattern of neutrophils might be a secondary response to the continuous

inflammatory process in CF (‘‘inflammatory priming’’) [23]. CCL18 expression has been found to be

increased in the peripheral blood mononuclear cells of patients with asthma [22], which supports the

CFTR-independent, systemic inflammatory priming hypothesis. However, 1) the correlation of airway, but

not serum, CCL18 levels with lung function in our study, 2) the association of chronic P. aeruginosa airway

infection with CCL18 levels and 3) the lack of an association of plasma CCL18 levels with hospitalisation in

CF in a previous study [39] clearly also point towards a major impact of pulmonary infection on CCL18

airway levels in CF patients.

The function of CCL18 remains poorly understood and there is only limited evidence linking CCL18 with

disease mechanisms. CCL18 was found to stimulate collagen production by lung fibroblasts and thereby

interact in a positive feedback loop between alveolar macrophages and lung fibroblasts [34]. Furthermore,

CCL18 is known as a marker for alternative macrophage (M2) activation [11], a phenotype essentially

involved in allergy, tissue repair, fibrosis and cancer immune evasion. Accordingly, CCL18 has been found

to induce epithelial to mesenchymal transition in lung cancer cells and to elevate their invasive potential

[40]. Alternative macrophage activation is mainly mediated by the Th2 cytokine IL-4, while the anti-

inflammatory cytokine IL-10 was found to further enhance IL-4-induced CCL18 expression [41]. Recently,

alternative M2 macrophage activation has been demonstrated in the CF lung and shown to correlate with a

decrease in pulmonary function [42]. However, studies on M1/M2 macrophage polarisation in murine and
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human CF remain controversial [38] and further comparative investigations are required to define the

macrophage phenotype in CF and its relationship to CCL18 production. Since chronic P. aeruginosa

infection has been linked to a Th2 polarisation in CF patients [43], Pseudomonas-induced Th2/M2 priming

could enhance CCL18 levels in CF patients, although this is an issue requiring further studies.

Beyond P. aeruginosa, our CF patient cohort was characterised by a poly-microbial colonisation/infection

pattern, which is typical for adolescent and adult CF patients. However, P. aeruginosa was the only

pathogen that was statistically associated with CCL18 protein levels in our CF patients. Despite these

intriguing putative links between CF, P. aeruginosa, Th2/M2 and CCL18, further conclusions should be

drawn only in the context of the inherent limitations of this study, which are 1) the size of the included CF

population, 2) the missing mechanism(s) underlying the increased CCL18 levels in P. aeruginosa-infected

CF patients, 3) the lack of longitudinal data on CCL18 levels in young CF patients before and during

P. aeruginosa acquisition and 4) the unresolved question of how CFTR could influence CCL18 systemically

in CF. These are issues that should be addressed in future studies.

Collectively, the present study demonstrates that the chemokine CCL18 is increased in CF patients, both

systemically and in the airways, characterises chronic P. aeruginosa infection and correlates with lung

function and neutrophilic chemokines. Inspired by this study, future investigations are warranted to assess

whether CCL18 may serve as a novel biomarker and potential therapeutic target in CF lung disease.
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