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ABSTRACT
Rationale We have previously shown increased
expression of the Frizzled-8 receptor of the Wingless/
integrase-1 (WNT) signalling pathway in COPD. Here, we
investigated if the Frizzled-8 receptor has a functional
role in airway inflammation associated with chronic
bronchitis.
Methods Acute cigarette-smoke-induced airway
inflammation was studied in wild-type and Frizzled-8-
deficient mice. Genetic association studies and lung
expression quantitative trait loci (eQTL) analyses for
Frizzled-8 were performed to evaluate polymorphisms in
FZD8 and their relationship to tissue expression in
chronic bronchitis. Primary human lung fibroblasts and
primary human airway epithelial cells were used for in
vitro studies.
Results Cigarette-smoke-exposure induced airway
inflammation in wild-type mice, which was prevented in
Frizzled-8-deficient mice, suggesting a crucial role for
Frizzled-8 in airway inflammation. Furthermore, we
found a significant genetic association (p=0.009)
between single nucleotide polymorphism (SNP) rs663700
in the FZD8 region and chronic mucus hypersecretion, a
characteristic of chronic bronchitis, in a large cohort of
smoking individuals. We found SNP rs663700 to be a
cis-eQTL regulating Frizzled-8 expression in lung tissue.
Functional data link mesenchymal Frizzled-8 expression
to inflammation as its expression in COPD-derived lung
fibroblasts was regulated by pro-inflammatory cytokines
in a genotype-dependent manner. Moreover, Frizzled-8
regulates inflammatory cytokine secretion from human
lung fibroblasts, which in turn promoted MUC5AC
expression by differentiated human airway epithelium.
Conclusions These findings indicate an important pro-
inflammatory role for Frizzled-8 and suggest that its
expression is related to chronic bronchitis. Furthermore,
our findings indicate an unexpected role for fibroblasts in
regulating airway inflammation in COPD.

INTRODUCTION
COPD is a complex lung disease, characterised by
airflow limitation that is not fully reversible.
Airflow limitation is usually progressive and asso-
ciated with chronic inflammation, remodelling of
the small airways and emphysema development in
some patients.1 2

The heterogeneity of COPD is represented by
different phenotypes within the patient population,

chronic bronchitis being one of them. Chronic
bronchitis is defined by chronic cough and idio-
pathic sputum production for at least 3 months per
year for two consecutive years.1 Inflammatory
signals can cause mucus cell metaplasia, resulting in
more mucus by both an increased production of
mucus by goblet cells and decreased elimination
from the airways.3 This is defined in patients as
chronic mucus hypersecretion (CMH). CMH is
associated with bronchial inflammation, accelerated
lung function decline,4 increased mortality5 and is
a risk factor for COPD.6

COPD treatment is neither curative nor directed
at different COPD phenotypes, including chronic
bronchitis. At present, the pathophysiology and
underlying mechanisms of chronic bronchitis are
poorly understood. This hampers the development
of targeted drugs. Therefore, a better understand-
ing of the mechanisms behind chronic bronchitis is
needed.
The Wingless/integrase-1 (WNT) signalling

pathway plays an important role in lung develop-
ment.7 Recent studies indicate involvement of the
WNT signalling pathway in remodelling8 9 and
inflammation10 11 in the lung. WNT ligands bind
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to transmembrane Frizzled (FZD) receptors, thereby controlling
cell differentiation, growth and polarity.12 Our previous results
showed that FZD8 expression is higher in pulmonary fibroblasts
of patients with moderate (GOLD stage II) and severe (GOLD
stage IV) COPD after stimulation with transforming growth
factor (TGF)-β compared with control fibroblasts.8 However,
the functional role for FZD8 in COPD is as yet unknown.
WNT-3A,10 WNT-413 and WNT-5A14 have recently been
shown to function as pro-inflammatory stimuli in the lung.
Importantly, we previously showed that WNT-5A is a ligand for
FZD8 in airway smooth muscle cells,9 reinforcing the possibility
that the increased FZD8 expression in COPD fibroblasts may
play a role in pro-inflammatory signalling in the lung.

Here, we aimed to investigate the link between FZD8 and
airway inflammation in COPD. We studied the role of FZD8 in
acute cigarette-smoke-induced airway inflammation in vivo
using a mouse model and in vitro in human lung fibroblasts
obtained from patients with COPD with and without CMH.
Furthermore, we investigated the association between single
nucleotide polymorphisms (SNPs) in the FZD8 region and
CMH, and their roles as cis-expression quantitative trait loci
(eQTL), regulating FZD8 expression in lung tissue.

METHODS
A more extensive description of methods and statistics can be
found in the online supplementary file.

Ethics statement
The study protocol followed national ethical and professional
guidelines (‘Code of conduct; Dutch federation of biomedical
scientific societies’; http://www.federa.org) for all lung tissue and
explant cell culture studies in Groningen. For the genetics study
on CMH, approval by the local medical ethics committee and
written informed consent from all patients were obtained (see
online supplementary file). All animal experiments were per-
formed according to the national guidelines and approved by
the University of Groningen Animal Ethical Committee (com-
mittee approval number 5912B).

Animal studies
Heterozygous, inbred, specified-pathogen-free breeding colonies
FZD8+/− mice (C57BL/6;129P2-FZD8tm1Dgen/J), showing no
obvious phenotype, were obtained from The Jackson
Laboratory (USA). After breeding, homozygous male FZD8−/−

mice and wild-type+/+ (WT) littermates were used for experi-
ments as described in detail in the online supplementary file.

Genetic association
Genetic association studies for FZD8 and CMH were per-
formed in the NELSON cohort; a large cohort of smoking indi-
viduals with and without COPD which was originally set up to
detect lung cancer.15 After quality control, 717 heavy smokers
with CMH (cases) and 1795 heavy smokers without CMH
(controls) all with ≥20 pack-years were included for the analysis
as previously published.16 Six SNPs were tested using multivari-
ate logistic regression analysis under an additive model, with
adjustment for ex-smokers or current smokers and the two
population sites (Groningen and Utrecht).

eQTL analysis in lung tissue
The lung eQTL analysis was performed in a large dataset of
lung tissue samples where both genotype and genome-wide
gene expression data are available through a collaboration of
three universities (Laval University, Quebec City, Canada;
University of British Columbia, Vancouver, Canada; University
of Groningen, Groningen, the Netherlands), and Rosetta/Merck
Sharpe and Dohme as has been described previously, including
patient characteristics.17 After quality control, 1095 patients out
of 1111 were included in the analysis. A cis-eQTL analysis was
performed to determine the association between SNP rs663700
and the regulation of gene expression of genes within 100 kb.17

In short, the association between genotype and expression of
cis-eQTL genes was analysed using linear regression on imputed
data, first in the three cohorts separately, followed by a
meta-analysis.18 19

Fibroblast and epithelial cell culture
Human airway and parenchymal lung fibroblasts from
ex-smoking patients with GOLD stage IV COPD with and
without CMH were isolated from transplanted lungs as has
been described previously.20 Presence of CMH was defined by
patient records. Patient characteristics are shown in table 1 and
showed no differences in age, gender, smoking status, lung func-
tion or medication use. At the same time, we determined that
none of the patients used for the study in fibroblasts was diag-
nosed with bronchiectasis, excluding the possible influence on
the data. MRC-5 human lung fibroblasts21 were obtained from
Sigma (St Louis, Missouri, USA). Specific small interfering (si)
RNA was used to knock down FZD8. Human airway epithelial
cells were isolated from donor lungs. Cells were cultured and
stimulated to measure gene expression using mRNA isolation
and real-time PCR analysis, to perform immunohistochemistry
for goblet cell number or to measure cytokine release using
ELISA and Milliplex as described in detail in the online supple-
mentary file.

Statistical analysis
Statistical analysis of in vitro and in vivo experiments was per-
formed with the SigmaPlot software (Systat Software, San Jose,
California, USA). All real-time PCR data were log-transformed
before analysis. For comparison between two conditions, the
Student’s t test (α=0.05, tested two-tailed) was used.
Differences in FZD8 gene expression in fibroblasts between two
genotypes were tested using a one-tailed Mann–Whitney test,
based on the results of the eQTL analysis. To test differences
between different patient groups, one-way analysis of variance
(ANOVA) on ranks was used. For comparison between multiple
conditions within the primary MRC-5 human lung fibroblast

Table 1 Patient characteristics, patients with GOLD stage IV COPD

GOLD stage IV COPD
without CMH

GOLD stage IV
COPD with CMH

Number of subjects 8 8
Age (range) 58 (57–62) 54 (48–61)
Sex
Male 3 4
Female 5 4

Pack-years (range) 44.9 (30–72) 31.3 (15–40)
Smoking status Ex-smoker Ex-smoker
% predicted FEV1 (range) 19.2 (12.23–25.69) 14.6 (13.12–20.12)
FEV1/FVC (range) 0.30 (0.19–0.66) 0.23 (0.16–0.29)
Bronchiectasis None None

Age, pack-years, predicted FEV1 and FEV1/FVC are represented as mean (range).
CMH, chronic mucus hypersecretion.
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experiments and within the different groups of mice, two-way
ANOVA was used. Tests used for the analyses of the genetic
studies are described in the appropriate sections. Where appro-
priate, ANOVA was followed by a post hoc analysis using the
Student–Newman–Keuls multiple comparisons test. p<0.05 was
considered significant.

RESULTS
FZD8 regulates cigarette-smoke-induced airway
inflammation in mice
Inflammation in COPD follows a characteristic pattern of
increased numbers of macrophages, lymphocytes and neutro-
phils.2 To investigate a possible role for FZD8 in inflammation,
we used FZD8−/− mice and studied acute
cigarette-smoke-induced airway inflammation, as described pre-
viously.22 FZD8−/− mice were born according to normal
Mendelian ratio and survived after birth with no differences
compared with WT mice. Baseline lung structure was not differ-
ent for the FZD8−/− mice and WT mice in terms of gross mor-
phological structure and expression of α-sm-actin around the
airways and vessels (see online supplementary figures S1A–C).
Baseline presence of inflammatory cells and pro-inflammatory
cytokines was slightly higher in FZD8−/− mice compared with
WT mice (figure 1A–G) and this was significant for neutrophil
number (p=0.004) and CXCL5 (p=0.005) gene expression
when using a Student’s t test on the air-exposed animals only.

Four days of cigarette-smoke exposure induced an increase in
the number of lymphocytes and neutrophils in the bronchial alveo-
lar lavage fluid (BALF) of WT mice (figure 1A, B). No effect of
cigarette smoke was found on total cells and macrophages (figure
1C, D). Notably, cigarette smoke did not increase the number of
lymphocytes and neutrophils in FZD8−/− mice and neutrophil
number in cigarette-smoke-exposed FZD8−/− mice was signifi-
cantly lower compared with cigarette-smoke-exposed WT mice
(figure 1B). Keratinocyte-derived cytokine (KC), CXCL2 and
CXCL5 are chemotactic for neutrophils, and the gene expression
of all three cytokines was increased upon cigarette-smoke expos-
ure in WT mice (figure 1E–G). KC and CXCL2 tended to be
reduced in FZD8−/− mice, whereas for CXCL5, the
cigarette-smoke-induced increase was completely absent in
FZD8−/− mice. Gene expression of FZD8 and its putative ligands
WNT-5A and WNT-5B was also measured in whole lung homoge-
nates and was not different between groups, although small, non-
significant increases in cigarette-smoke-exposed WT mice were
apparent for all three genes (see online supplementary figures
S1D–F). MUC5AC gene expression significantly increased after
cigarette-smoke exposure in WT mice but not in FZD8−/− mice
(see online supplementary figure S1G). However, consistent with
previous studies,22 23 we did not find any cells positive for
MUC5AC protein expression in lung tissue sections before and
after cigarette-smoke exposure in WT and FZD8−/− mice.
Together, these results suggest that FZD8 is involved in acute
cigarette-smoke-induced airway inflammation in mice in vivo.

A genetic association between FZD8 and CMH
In view of this pro-inflammatory role, we next studied the role
of FZD8 in chronic bronchitis and found a genetic association
between SNP rs663700 in the FZD8 region and CMH
(p=0.009; OR=0.8059; 0.684–0.9495) in a large cohort of
smoking individuals with and without COPD, implying that
FZD8 may play a role in the development of CMH (figure 2A).
Notably, we found that SNP rs663700 was associated with
CMH already in the healthy smokers of the cohort (n=1348;
p=0.002), indicating that the SNP links to CMH specifically

and is independent of the presence of COPD. The protective C
allele is associated with lower risk of having CMH and the sus-
ceptibility allele T with higher risk of having CMH. The five
other SNPs tested in the FZD8 region were less or not asso-
ciated with CMH (see online supplementary table S3).

Next, we performed an eQTL analysis in a large dataset of
lung tissue samples of non-smokers, current smokers and
ex-smokers with and without COPD17 to determine the associ-
ation between SNP rs663700 and the lung mRNA expression
levels of genes within 100 kb, as has been described previ-
ously.17 The eQTL analysis showed that SNP rs663700 has a
cis-eQTL effect on FZD8 (p=4.58×10−11) and CCNY (Cyclin
Y; p=4.72×10−4) gene expression in lung tissue (n=1095). The
strongest eQTL effect was on FZD8 where the protective C
allele is associated with lower expression and the susceptibility
allele T with higher expression of FZD8 (results from the
meta-analysis across the three cohorts: p=4.94×10−10;
Spearman ρ=0.19; figure 2B–E). The allele frequency within
the study population was 65.8% for the homozygous CC,
30.3% for the heterozygous CT and 3.9% for the homozygous
TT.

FZD8 expression in lung fibroblasts is associated with CMH
We previously established that FZD8 is expressed in fibroblasts
and that its expression is increased in COPD.8 To link these pre-
vious findings with the current observation that FZD8 regulates
inflammation and is involved in chronic bronchitis, we studied
the pro-inflammatory role of FZD8 in human airway and paren-
chymal lung fibroblasts from ex-smoking patients with GOLD
stage IV COPD with and without CMH. We found that inter-
leukin (IL)-1β and epidermal growth factor (EGF) induced a
strong increase in FZD8 gene expression in lung fibroblasts.
Interestingly, this normalised increase in FZD8 gene expression
was stronger in primary airway and parenchymal lung fibroblasts
of patients with GOLD stage IV COPD with CMH than in
those without CMH (figure 3A, C). The mean basal FZD8 gene
expression did not differ with respect to CMH status. No differ-
ences in gene expression with respect to CHM status were
observed for the effects of IL-1β or EGF on WNT-5A,
WNT-5B, WNT-16, FZD2 and FZD6 gene expression in paren-
chymal lung fibroblasts (see online supplementary figures S2A,
B), indicating a specific effect on FZD8. Although TGF-β did
augment FZD8 gene expression, there was no significant differ-
ence between the two patient groups regarding CMH status,
whereas tumour necrosis factor (TNF)-α and cigarette-smoke
extract did not augment FZD8 gene expression (see online sup-
plementary figure S2C). This indicates a specific effect for IL-1β
and EGF. Interestingly, receptor expression of EGFR was higher
in airway fibroblasts and pulmonary fibroblasts of patients with
GOLD stage IV COPD with CMH than without CMH, as well
as IL1R1 expression in airway fibroblasts of patients with
GOLD stage IV COPD with CMH than without CMH
(figure 3B, D), suggesting a link between receptor expression
and functional FZD8 induction by IL-1β and EGF.

FZD8 gene expression in lung fibroblasts is regulated by
SNP rs663700
We further analysed the genetic basis of FZD8 gene expression
in airway and parenchymal lung fibroblasts of patients with
GOLD stage IV COPD with and without CMH. The fold induc-
tion of FZD8 gene expression after stimulation with IL-1β and
EGF was found to be dependent on the genotype of the patients
with respect to SNP rs663700. In line with the results of our
lung eQTL analysis, airway fibroblasts of patients with GOLD
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Figure 1 Acute cigarette-smoke-induced airway inflammation is dependent on FZD8. Wild-type (WT) and FZD8−/− mice were exposed to cigarette
smoke for 4 days. (A) Lymphocyte numbers in bronchial alveolar lavage fluid (BALF); p=0.068 for the interaction of smoke exposure and genotype
(two-way ANOVA). (B) Neutrophil numbers in BALF; p=0.035 for the interaction of smoke exposure and genotype (two-way ANOVA). (C) Total cell number
in BALF; p=0.079 for the interaction of smoke exposure and genotype (two-way ANOVA). (D) Macrophage numbers in BALF; p=0.105 for the interaction
of smoke exposure and genotype (two-way ANOVA). (E) CXCL2 gene expression in whole lung homogenates; p=0.343 for the interaction of smoke
exposure and genotype (two-way ANOVA). (F) CXCL5 gene expression in whole lung homogenates; p=0.021 for the interaction of smoke exposure and
genotype (two-way ANOVA). (G) KC gene expression in whole lung homogenates. Data represent mean±SEM of eight mice per group. *p<0.05,
**p<0.01, ***p<0.001 compared with air-exposed WT mice #p<0.05 compared with smoke-exposed WT mice $p<0.05 compared with air-exposed
FZD8−/− mice (two-way ANOVAwith Student–Newman–Keuls multiple comparisons test). ^^p<0.01 compared with air-exposed FZD8−/− mice (two-tailed
Student’s t test). ANOVA, analysis of variance; CXCL, chemokine ligand; KC, keratinocyte-derived cytokine; EGF, epidermal growth factor.
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Figure 2 Genetic association between FZD8 and chronic mucus hypersecretion (CMH). (A) Genetic association between single nucleotide
polymorphism (SNP) rs663700 in the FZD8 region and CMH within a cohort of heavy smokers with and without COPD (n=717 with CMH and
n=1795 without CMH); p=0.009; OR=0.8059; 0.684–0.9495. FZD8 and SNP rs663700 are located on chromosome 10. C is the wild-type (WT) allele
and protective, and T is the variant, susceptibility allele of SNP rs663700. CEU stands for Caucasian population in the HapMap project. (B)
Expression quantitative trait loci (eQTL) analysis results from the Groningen cohort (n=363). Boxplots show the relationship between gene
expression and genotype; p=6.85×10−05. (C) eQTL analysis results from the Laval cohort (n=409). Boxplots show the relationship between gene
expression and genotype; p=3.43×10−05. (D) eQTL analysis results from the UBC cohort (n=339). Boxplot show the relationship between gene
expression and genotype UBC; p=0.009. (E) eQTL analysis results from the meta-analysis across the three cohorts. Boxplots show the relationship
between gene expression and genotype; p=4.94×10−10.
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stage IV COPD with the CT variant showed a higher induction
of FZD8 gene expression than did patients with the CC variant
after IL-1β but not after EGF stimulation (figure 4A, B). In par-
enchymal lung fibroblasts, this effect was less pronounced (see
online supplementary figure S3A, B). The low allele frequency
(3.9%) of the TT variant precluded us from obtaining sufficient
numbers of donors to analyse the impact of the TT variant on
gene expression in these studies. Our results suggest that var-
iants in FZD8 gene expression in lung fibroblasts play a role in
patients with COPD who have CMH.

FZD8 regulates IL-6 and CXCL8 secretion by lung fibroblasts
In view of our findings using the FZD8−/− mice, our next aim
was to investigate in what way the changed expression in FZD8
gene expression in lung fibroblasts may affect pro-inflammatory
responses. We investigated which cytokines are produced by
primary MRC-5 human lung fibroblasts in response to IL-1β
and EGF. Stimulation with IL-1β-induced granulocyte
colony-stimulating factor (G-CSF), granulocyte macrophage
CSF (GM-CSF), IL-6, chemokine ligand (CXCL)8, interferon
gamma-induced protein (IP)-10 and monocyte chemotactic
protein (MCP)-1 secretion (figure 5A). Stimulation with EGF
induced GM-CSF, IL-6 and CXCL8 secretion (figure 5B). We

hypothesised that FZD8 may regulate the IL-1β-induced and
EGF-induced release of IL-6 and CXCL8 from fibroblasts, as
these cytokines are increased in COPD and contribute largely to
the inflammation seen in COPD.24 Moreover, in accordance
with a previous study,25 we observed that IL-6 and CXCL8
induce MUC5AC gene expression and CXCL8 induces PAS
positive mucin protein expression indicative of goblet cell differ-
entiation in differentiated primary human airway epithelial cells
from healthy donors (figures 5C, D), further linking these cyto-
kines to CMH. We were, however, not able to detect MUC5AC
protein release. We found that IL-1β dose dependently increased
both IL-6 and CXCL8 secretion from primary MRC-5 human
lung fibroblasts (figure 6A, B), whereas EGF dose dependently
increased CXCL8 secretion (figure 6C), but not IL-6 secretion
(see online supplementary figure S4A). FZD8 knock-down by
specific siRNA (knockdown efficiency 65% on average; see
online supplementary figures S4B, C) significantly reduced
IL-1β-induced IL-6 secretion (p=0.037 for the interaction of
IL-1β stimulation and siRNA knock-down (two-way ANOVA)
and CXCL8 secretion (p=0.008 for the interaction of IL-1β
stimulation and siRNA knock-down (two-way ANOVA))
(figures 6A, B). EGF-induced CXCL8 secretion was also
reduced by FZD8 knock-down (p<0.001 for the interaction of

Figure 3 Interleukin (IL)-1β- and epidermal growth factor (EGF)-induced FZD8 expression is associated with chronic mucus hypersecretion (CMH).
Primary airway and parenchymal lung fibroblasts of patients with GOLD stage IV COPD with and without CMH were stimulated for 4 h with IL-1β
(1 ng/mL) or EGF (10 ng/mL) to study FZD8 gene expression. Basal delta Cq-values did not differ between groups: parenchymal fibroblasts GOLD
stage IV COPD: 16.29±0.61, airway fibroblasts GOLD stage IV COPD: 16.28±0.28, parenchymal fibroblasts GOLD stage IV COPD with CMH: 15.96
±0.38, airway fibroblasts GOLD stage IV COPD with CMH: 15.99±0.51. (A) IL-1β-induced FZD8 gene expression. (B) Basal IL1R1 gene expression.
(C) EGF-induced FZD8 gene expression. (D) Basal EGFR gene expression. Data represent induction of gene expression of eight patients per group.
*p<0.05, **p<0.01 (one-way ANOVA with Student–Newman–Keuls multiple comparisons test). ANOVA, analysis of variance.
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EGF stimulation and siRNA knockdown (two-way ANOVA))
(figure 6C). These data show that FZD8 is involved in the
IL-1β-induced secretion of IL-6 and CXCL8 as well as in the
EGF-induced secretion of CXCL8. Furthermore, these data
stress the importance of the fibroblast in the inflammatory
response as seen in chronic bronchitis in COPD.

DISCUSSION
This study shows for the first time that FZD8 plays a critical
role in inflammatory processes involved in chronic bronchitis,
including CMH, and reveals an unexpected role for the fibro-
blast in this process. We found that acute
cigarette-smoke-induced airway inflammation in an in vivo
mouse model is partly FZD8 dependent. In FZD8−/− mice, cig-
arette smoke did not induce neutrophilic inflammation, which
was accompanied by the reduced expression of CXCL5 and to a
lesser extent of CXCL2 and KC compared with
cigarette-smoke-exposed WT mice. Furthermore, we show that
there is an association between pro-inflammatory
cytokine-induced FZD8 gene expression in airway and paren-
chymal lung fibroblasts of patients with GOLD stage IV COPD
and the presence of CMH. This is explained in part by
increased EGFR and IL1R1 receptor expression in fibroblasts of
patients with GOLD stage IV COPD with CMH compared with
patients without CMH and in part by a polymorphism in the
FZD8 region. SNP rs663700 in the FZD8 region is associated
with CMH in a cohort of smokers and additionally is a
cis-eQTL in lung tissue, regulating FZD8 expression. Moreover,
SNP rs663700 is associated with increased FZD8 gene expres-
sion in fibroblasts of patients with GOLD stage IV COPD with
CMH. Upon stimulation with IL-1β and EGF, primary MRC-5
human lung fibroblasts secrete IL-6 and CXCL8, a process
which is regulated by FZD8, and we show that both of these

cytokines are able to initiate MUC5AC gene expression and
CXCL8 induces goblet cells in differentiated primary human
airway epithelial cells.

COPD is a heterogeneous disease characterised by different
patient subpopulations.26 We investigated the potential role for
FZD8 in chronic bronchitis, and found a clear association
between the cytokine-induced expression of FZD8 gene expres-
sion and CMH, a clinical expression which is a consequence of
the pathologic process in chronic bronchitis. Of importance is
to emphasise that the genetic association was independent of
the presence of COPD, indicating that FZD8 likely plays a role
in CMH in healthy smokers as well. CMH is associated with
bronchial inflammation, accelerated lung function decline,
COPD morbidity and increased mortality.4–6 The association of
the genetic variance in FZD8 with CMH is the first evidence to
support a genetic link between the WNT signalling pathway and
a phenotype of COPD. Interestingly, we also found a specific
role for FZD8 in the chronic bronchitis phenotype, reinforcing
the contention that phenotypes of COPD may be characterised
by specific pathophysiological mechanisms.

While the communication of both damaged and intact epithe-
lium to the fibroblasts is widely recognised in the airways,27 we
now find indications that fibroblasts play an additional crucial
role in inflammation and epithelial mucus production. Upon
damage, the epithelium secretes inflammatory cytokines such as
EGF, IL-1β and IL-1α. IL-1α has been shown to induce IL-6 and
CXCL8 in fibroblasts.28 Importantly, IL-6 and CXCL8 secretion
from primary MRC-5 human lung fibroblasts are increased
upon coculturing these cells with human bronchial epithelial
cells. This process is mediated via IL-1α.29 IL-1α and IL-1β are
known to function via the same receptor, IL1R1. IL-1β and
EGF stimulated fibroblasts to produce IL-6 and CXCL8 via
FZD8 in our study. We propose that in this way, FZD8 contri-
butes to the inflammation present in chronic bronchitis. Our
data support this hypothesis, as neutrophil and lymphocyte
recruitment in the BALF are reduced in FZD8−/− mice as well as
mRNA expression of the neutrophil attractants CXCL5 and KC
in whole lung homogenates, whereas IL-6-induced and
CXCL8-induced mucus production in differentiated primary
human airway epithelial cells. Both cytokines are secreted by
human lung fibroblasts upon stimulation with IL-1β and EGF,
and we demonstrate that this process is regulated by FZD8. In
addition, we show that expression of IL1R1 and the EGFR is
increased in fibroblasts of patients with GOLD stage IV COPD
with CMH compared with patients without CMH. This shows
that IL-1β and EGF lead to increased FZD8 expression in CMH
in part via increased expression of their receptors, and in part
based on FZD8 genotype.

For many WNT ligands, it is either not known or highly
context dependent via which FZD receptor they exert their
effect. FZD8 is a known receptor for WNT-5A9 and WNT-5B30

in airway smooth muscle cells and pulmonary fibroblasts.
However, based on the crystal structure of the cysteine-rich
domain of FZD8, it must be assumed that most if not all WNT
ligands are potential agonists,31 whereas R-spondins have also
been described as FZD8 agonists.32 Conversely, connective
tissue growth factor33 and insulin-like growth-factor-binding
protein-434 may antagonise FZD8 by direct binding. WNT-5A
and WNT-5B are highly expressed in fibroblasts,8 and a role of
FZD8 in their responses has been described.9 30 Furthermore,
the regulation by WNT-5A of CXCL8 release from human neu-
trophils has been described.14 Therefore, WNT-5A and
WNT-5B are potential ligands for FZD8 in chronic bronchitis,
which is supported by our findings that WNT-5A and WNT-5B

Figure 4 Interleukin (IL)-1β- and epidermal growth factor
(EGF)-induced increase of FZD8 gene expression in patients with GOLD
stage IV COPD with and without chronic mucus hypersecretion (CMH)
is regulated by single nucleotide polymorphism (SNP) rs663700.
Relationship between the fold induction in FZD8 gene expression in
airway fibroblasts of patients with GOLD stage IV COPD after
stimulation with IL-1β or EGF and the FZD8 genotype of the patients,
with regard to SNP rs663700. (A) IL-1β-induced FZD8 gene expression.
(B) EGF-induced FZD8 gene expression. The experiment was performed
for eight patients per group, four of which had a known genotype.
Data represent four patients with CC and four patients with CT.
*p<0.05 (one-tailed Mann–Whitney test).
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induce IL-6 and CXCL-8 release from human lung fibroblasts.35

Clearly, a better appreciation of the ligands involved in FZD8
signalling, their cellular sources and their role in chronic bron-
chitis require further studies.

COPD is currently treated symptomatically and not phenotype
specific. The awareness that patients with COPD need treatment
according to their phenotype stimulated the investigation of new
drug targets.24 We found IL-6 and CXCL8 to be important in

Figure 5 Interleukin (IL)-6 and CXCL8 are released by primary MRC-5 human lung fibroblasts and induce MUC5AC gene expression in ALI-cultured
primary human airway epithelial cells. Primary MRC-5 human lung fibroblasts were stimulated for 24 h with IL-1β (1 ng/mL) or epidermal growth
factor (EGF) (10 ng/mL). A Milliplex was performed to screen for 26 cytokines to investigate which cytokines were produced. (A) IL-1β-induced
cytokine secretion from primary MRC-5 human lung fibroblasts. (B) EGF-induced cytokine secretion from primary MRC-5 human lung fibroblasts.
Data represent mean±SEM of five independent experiments. *p<0.05, **p<0.01, ***p<0.001 compared with basal conditions (two-tailed Student’s
t test). Primary human airway epithelial cells were stimulated for 24 h with IL-6 (10 ng/mL) and CXCL8 (10 ng/mL) to study MUC5AC gene
expression. (C) IL-6- and CXCL8-induced MUC5AC gene expression in differentiated primary human airway epithelial cells. Data represent mean
±SEM of five independent experiments. (D) IL-6- and CXCL8-induced number of goblet cells per mm basement membrane (BM) in
paraffin-embedded sections of differentiated primary human airway epithelial cells. Data represent mean±SEM of four independent experiments.
*p<0.05 compared with basal conditions (two-tailed Student’s t test).
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Figure 6 FZD8 regulates interleukin
(IL)-1β- and epidermal growth factor
(EGF)-induced IL-6 and CXCL8
secretion. Primary MRC-5 human lung
fibroblasts were transfected with
specific FZD8 siRNA or non-targeting
siRNA and stimulated for 24 h with
increasing concentrations of IL-1β
(0.03–3 ng/mL) and EGF (0.1–10 ng/
mL). (A) IL-1β-induced IL-6 secretion
by primary MRC-5 human lung
fibroblasts; p=0.037 for the interaction
of IL-1β stimulation and siRNA
knock-down (two-way analysis of
variance (ANOVA)). (B) IL-1β-induced
CXCL8 secretion by primary MRC-5
human lung fibroblasts; p=0.008 for
the interaction of IL-1β stimulation and
siRNA knock-down (two-way ANOVA).
(C) EGF-induced CXCL8 secretion by
primary MRC-5 human lung
fibroblasts; p<0.001 for the interaction
of EGF stimulation and siRNA
knock-down (two-way ANOVA). Data
represent mean±SEM of five (CXCL8)
or four (IL-6) independent experiments.
**p<0.01, ***p<0.001 compared with
control #p<0.05 compared with
stimulated control siRNA (two-way
ANOVA with Student–Newman–Keuls
multiple comparisons test).
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inducing mucus production. There are no biologicals used in
COPD that target IL-6. Blocking CXCL8 by using a blocking anti-
body only or by blocking the CXCR2 receptor has been reported
not to have a clinical impact.36 Our data show that targeting
FZD8 on fibroblasts could prevent both the secretion of IL-6 and
CXCL-8, leading to a reduction in inflammatory processes and
mucus secretion. Therefore, FZD8 may provide a rational drug
target for chronic bronchitis and the development of FZD8 recep-
tor antagonists may be warranted.

In conclusion, our results indicate that FZD8 plays an import-
ant pro-inflammatory role in chronic bronchitis. Interestingly, the
fibroblast appears to play a major role herein. We provide genetic
and functional data in vitro and in vivo supporting the role of
FZD8 in pro-inflammatory cytokine production, inflammatory
cell recruitment and mucus hypersecretion. These findings show
a potential important role for WNTsignalling via FZD8 in fibro-
blasts in chronic bronchitis. Therefore, targeting FZD8 is a strat-
egy worth pursuing for the treatment of chronic bronchitis.
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