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Preface 

Chronic Obstructive Pulmonary Disease (COPD) is characterized by airway and 
parenchymal inflammation and remodelling, abnormal increase in air spaces 
(emphysema), bronchoconstriction, and mucus cell hyperplasia among others 
(1-3). The high levels of oxidative stress and protease-antiprotease imbalance 
present in COPD contribute to the development of emphysema by enhancing 
tissue destruction and impairing tissue repair of the lung parenchyma (1, 3-5). 
Together, these processes contribute to air trapping and a continuous decline of 
lung function. Available treatments can delay disease progression to some 
extent, but recovery or normalization of loss of lung function is not possible (6). 
In order to develop disease-modifying therapeutics it is crucial to unravel the 
mechanisms and signalling pathways underlying COPD. The WNT signalling 
pathway is a promising target. WNT ligands are growth factors that bind to 
FZD receptors and are involved in lung development and lung repair. This 
pathway is dysregulated in COPD (7-11). Previous work from our group 
demonstrated increased expression of the ligands WNT-5A and WNT-5B in 
lung fibroblasts of COPD patients (7). Furthermore, our group demonstrated a 
role for the WNT-5A and WNT-5B receptor Frizzled-8 (FZD8) in chronic 
bronchitis, airway inflammation, and profibrotic signalling (12-14). However, 
the exact underlying signalling mechanisms involved are not completely 
understood. Understanding of these mechanisms will contribute to the 
discovery of novel therapeutic targets in the treatment of COPD. Therefore, the 
objective of this thesis is to establish the role of WNT-5A/5B signalling in 
COPD. This thesis will focus on the role of WNT-5A and WNT-5B on 
inflammatory processes, and the effect of oxidative stress on WNT-5A and 
WNT-5B-mediated signalling. Furthermore, the role of parenchymal tissue 
disruption in enhanced airway narrowing will be discussed. Finally, this thesis 
will focus on the interaction between noncanonical WNT signalling, ageing and 
tissue damage to the lung, with a focus on WNT-5B and FZD8. 

COPD  

COPD is an incurable and life-threatening disease, which is characterized by 
progressive airflow limitation. Currently COPD is the fourth leading cause of 
death worldwide, and it is expected to be the third leading cause of death by 
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2020 (6). COPD has recently been characterized as a disease of accelerated lung 
ageing as oxidative stress, inflammation, cellular senescence, protease injury 
and apoptosis are all involved in the pathogenesis of COPD (2, 15). It is well-
established that normal lung function declines with increasing age, and that 
smoking may enhance this age-related lung function decline (16). Decline in 
lung function is a slow process spanning several decades. The prevalence of 
COPD rises sharply from the age of 40, and most patients with COPD are in late 
middle age or older (17, 18). The major risk factor for developing COPD is long-
term cigarette smoke exposure (19, 20). Smoking cessation will not recover lung 
function, but it does result in an almost normal pattern of lung function decline, 
albeit with a lower starting point (see Figure 1). Other risk factors that 
contribute to COPD are outdoor and indoor air pollution (the latter caused by 
for example biomass cooking), heating in poorly ventilated rooms, and 
occupational dust and chemicals (6, 21). Inhalation of these risk factors induces 
lung inflammation, a normal response that seems to be altered in individuals 
who develop COPD. This chronic inflammatory response may induce 
emphysema, peribronchial fibrosis, mucus cell hyperplasia and 
bronchoconstriction, among others (1-3). Together, these processes contribute to 
air trapping and the continuous decline of lung function. In addition, 
particularly in patients with severe disease, COPD involves several systemic 
features which have a major impact on survival and comorbid diseases (2).  
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Figure 1: The natural history of chronic airflow obstruction, adapted from Fletcher and Peto 
(16). FEV1 decreases gradually and continuously with increasing age. Smoking causes a steeper 
decline in lung function in susceptible smokers, but not in non-susceptible smokers. Smoking 
cessation at any age almost fully restores the natural pattern of lung function decline, although at 
a lower starting point (16). 

Although most (80-90 %) of the COPD patients are (ex-)smokers, only 10-15 % 
of the smoking population develops COPD. Therefore, it is not surprising that 
studies from recent decades indicate that genetic susceptibility is underlying 
COPD development as well (22, 23). Furthermore, impaired lung development 
and growth has also been associated with an increased risk of COPD 
development later in life (24-26). 

COPD is a heterogeneous disease, and individuals with COPD experience 
various symptoms, including shortness of breath, increased mucus production 
(resulting in productive cough), and wheezing (6). The severity of COPD is 
divided in four (1-4) grades by The Global Initiative for Chronic Obstructive 
Lung Disease (GOLD) guidelines (see Table 1) (6). To diagnose COPD, several 
factors are assessed such as spirometry, the patient’s level of symptoms, the 
identification of comorbidities, and exacerbation history. Airflow limitation is 
an important characteristic of COPD, and its measurement by spirometry is 
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required to make a confident diagnosis of COPD. To define airflow limitation, 
the fixed post-bronchodilator forced vital capacity/ forced expiratory volume in 
1 second (FEV1/FVC) ratio of 0.7 is used (21). A ratio lower than 0.7 is 
considered airflow limitation. The lower the ratio, the more severe the airflow 
limitation.  

Table 1: Grading of severity of airflow limitation in COPD (based on post-
bronchodilator FEV1), adapted from Global Strategy for the Diagnosis, Management and 
Prevention of COPD, Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2016 (6). 

In patients with FEV1/FVC < 0.70: 
GOLD 1: Mild  FEV1 ≥ 80% predicted 
GOLD 2: Moderate 50%  ≤ FEV1 < 80% predicted 
GOLD 3: Severe 30%  ≤ FEV1 < 50% predicted 
GOLD 4: Very severe FEV1 < 30% predicted 
Definition of abbreviation: COPD = chronic obstructive pulmonary disease; 
GOLD = Global Initiative for Chronic Obstructive Lung Disease 
 

1. Inflammation 

Chronic inflammation of the peripheral airways and lung parenchyma leads to 
the progressive irreversible airway obstruction and shortness of breath. 
Currently, this chronic inflammation is difficult to treat as this type of 
inflammation is largely resistant to treatment with corticosteroids (4). The 
observed inflammatory response in individuals with COPD comprises both the 
innate and adaptive immune response, which are linked to each other by 
dendritic cells (27). Various compononents present in cigarette smoke, and 
other inhaled noxious particles activate surface macrophages, airway epithelial 
cells, and dendritic cells via the activation of Toll-like receptors and via 
oxidative stress (4, 27). Activation of these cells induces release of several 
chemotactic mediators such as chemokines, and of damage-associated 
molecular patterns (DAMPs) (28). These all act as chemotactic factors attracting 
neutrophils and monocytes, as well as T lymphocytes, including T helper (Th1) 
cells, cytotoxic T lymphocytes and Th17 cells (4). In addition, the DAMPs can 
attract and activate immune cells upon binding to pattern recognition receptors, 
contributing to the neutrophilic airway inflammation. Together, these processes 
result in a characteristic pattern of increased numbers of neutrophils in the 
airway lumen and increased amounts of alveolar macrophages, T lymphocytes 
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and B lymphocytes (5, 29-31). Interestingly, the chronic inflammation persists 
even following smoking cessation. This indicates the existence of self-
maintaining inflammatory mechanisms, although these have not yet been 
elucidated (32). In addition to the activation of the above-mentioned cell types, 
there is activation of structural cells such as airway and alveolar epithelial cells, 
endothelial cells, and fibroblasts in the cigarette smoke-induced inflammatory 
response. These structural cells secrete a variety of pro-inflammatory mediators, 
including cytokines, chemokines, growth factors, and lipid mediators. 
Following exposure to cigarette smoke and other inhaled noxious particles, 
epithelial cells and macrophages produce inflammatory mediators such as 
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, granulocyte 
macrophage-colony stimulation factor (GM-CSF), chemokines CXCL1, CXCL8, 
CXCL9, CXCL10, and CXCL11, reactive oxygen species (ROS), and proteolytic 
and elastolytic enzymes such as metalloproteinases (MMPs) 2, 9, and neutrophil 
elastase taken up from neutrophils (33-36). These proteases break down 
connective tissue in the lung parenchyma (leading to emphysema) and 
stimulate mucus hypersecretion (leading to chronic bronchitis) (4). 
Furthermore, following cigarette smoke exposure epithelial cells in the small 
airways produce TGF-β, which enhances tissue fibrosis. IL-1β, TNF-α, and IL-6 
enhance inflammatory processes and expression of these factors is increased in 
COPD (35). In addition, CXCL1 and CXCL8 are increased in COPD as well. 
These chemokines attract neutrophils and monocytes via their chemokine 
receptor CXCR2. In summary, COPD is characterized by chronic inflammation 
of the airways and the parenchyma. The activation of both immune and 
structural cells leads to the secretion of various inflammatory mediators, 
proteolytic and elastolytic enzymes, and TGF-β, which contribute to the 
development of airway obstruction, emphysema, and airway remodelling.  

2. Accelerated ageing 

The patology of COPD is chacaracterized by biological features suggestive of 
accelerated ageing. It is well established that smoking accelerates lung function 
decline, and that smoking cessation slows down lung function decline (16). The 
natural ageing process is defined by specific molecular alterations. General 
hallmarks of ageing are genomic instability, telomere attrition, epigenetic 
alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial 
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dysfunction, cellular senescence, stem cell exhaustion, and altered intracellular 
communication (37). These hallmarks are demonstrated to be involved in 
natural lung ageing (18, 38, 39). The ageing lung demonstrates a reduced 
elasticity (40). In chronic respiratory diseases such as COPD the hallmarks of 
ageing reach pathological levels and lung function decline is accelerated (15). 
For example, smokers and patients with COPD have increased oxidative 
damage to DNA in the lungs (41, 42). In addition, there is an increase in the 
number of double-stranded DNA breaks and a failure of DNA strand break 
repair in COPD (41). Circulating leukocytes from COPD patients and 
parenchymal lung cells from emphysematous lungs have been shown to have 
shorter telomeres than non-COPD controls (43-45). Epigenetic alterations take 
place in COPD, as differential DNA methylation has been detected in 
lymphocytes from COPD patients as compared to non-COPD controls. Notably, 
altered methylation is associated with COPD severity (46, 47). Next to DNA 
methylation changes in COPD, the antiaging factors histone deacetylase 
(HDAC) sirtuin and HDAC2 are suppressed in COPD which results in 
enhanced inflammation and increased cellular senescence (48-50). In addition, 
proteasome function is reduced in COPD patients and correlates inversely with 
the loss of lung function (51). During aging, nutrient sensing becomes 
dysregulated, which involves the PI3-AKT-mTOR pathway. This pathway 
integrates signals on nutrient availability to regulate cellular growth, and has an 
important role in cellular senescence (52). Inhibition of this pathway extends the 
lifespan of many species (52). There is evidence that the mTOR pathway is 
activated in lung epithelial cells of patients with COPD, possibly contributing to 
COPD pathogenesis (50). Mitochondrial dysfunction may contribute to ageing 
by enhancing production of ROS as part of the free radical theory of aging (53). 
In COPD, mitochondrial numbers are reduced, while mitochondrial ROS 
production is increased (54). It has been shown that cigarette smoke alters 
mitochondrial structure and function (55-57). Together, these findings suggest a 
role for mitochondria in the development of COPD. Another hallmark of 
ageing, cellular senescence, is most likely involved in COPD pathogenesis as 
well. Type II epithelial cells, endothelial cells, and fibroblasts from 
emphysematous lungs demonstrate enhanced senescence, and exposure of 
human epithelial cells to cigarette smoke results in cell senescence (43). A direct 
relationship has been demonstrated between the extent of p16-positive cell 
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senescence and the severity of inflammation in emphysematous lungs (58). 
Stem cell exhaustion is thought to have an important role in multiple age-
related diseases (59). In COPD, basal and circulating progenitor cells show 
evidence of DNA damage and senescence which reduces their repair capacity, 
although there are conflicting reports (60-63). Finally, ageing is characterized by 
altered intracellular communication with an increase in low-grade systemic 
inflammation characterized by increasing higher levels of circulating pro-
inflammatory cytokines in elderly individuals. This low-grade systemic 
inflammation may be responsible for the decline and onset of diseases in the 
elderly (64). COPD is characterized by alterations in both the innate and 
adaptive immune responses, and age-related changes in the immune system are 
thought to render COPD patients more prone to exacerbations (65). In addition 
to the altered general hallmarks of ageing, specific ageing-associated genes such 
as Klotho are also found to be dysregulated in the lungs of COPD patients (66, 
67). In summary, COPD is characterized by accelerated ageing as defined by 
altered general hallmarks of ageing and specific dysregulated ageing-related 
mechanisms and genes.  

3. Airway and parenchymal remodelling  

Airway remodelling is a major feature of COPD. Under normal conditions the 
small airways (<2 mm in diameter) hardly contribute to airflow resistance in the 
healthy lung. However, as a result of remodelling these airways become the 
main site of resistance in COPD, contributing to airway obstruction (29, 68). 
Characteristics of airway remodelling that are present in COPD are thickening 
of the airway wall caused by peribronchial fibrosis and increased airway 
smooth muscle (ASM) mass, increased blood vessel density, enlargement of the 
submucosal glands, goblet cell metaplasia, epithelial cell metaplasia, loss of 
terminal and respiratory bronchioles, and enlargement and destruction of the 
alveoli (29, 69). Airway wall thickness is augmented due to increases in each of 
the airway wall constituents (epithelium, lamina propria, smooth muscle, and 
adventitia) (29). Of the mentioned remodelling characteristics, thickening of the 
airway wall was found to be the most strongly associated with disease 
progression from GOLD stage 0 to GOLD stage 4 (29). The increase in tissue 
between the epithelial surface and muscle layer is thought to have a role in 
nonspecific airway responsiveness, while the increase in connective tissue in the 
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adventitial compartment may contribute to fixed airway obstruction by 
preventing airway re-opening during lung inflation (29). In heathy lungs, the 
airway epithelium is the first barrier to protect the airways against inhaled 
pathogens and (noxious) particles. Chronic smoke exposure leads to epithelial 
remodelling and results in both squamous and mucous metaplasia, which 
contributes to airway obstruction in COPD patients (70, 71). In addition, the 
growth factors released by the epithelium could influence the underlying 
smooth muscle cells and fibroblasts, enhancing airway remodelling.  

Small airway remodelling  
The area of the ASM layer in the small airways is increased by an average of 20 
% in severe COPD patients (72-74). In contrast to the small airways, an 
increased ASM layer does not seem to contribute to the increased inner airway 
thickness of the large airways (75, 76). In contrast to what the name implies, the 
ASM layer is not composed entirely of ASM cells. Only 75 % of the ASM layer is 
ASM, with the remaining 25 % comprised of extracellular matrix (ECM) space, 
mast cells, and blood vessels (77, 78). The ECM within the ASM layer greatly 
contributes to the mechanical characteristics of the ASM and airway wall under 
normal and pathological conditions (79). Due to the presence of elastin fibers, 
the ECM maintains an elastic load which opposes ASM shortening (79, 80). 
Therefore, alterations in the composition or organization of ECM within the 
ASM compartment may influence elastic load and airway narrowing. Indeed, 
functional relationships between the fractional composition of the ECM within 
the ASM and airway narrowing have been demonstrated in asthmatics (81). 
Whether the ECM composition within the ASM layer also contributes to airway 
narrowing in the case of COPD is currently unknown.  

Fibrosis 
Another key feature of small airway wall remodelling is fibrosis. Fibrosis is 
mainly characterized by alterations in the ECM deposition (82). The ECM 
consists of a large number of matrix proteins which are important for several 
processes, including maintenance of structural integrity, and cellular adhesion 
and migration (79). Main components of the lung ECM are collagen I, III and V, 
elastins, proteoglycans, biglycan, fibronectin, versican, decorin, lumican and 
tenascin, among others (83). Although the precise factors leading to small 
airway fibrosis and remodelling are poorly understood, it is clear that the 
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fibroblast plays a key role in these processes in COPD. Fibroblasts are crucial 
for regulating ECM turnover in the lungs, and dysregulation of fibroblast 
function may therefore lead to tissue fibrosis (84). Activation of fibroblasts by 
transforming growth factor β (TGF-β) results in ECM protein production and 
differentiation of fibroblasts into myofibroblasts (84, 85). Compared to 
fibroblasts, myofibroblasts have a more contractile profile with increased 
expression of contractile makers such as α-smooth muscle (sm)-actin (84, 86). 
Myofibroblasts are localized differentially in COPD lung tissue as compared to 
healthy lung tissue, with decreased expression in the bronchioles and alveoli 
and increased expression in the large airways (87). In addition the presence of 
myofibroblasts is associated with airway obstruction in the large airways in 
COPD (88). 

Emphysema  
In addition to airway remodelling, individuals with COPD can demonstrate a 
variable degree of emphysema in the peripheral lung. Emphysema is 
characterized by a loss of the alveolar structure due to chronic inflammation 
and defective repair, resulting in an abnormal increase in air spaces (20). In 
contrast to the excessive activation of fibroblasts observed in the small airways, 
inadequate activation of fibroblasts in the peripheral lung may lead to 
emphysema (89). It has been shown that pulmonary fibroblasts from patients 
with emphysema fail to express elastin under all-trans retinoic acid (ATRA) 
stimulation, thereby contributing to the lack of alveolar repair in pulmonary 
emphysema (90).  

A protease-antiprotease imbalance also contributes to the development of 
emphysema. Proteases such as matrix metallopeptidase/protease (MMP)-9 
break down ECM proteins, while tissue inhibitors of MMP (TIMP) counteract 
this breakdown (91). An imbalance in factors driving the breakdown and 
production could therefore lead to alterations in ECM composition and 
emphysema (91). Indeed, it has been shown that the ECM and factors driving 
the ECM composition are altered in COPD (80, 91, 92). In a recent genome-wide 
gene expression study, upregulation of the elastogenesis-associated genes 
fibulin-5 (FBLN5), elastin (ELN), latent transforming growth factor β binding 
protein 2 (LTB2), and microfibrillar associated protein 4 (MFAP4) was 
demonstrated in lung tissue from COPD patients (93). Notably, these gene 
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expression findings were validated at mRNA and protein in the same study. In 
addition, FBLN5, ELN, and MFAP4 expression correlated negatively with lung 
function (93). Furthermore, polymorphisms of MMPs (MMP1, MMP2, MMP9, 
MMP12), ADAMs (ADAM33) and TIMPs (TIMP1, TIMP2) are associated with 
COPD (91).  

The most noticeable alteration in the ECM in the alveolar compartment is 
decreased expression and disorganization of elastin fibers, leading to a loss of 
elastic recoil. Alterations in elastin expression are already present in mild to 
moderate COPD, and seen in both airways and alveoli of COPD patients (94). 
Studies on the total expression levels of collagen in COPD are inconsistent, but 
it has been observed that collagen fibers are more disorganized in severe COPD 
as compared to mild to moderate COPD (95). This disorganization of collagen 
may be caused by dysregulation of the small proteoglycan decorin. Decorin is 
important in collagen fibrillogenesis, and serves as a crosslinking molecule for 
adjacent collagen fibrils (96). In COPD, gene and protein expression levels of 
decorin are altered (97-99), and possibly contributes to the disorganization of 
collagen.  

Other mechanisms induced by chronic smoke injury contributing to 
emphysema are increased apoptosis of alveolar epithelial cells, impaired 
phagocytosis function of macrophages, and increased oxidative stress (3, 100). 
Together, these mechanisms create an imbalance in the ECM turnover in the 
lungs, resulting in loss of functional lung tissue by elastin fiber degradation and 
loss of alveolar attachments leading to emphysema.  

Tissue biomechanics 
The role of structural alterations in the parenchyma of COPD patients in 
enhanced airway narrowing is increasingly recognized (80). The parenchymal 
compartment is connected to the airways via parenchymal tethers, which 
transmit forces to the airways. Via this mechanism chest movements during 
inspiration are linked to airway opening (101-103). In healthy lung tissue, the 
parenchyma counteracts airway narrowing due to its elastic properties. 
Parenchymal tethers on the outside of an airway transmit trans-pulmonary 
pressure to the airway wall, thereby opposing the shortening of the airway 
smooth muscle (104). As a result, parenchymal tethering supports the relaxant 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 18PDF page: 18PDF page: 18PDF page: 18

 
Chapter One 

18 

effect of deep inspiration and reduces bronchoconstriction (105). The 
parenchymal mechanical and structural properties therefore have a major 
impact on airway mechanics, and alterations of these properties are likely to 
influence airway narrowing (80). In COPD, the parenchyma and ECM are 
altered due to the presence of elastolytic enzymes and oxidative stress leading 
to a loss of elastic recoil (80, 92). Eventually the presence of elastolytic enzymes 
and oxidative stress alterations lead to damage of the parenchyma and ECM (3, 
100), and likely affect airway mechanics in COPD enhancing 
bronchoconstriction. This role of the parenchyma in airway narrowing is 
especially interesting in mild or moderate COPD, as changes in the 
parenchymal compartment are not very profound yet in this stage, and possibly 
still reversible. In order to have a better understanding of enhanced airway 
narrowing in COPD, it is therefore important to investigate the role of the 
parenchymal compartment and to develop models in which the underlying 
pathological processes can be investigated. For this reason, we aimed to 
develop an ex vivo Precision Cut Lung Slice (PCLS) model in which we 
investigated the impact of low level elastase and oxidative stress exposure on 
airway narrowing and relaxation in relation to parenchymal and ECM 
structure, and alveolar epithelial repair (chapter 4).  

4. Oxidative stress 

Another key feature of COPD is an increased oxidative stress burden. Oxidative 
stress is defined by an imbalance between reactive oxygen species (ROS) and 
the ability of a biological system to either detoxify these ROS or repair the 
oxidant-induced damage. Oxidative stress may change proteins in a reversible 
or irreversible manner. Reversible changes are mostly found within cysteine 
residues and methionine, and can be repaired by specific enzymes, including 
thioredoxin and glutaredoxin or methionine sulfoxide reductase, respectively 
(106, 107). Such reversible alterations are known to modulate protein function 
and are involved in redox regulation (108). On the other hand, oxidative stress 
may lead to irreversible changes such carbonyl stress which leads to the 
production of highly reactive organic molecules that can modify proteins 
nonenzymatically (109, 110). COPD is characterized by oxidative and carbonyl 
stress, and particularly so during exacerbations. The lung is vulnerable to 
oxidative stress from the environment due to its anatomic structure. The lung is 
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exposed to both endogenous and exogenous sources of oxidative stress. 
Endogenous oxidative stress is generated by mitochondrial respiration and 
inflammatory responses to viral and bacterial infections within the lung. For 
example, it has been demonstrated that ROS are generated by several 
inflammatory and structural cells of the airways (111). Environmental sources 
of oxidative stress include oxidant gasses and ultrafine or nanoparticles from 
car exhaust fumes and industrial pollution. However, the main cause for 
environmentally derived ROS in COPD in the western world is cigarette smoke. 
Cigarette smoke-induced activation of antioxidants in airway leukocytes is 
absent in active smokers with COPD, and alveolar macrophages and activated 
peripheral blood neutrophils from COPD patients release more ROS (112-114). 
Other markers of oxidative stress and carbonyl stress in COPD include 
increased concentrations of nitrotyrosine and lipid peroxidation products, 
including 8-isoprostane, 4-hydroxy-2-nonenal, and malondialdehyde (MDA) 
(115-117). Furthermore, markers of oxidative stress including hydrogen 
peroxide, carbon monoxide, myeloperoxidase, and markers of oxidative tissue 
damage, such as 8-isoprostane and carbonyl stress in the form of MDA, are 
increased in exhaled breath or exhaled breath condensate from individuals with 
COPD (118-121). Finally, there are indications of systemic oxidative stress in 
COPD patients, as carbonyl adducts are found to be increased in the respiratory 
and skeletal muscle (116, 122). In addition to increased levels of ROS, 
endogenous levels of antioxidants are decreased in patients with COPD. For 
example, glutathione concentrations in bronchoalveolar lavage fluid (BALF) 
from COPD patients with frequent exacerbations are decreased as compared to 
BALF obtained from patients with stable COPD (123). Interestingly, while 
cigarette smoke exposure (CSE) drives the onset of COPD, smoking cessation 
does not stop the presence of oxidative stress or disease progression (124). The 
lasting oxidative stress burden probably stems from endogenous sources such 
as mitochondrial respiration (124). Oxidative stress induces damage by altering 
tissue and proteins directly, but it also induces damage indirectly by altering 
pathways which negatively impact disease progression. It has been 
demonstrated that oxidative stress results in enhanced inflammation in COPD 
as reflected by oxidative stress-mediated inflammatory gene expression, 
corticosteroid insensitivity, impaired resolution of inflammation, and 
corticosteroid insensitivity, among others (3). Furthermore, ROS can inhibit 
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elastin synthesis and repair, stimulate the release of proteases leading to the 
breakdown of the ECM (125) and inhibit antiproteases such as alpha1-
antitrypsin (126). These ROS-induced processes therefore contribute to the 
development of emphysema. Taken together, there is mounting evidence of 
increased levels of oxidative stress in patients with COPD, caused by an 
imbalance between oxidants and antioxidants. This increased level of oxidative 
stress contributes to inflammation and the development of emphysema. 

5. Therapeutic intervention 

Available treatments can delay disease progression to some extent, but recovery 
or normalization of loss of lung function is not possible. Smoking cessation is 
the most effective and recommended treatment option, as smoking cessation 
slows down the accelerated lung decline in even severe cases of COPD (16, 20, 
127). Pharmacological treatments of COPD consist of long-acting 
bronchodilators such as long-acting β2-adrenergic receptor agonists (LABAs) 
and long-acting muscarinic acetylcholine receptor antagonists (LAMAs), and 
anti-inflammatory agents (inhaled corticosteroids (ICS) and phosphodiesterase 
(PDE)4 inhibitors) (6, 19). Simultaneous treatment with LABAs and LAMAs has 
an additive effect both improving bronchoprotection/dilation and reducing 
symptoms, which has led to development of LABA-LAMA combination 
inhalers (4). While these treatments are effective in causing bronchoprotection, 
it is unclear whether they improve the underlying inflammation observed in 
patients with COPD. Treatment with ICS reduces the inflammation and the 
number of exacerbations mostly in a small subset of COPD patients who 
demonstrate an eosinophilic inflammatory response (128, 129). However, 
compelling evidence demonstrating that ICS treatment improves lung function 
decline is lacking (128). This lack of effect of ICS is most likely explained by the 
corticosteroid resistance observed in COPD patients. This corticosteroid 
resistance might be explained by the decrease in activity of histone deacetylase 
(HDAC)2, which is necessary to switch off inflammatory genes (130). In 
addition to ICS, PDE4 inhibitors are used in the treatment of patients with 
severe COPD (6). The efficacy of these inhibitors appears to be higher in a more 
severe disease phenotype defined by frequent exacerbations and mucus 
hypersecretion (131). In summary, none of the current pharmacological 
treatments slow down the loss of lung function in COPD patients. Therefore, 
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better insights into the mechanisms underlying COPD pathology are needed to 
develop novel and more effective therapies. 

WNT signalling  

The wingless/intergrase-1 (WNT) signalling pathway is an evolutionary 
conserved pathway that is crucial for stem cell maintenance, cell polarity and 
cell fate determination during embryonic development (132). For example, 
normal lung development is dependent on normal functioning of this pathway 
as embryos lacking specific WNT ligand expression exhibit complete lung 
agenesis (133). In addition, the WNT signalling pathway plays an important 
role in adult tissue where it contributes to tissue homeostasis trough 
maintaining stem cell pluripotency, inflammation, and repair (134, 135). 
Autocrine or paracrine secreted WNT ligands are cysteine-rich proteins which 
bind to Frizzled (FZD) receptors via disulfide bonds and subsequently induce 
various downstream signalling pathways in the cell (136, 137). WNT signalling 
can be divided into canonical (β-catenin dependent) or noncanonical WNT 
signalling (β-catenin independent). However, this division can only be used as 
a rough guide, as canonical and noncanonical signalling may overlap 
depending on the cellular context (138).  

WNT ligands  

WNT ligands are secreted cysteine residue (CR) rich proteins which are 
evolutionary conserved, and currently 19 human WNT ligands are known. 
Among vertebrate species, WNT gene sequence identity and gene structure are 
highly similar. Human WNT proteins share 27 % to 83 % amino-acid sequence 
identity and contain a conserved pattern of 23 or 24 CR (139). This conserved 
CR pattern is likely involved in proper protein folding via the formation of 
several disulfide bonds (136). In addition, all WNTs share a signal sequence for 
secretion, multiple highly charged amino-acid residues, and many potential 
glycosylation sites (137). WNT signalling between cells comprises of a series of 
steps, including posttranslational modification and secretion of WNT ligands, 
binding to receptors, activation of downstream signalling, and regulation of 
target gene transcription. Following their synthesis, WNTs are post 
translationally modified. For example, when WNTs are overexpressed in tissue 
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culture cells, multiple N-linked glycosylated intermediate WNT proteins are 
observed in cell lysates (136, 140, 141). This N-glycosylation is mediated by 
palmitoylation via the acyl-transferase porcupine (140), and is necessary for 
both WNT secretion (142, 143) and binding to the FZD receptor (144). In 
addition, WNT ligands undergo lipid modification with palmitoleic acid on a 
serine residue which renders WNTs hydrophobic (145, 146). Because of this 
hydrophobicity, WNTs are mostly bound to cell membranes and the ECM, and 
are associated with short range signalling (141). However, despite their 
hydrophobic nature, WNTs can signal over long distances as well via several 
mechanisms. To facilitate the extracellular movement, WNTs interact with 
heparan sulfate proteoglycans (HSPGs), consisting of a core protein to which 
heparan sulfate (HS) glycosaminoglycan (GAG) chains are attached (141). 
Furthermore, lipoprotein particles called argosomes can bind and transport the 
palmitoylated WNT ligands (147). Another mechanism involved in regulating 
extracellular WNT movement is transcytosis in endosomal trafficking vesicles. 
This mechanism appears to specifically increase long range WNT signalling 
(137, 148). Secretion of WNTs into the extracellular environment is dependent 
on Evenness interrupted (Evi/Wls), a multimembrane protein that shuttles 
WNTs from the Golgi apparatus to the plasma-membrane, and possibly further 
on (142, 149).  

As mentioned above, the palmitoleic lipid modification is essential for WNT 
secretion, as this modification is involved in binding to Evi/Wls (150). 
Interestingly, the XWnt8-Fz8-cysteine rich domain (CRD) crystal structure 
demonstrated that one of the two interaction sites in this complex involved the 
palmitoylation at a serine residue (151), and mutants lacking this specific 
modification demonstrate reduced signalling capacity (152). Taken together, the 
regulation of extracellular WNT ligand movement is controlled in multiple 
ways, including palmitoleic lipid modification, interaction with HSPGs, and 
transcytosis via Evi/Wls.  

Recently, XWnt8 was purified as a complex with mouse Frizzled-8 (Fz8) 
cysteine-rich domain (CRD) (151). In this XWnt8-Fz8-CRD complex XWnt8 
grasps Fz8-CRD with two specific protein folds. These proteins folds are the 
“thumb” (an N-terminal α-helical domain (NTD) from residues ~32-250) and 
the “index” (a C-terminal cysteine-rich doman (CTD) from residues 261 to 338) 
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finger (151) (see Figure 2). This specific WNT-FZD interaction via a thumb and 
index finger was confirmed in different study using a functional assay with 
mouse Wnt3a and Fz8 (153). In Xwnt8 the 22 cysteine residues form 11 disulfide 
bonds in a pattern that is most likely the same among WNT proteins, as the 
partial structure of a highly divergent Drosophila WntD showed high similarity 
(154). The thumb region is crucial for WNT-FZD receptor interaction, as is 
demonstrated by the finding that mutations in the thumb region of Wnt3a are 
incompatible with secretion and/or activity of Wnt3a (155). 

Figure 2: Overall structure of XWnt8 in complex with Fz8-CRD, adapted from Janda et al. 
(151). The complex XWnt8-Fz8-CRD resembles a hand where the ‘thumb’ and ‘index finger’ of 
XWnt8 bind to two opposite sites of Fz8-CRD. The ‘thumb’ is bound to Fz8-CRD via a palmitic 
of palmitoleic acid (PAM), whereas the ‘index finger’ is bound to Fz8-CRD by hydrophobic amino 
acid contacts (151). 

Although FZDs are the main class of receptors to which WNTs bind, other 
WNT-binding receptors are known as well. Low-density-lipoprotein receptor-
related protein (LRP)5/6 act as co-receptors in β-catenin-dependent signalling, 
in which they are crucial (156). The extracellular domain (ECD) of LRP6 
mediates the interaction between WNT and FZD, which leads to a ternary 
complex. WNT by itself however does not bind well to LRP6. ROR1, ROR2 and 
RYK are transmembrane receptor tyrosine kinases. ROR proteins contain a CRD 
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similar to that observed in FZDs (157, 158), while RYK has a WNT binding 
domain (159). Both ROR and RYK proteins can act as co-receptors and either 
activate or inhibit β-catenin target gene transcription depending on the cellular 
context (158). While RYK can play a role in both the canonical and noncanonical 
WNT signalling pathway (159), ROR2 has been shown to activate noncanonical 
pathways (160). In addition to LRP5/6, ROR and RYK, protein tyrosine kinase 7 
(PTK7) can act as a WNT co-receptor as well, activating the noncanonical 
pathways (161). Co-receptors are not essential for WNT signalling, as FZD 
receptor dimerization by itself is sufficient to induce downstream signalling 
(162). However, co-receptors are considered important regulators of 
downstream signalling.  

FZD receptors 

FZD receptors are classified as an independent class within the superfamily of 
G protein-coupled receptors (GPCRs) by the International Union of Basic and 
Clinical Pharmacology, and currently 10 distinct human FZDs are known (163, 
164). Although FZDs share the GPCR architecture of seven-transmembrane 
segments, and demonstrate other functional features of GPCRs as well (165-
169), the specific molecular mechanisms of FZD activation are currently 
unknown. As mentioned before, the WNT signalling pathway is a highly 
conserved pathway and therefore it is not surprising that FZD receptors are the 
most highly conserved seven transmembrane receptors among animal species, 
spanning species from worm to mammals (170). FZDs share a basic structure 
comprising an extracellular N terminus, a seven-transmembrane-spanning 
domain and an intracellular C terminus (171) (see Figure 3). The extracellular 
N-terminal signal sequence guarantees proper membrane insertion of the 
protein, and is followed by the cysteine-rich (CRD) FZD domain, which is 
implicated in specific binding to WNTs, although it is not indispensable (172-
174). The CRD is connected to the seven transmembrane regions by a linker 
region of variable length. Finally, the transmembrane region gives rise to the C 
terminus, which has a variable length as well (164). The intracellular regions of 
FZDs provide an interaction surface for serine/threonine and certain tyrosine 
kinases, while these regions do not have enzymatic motifs themselves (164, 
175). Therefore, signal transduction is dependent on the recruitment of proteins 
such as Dishevelled (DVL) which mediate downstream signalling. DVL is 
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involved in both canonical and noncanonical WNT signalling. In the canonical 
pathway, DVL prevents the constitutive degradation of cytosolic β-catenin, 
while in the noncanonical pathway DVL signals via the Daam1-Rho and Rac1 
axis (176). Furthermore, DVL is in involved in WNT-calcium and WNT-RYK 
signalling as well, among others (176). FZD activation can be attenuated by the 
cell-surface transmembrane E3 ubiquitin ligase zinc and ringer (ZNRF)3 and its 
homologue ring finger protein (RNF)43 protein, as ZNRF3 promotes FZD and 
LRP6 turnover (177). Interestingly, DVL is required for ZNRF3/RNF43-
mediated FZD break-down in a process where DVL serves as an adaptor 
protein and is necessary to bind ZNRF3/RNF43 to FZD (178). On the other 
hand, R-spondins, which can bind to FZDs, enhance WNT signalling by 
inhibiting ZNRF3 (177, 179). 

Figure 3: Simplified scheme of FZD structure and extracellular and intracellular binding 
partners, adapted from Schulte (164). FZDs share a basic structure comprising an extracellular 
N terminus, a seven-transmembrane-spanning domain and an intracellular C terminus (164). 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 26PDF page: 26PDF page: 26PDF page: 26

 
Chapter One 

26 

WNT-FZD interaction 

Although a crucial role of FZD receptors in WNT signalling is well established, 
the specificity of WNT-FZD interactions has not been completely elucidated. 
Any WNT can engage several FZDs, and any FZD can respond to a variety of 
WNTs (151). In addition, any WNT can activate various downstream signalling 
pathways (180). However, recently it has been found that different FZD CRDs 
preferentially bind to distinct WNTs (181). The same study also demonstrated 
that different WNT-FZD pairs induced differential effects on DVL2 and DVL3 
phosphorylation. This suggests that different WNTs are biased toward different 
downstream signalling cascades, depending on the combination of WNTs and 
FZDs present (181). Taken together, in both canonical and noncanonical 
signalling WNT-FZD binding leads to interaction with DVL, which further 
mediates downstream signalling.  

Canonical WNT signalling 

β-catenin is crucial for canonical WNT signalling. In the absence of a WNT 
ligand, β-catenin is degraded by a destruction complex comprised of Axin, 
glycogen synthase kinase (GSK)3, casein kinase (CK)1 and adenomatosis 
polyposis coli (APC). Following binding of WNT to FZD and LRP5/6, 
intracellular DVL is activated. DVL the recruits Axin and GSK3 to the ternary 
complex of WNT/FZD/LRP5/6, which disassembles the β-catenin destruction 
complex. Subsequently, cytosolic β-catenin stabilizes and accumulates, and 
translocates to the nucleus. Following nuclear translocation, T cell 
factor/lymphoid enhancer factor (TCF/LEF) is activated and WNT/ β-catenin 
target genes such as Axin2 and cyclin D1 are transcribed (182, 183) (see Figure 
4a).  

Noncanonical WNT signalling 

Noncanonical, β-catenin-TCF/LEF indepedent WNT signalling can be mediated 
via various downstream signalling cascades (see Figure 4b). Well-known β-
catenin independent signalling pathways include WNT/RAC, WNT/RHO, 
WNT/RAP, WNT/ROR, WNT/planar cell polarity (PCP), WNT/Ca2+, and 
WNT/cGMP cascades. These signalling pathways may mediate both 
transcriptional and nontranscriptional processes in various cell systems (138, 
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184). Three important FZD-mediated noncanonical pathways are the 
WNT/PCP, the WNT/Ca2+ (185), and the WNT/ cyclic guanosine 3’5’-
monophosphate (cGMP) (186) signalling cascades.  

In the WNT/PCP pathway, a ternary WNT/FZD complex with co-receptor RYK 
(187), ROR2 (160), PTK7 (188) or ROR2 and PTK7 (189) combined activates a 
cascade comprising the small GTPases RAC1 and Ras homolog gene family, 
member A (RhoA), and c-Jun N-terminal kinase (JNK). This cascade controls 
rearrangements in the cytoskeleton, affects the intracellular Ca2+ concentration, 
and regulates gene expression (184). As the name implies, this pathway 
regulates cell polarity in vertebrates, thereby mediating processes such as 
gastrulation and neural tube closure (190).  

The ability of noncanonical WNT signalling to increase intracellular levels of 
Ca2+ was first demonstrated for the FZD2 receptor (191). This study indicated 
that FZD2 recruited the Gi/o family of heterotrimeric G proteins to 
communicate with phospholipases C (PLC). Activation of PLC increases the 
conversion of phosphatidylinositol 4,5-biphosphate (PIP2) to diacylglycerol 
(DAG) and inositol triphosphate (IP3) via hydrolysis. IP3 triggers Ca2+ release 
from the endoplasmatic reticulum, while DAG activates protein kinase C (PKC) 
which induces actin cytoskeleton remodelling. In addition, PLC activates 
effectors that mediate transcription of genes controlling cell fate and migration. 
Later, an additional route for FZD-mediated Ca2+ increase was discovered 
which is dependent on the activation of cGMP-selective phosphodiesterases 
(PDEs) (192). PDE6 is proposed to mediate this cascade, leading to drop in 
intracellular cGMP levels, which induces Ca2+ mobilization (193). It is still 
unclear whether the PLC and cGMP-PDE dependent Ca2+ pathways act in 
parallel and whether they are exclusive or complementary. In addition, it is 
unclear which factors cause the specific Ca2+ response for specific WNTs, 
although it has been shown that the WNT-induced Ca2+ responses are selective 
for pertussis toxin (PTX)-sensitive Gi/o proteins (164).  
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Figure 4a: Canonical WNT signalling, adapted from Sugimura et al. (214). In the absence of a 
WNT ligand, β-catenin is degraded by a destruction complex composed of Axin, APC, CK-1, and 
GSK3. Once WNT binds with FZD and LRP5/6 co-receptor, DVL scaffolds the β-catenin 
destruction complex resulting in accumulation of β-catenin in the cytosol and nucleus. In the 
nucleus, β-catenin forms a complex with TF to transcribe target genes (214). 
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Figure 4b: Noncanonical WNT signalling, adapted from Sugimura et al. (214). The activation 
of FZD by WNT is mediated by DVL or heterotrimeric G-proteins. Three important FZD-
mediated noncanonical pathways are the WNT/PCP, the WNT/Ca2+ (204), and the WNT/ cyclic 
guanosine 3’5’-monophosphate (cGMP) (203) signalling cascades. 

 

WNT signalling in COPD 

β-catenin-mediated WNT signalling is central to mechanisms of lung repair and 
stem cell maintenance, and has been shown to regulate stem cell hierarchy in 
the renewal of lung epithelium (134, 194, 195). Alterations in WNT signalling in 
COPD are therefore likely to contribute to tissue remodelling and impaired 
repair. Indeed, dysregulation of WNT signalling is observed in COPD. For 
example, reduced canonical WNT signalling has been demonstrated in human 
airway epithelium and alveolar epithelial cells of patients with COPD, and 
microRNAs associated with WNT signalling are altered in COPD patients (196-
198). One of the main pathological features of COPD is the loss of functional 
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alveolar tissue leading to emphysema. At the alveolar level, alveolar Type II 
cells are generally considered to be the facultative progenitor cells for the 
recovery of both the Type I and II pneumocyte pools, and are capable of 
differentiating into Type I cells following lung injury (199). Attenuated 
canonical WNT signalling in COPD has been linked to impaired alveolar repair. 
In COPD patients with emphysema, nuclear expression of β-catenin is 
decreased in alveolar Type II cells (197). In addition, therapeutic WNT/β-
catenin activation by lithium chloride attenuates experimental emphysema in 
mice (197). Therefore, it is likely that decreased canonical WNT signalling has 
an important role in the parenchymal tissue destruction and impaired repair 
response observed in emphysema. A recent study provides more evidence for 
the hypothesis that decreased canonical WNT signalling is involved in 
emphysema. The family with sequence similarity 13, member A (FAM13A) gene 
has consistently been associated with COPD in genome-wide association 
studies (200-202), and Jiang et al. demonstrated that Fam13a(-/-) mice were 
resistant to elastase-induced emphysema due to reduced β-catenin degradation 
(203). They also demonstrated that protein levels of β-catenin and FAM13A 
were decreased and increased, respectively, in human COPD lungs (203). 
Together, these data suggest that FAM13A likely influences COPD 
susceptibility by enhancing β-catenin degradation.  

Both canonical and noncanonical WNT signalling is altered in COPD. 
Dysregulated expression of noncanonical WNT-4, WNT-5A and WNT-5B has 
been observed in fibroblasts and airway epithelium of COPD patients as 
compared to controls and is associated with increased inflammatory processes, 
fibroblast activation, and airway remodelling (7-10, 13, 204). WNT-4 mRNA and 
protein levels were demonstrated to be higher in primary bronchial epithelial 
cells (PBECs) from COPD patients than non-smoker controls. Furthermore, 
exogenously added WNT-4 was shown to potentiate cigarette smoke exposure-
induced upregulation of CXCL8 and vascular endothelial growth factor (8). 
WNT-5B protein was shown to be increased in airway epithelium from COPD 
patients, but not from healthy smokers or non-smokers (204). This indicates that 
the increase in WNT-5B expression is disease-related, and not smoking-related. 
In the same study it was shown that exogenously added WNT-5B increases the 
expression of remodeling related genes in BEAS-2B cells. This effect was 
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mediated by TGF-β/Smad3 signalling. Notably, it was demonstrated that WNT-
5B upregulated the expression of remodeling-related genes in air liquid 
interface-cultured PBECs, particularly in PBECs from COPD patients (204). In 
addition, it was recently demonstrated that WNT-5A reduced WNT/β-catenin-
driven alveolar epithelial cell wound healing and transdifferentiation in vitro 
(11). In this study, Baarsma et. al. showed that lung-specific WNT-5A (using 
SFT PC-rtTA TetO-WNT-5A mice) overexpression increased airspace 
enlargement in in vivo elastase-induced emphysema, and in vivo inhibition of 
WNT-5A attenuated lung tissue destruction. The reduced lung tissue 
destruction was accompanied by improved lung function, and restored 
expression levels of β-catenin-driven target genes and alveolar epithelial 
markers. Furthermore, the WNT-5A and WNT-5B receptor Frizzled-8 (FZD8) is 
related to chronic bronchitis, regulates airway inflammation, and is involved in 
TFG-β-induced profibrotic signalling (13, 14). Taken together, these results 
indicate that dysregulated noncanonical WNT signalling in COPD affects 
inflammatory processes, airway remodeling, and alveolar repair. Although it is 
clear that noncanonical WNT signalling is involved in COPD, the underlying 
processes are not fully understood. For example, WNT-5A and WNT-5B were 
shown to be associated with increased inflammatory processes, but the 
underlying signalling pathways remain to be elucidated. For this reason we 
aimed to assess the regulation of inflammatory cytokine release in response to 
WNT-5A/B signalling in human lung fibroblasts in chapter 2. 

As described above, COPD is characterized as a disease of accelerated ageing. 
Recently, it was shown that WNT4 and WNT-5A expression are increased in the 
senile lung and contribute to myofibroblast-like differentiation (205). In 
addition, ageing of mouse hematopoietic stem cells (HSCs) was associated with 
a shift from canonical to noncanonical WNT signalling due to elevated 
expression of WNT-5A (206). Notably, in the same study it was demonstrated 
that WNT-5A treatment of young HSCs induces ageing-associated stem-cell 
apolarity, reduction of regenerative capacity and an ageing-like myeloid-
lymphoid differentiation. In addition, WNT-5A haploinsufficiency attenuates 
HSC ageing, whereas stem-cell intrinsic reduction of WNT-5A expression 
rejuvenated aged HSCs (206). These findings indicate that a WNT signalling 
imbalance with decreased canonical and increased noncanonical signalling may 
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drive ageing. As mentioned above, such a WNT signalling imbalance is 
observed in COPD, and this imbalance may contribute to the accelerated ageing 
observed in COPD. To further investigate this, we aimed to investigate the 
interaction between noncanonical WNT signalling and ageing in chapter 5 
using the PCLS model we developed in chapter 4.  

Next to alterations in WNT ligands or FZD receptors, WNT antagonists are 
altered in COPD. Secreted frizzled-related protein (SFRP)2 is an extracellular 
regulator that suppresses WNT signalling, and SFRP2 was found to be 
upregulated in small airway epithelium of COPD patients (196). In addition, 
cigarette smoke exposure increases SFRP2 while decreasing WNT target genes 
in airway epithelial cells in vitro (196). As decreased WNT/β-catenin signalling 
is associated with emphysema, this implies that smoking may lead to 
emphysema by inhibiting WNT signalling. Taken together, both canonical and 
noncanonical WNT signalling is altered in COPD, leading to a WNT signalling 
imbalance. These alterations contribute to disease pathogenesis by increasing 
emphysema, inflammatory processes, and profibrotic signalling.  
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Scope of this thesis. 

As described above, COPD is characterized by inflammation, increased levels of 
oxidative stress, parenchymal tissue destruction, and impaired repair. 
Dysregulated WNT expression contributes to the pathogenesis of COPD, but 
the underlying processes are not fully understood. Previous work from our 
group demonstrated a role for the noncanonical ligands WNT-5A, WNT-5B, 
and the receptor FZD8 in COPD. We hypothesized that noncanonical WNT 
signalling enhances COPD pathogenesis by increasing inflammatory processes 
and decreasing repair. Therefore, we aimed to further unravel the mechanisms 
by which noncanonical WNT signalling contributes to the development of 
COPD, with a focus on WNT-5A, WNT-5B, and FZD8. 

There is increasing recognition of the potential importance of mesenchymal 
cells in inflammation (207). Recently, it has been demonstrated that pulmonary 
fibroblasts and airway smooth muscle cells may participate in the dysregulated 
inflammatory response seen in COPD (12, 72, 208). Noncanonical WNT 
signalling has been implicated in inflammation (7, 8, 209), and is involved in 
fibroblast activation (13). However, the effect of noncanonical WNT-5A/B 
signalling on inflammation in COPD is not well understood. For this reason we 
assessed the regulation of inflammatory cytokine release in response to WNT-
5A/B signalling in human lung fibroblasts in chapter 2. 

A possible link between oxidative stress and WNT signalling in the context of 
lung pathology has not been investigated yet. Although oxidative stress is 
known to alter WNT signalling in an indirect manner (210-213), it is not known 
whether oxidative stress alters WNT ligands directly. Therefore, we aimed to 
assess the effect of oxidative stress on WNT-5A and WNT-5B ligand-receptor 
interactions and the downstream signalling in chapter 3. WNT-5A and WNT-5B 
were oxidized using H2O2, and oxidation patterns were analysed using mass 
spectrometry. To determine ligand-receptor interactions, the xCELLigence real-
time cell analysis system was used. Furthermore, MRC-5 pulmonary fibroblasts 
and mouse lung slices were treated with oxidized or non-oxidized WNT-5B and 
expression of several genes and proteins was analysed. 
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In COPD, the parenchyma and ECM are altered due to the presence of 
elastolytic enzymes and oxidative stress, leading to a loss of elastic recoil (3, 72, 
80, 92). As the parenchyma around the airways is known to have an important 
role in airway narrowing (80), the increased levels of elastolytic enzymes and 
oxidative stress likely affect airway mechanics in COPD and enhance 
bronchoconstriction. In order to have a better understanding of enhanced 
airway narrowing in COPD, it is important to investigate the role of the 
parenchymal compartment. Therefore, in chapter 4 we aimed to study the 
impact of low level elastase and oxidative stress exposure on airway narrowing 
and relaxation in relation to parenchymal and ECM structure, and (in)activation 
of alveolar epithelial repair. We developed an ex vivo Precision Cut Lung Slice 
(PCLS) model to mimic these aspects of COPD pathophysiology. 

Although several studies indicate a role of noncanonical WNT signalling in 
ageing and COPD, the precise role and the interaction between noncanonical 
WNTs, ageing and COPD remains poorly understood. In chapter 5 we studied 
this interaction, using aged mice in combination with the PCLS model that was 
developed in chapter 4.  

Finally, in chapter 6, all the results presented in this thesis are discussed and 
placed into a broader perspective.  
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Abstract 

Background: COPD is a progressive chronic lung disease characterized by 
pulmonary inflammation. Several recent studies indicate aberrant expression of 
WNT ligands and Frizzled receptors in the disease. For example, WNT-5A/B 
ligand expression was recently found increased in lung fibroblasts of COPD 
patients. However, possible effects of WNT-5A and WNT-5B on inflammation 
have not been investigated yet. In this study we assessed the regulation of 
inflammatory cytokine release in response to WNT-5A/B signalling in human 
lung fibroblasts. 

Methods: Primary human fetal lung fibroblasts (MRC-5), and primary lung 
fibroblasts from COPD patients and non-COPD controls were treated with 
recombinant WNT-5A or WNT-5B to assess IL-6 and CXCL8 cytokine secretion 
and gene expression levels.  

Results: Following WNT-5B, and to a lesser extent WNT-5A stimulation, 
fibroblasts showed increased IL-6 and CXCL8 cytokine secretion and mRNA 
expression. WNT-5B-mediated IL-6 and CXCL8 release was higher in 
fibroblasts from COPD patients than in non-COPD controls. In MRC-5 
fibroblasts, WNT-5B-induced CXCL8 release was mediated primarily via the 
Frizzled-2 receptor and TAK1-signalling, whereas canonical β-catenin 
signalling was not involved. In further support of noncanonical signalling, we 
showed activation of JNK, p38 and p65 NF-κB by WNT-5B. Furthermore, 
inhibition of JNK and p38 prevented WNT-5B-induced IL-6 and CXCL8 
secretion, whereas IKK inhibition prevented CXCL8 secretion only, indicating 
distinct pathways for WNT-5B-induced IL-6 and CXCL8 release.  

Conclusion: WNT-5B induces IL-6 and CXCL8 secretion in pulmonary 
fibroblasts. WNT-5B mediates this via Frizzled-2 and TAK1. As WNT-5 
signalling is increased in COPD, this WNT-5-induced inflammatory response 
could represent a therapeutic target. 

Keywords:  

Frizzled-2, TAK1, COPD 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a life-threatening disease 
characterized by progressive airflow limitation, which is associated with an 
abnormal inflammatory response of the lungs to noxious particles or gases. 
Long-term exposure to cigarette smoke is a major risk factor for the 
development of COPD (1, 2). Important pathophysiological features of COPD 
that contribute to the progressive loss of lung function are inflammation, 
airway wall remodelling, bronchoconstriction, mucus hypersecretion, and 
emphysema (3).  

There is increasing recognition of the potential importance of mesenchymal 
cells in inflammation (4). Recently it has been demonstrated that pulmonary 
fibroblasts and airway smooth muscle cells may participate in the dysregulated 
inflammatory response seen in COPD (5-7). Pulmonary fibroblasts are potent 
producers of several inflammatory mediators, including cytokines and 
chemokines (8-10), which are of relevance in COPD. For example, it has been 
shown that airway fibroblasts of COPD patients express higher levels of 
interleukin 6 (IL-6) and chemokine (C-X-C motif) ligand 8 (CXCL8) than airway 
fibroblasts of controls (7). The inflammatory mediators produced by pulmonary 
fibroblasts influence the type and quantity of inflammatory cells that infiltrate 
airway and lung tissue in chronic respiratory disease (4). Taken together, 
alterations in fibroblast function likely play an important role in COPD. 

Upon inflammation and tissue damage in the lung the Wingless/integrase-1 
(WNT) signalling pathway can be activated, as has been reviewed (11, 12). In 
this pathway, autocrine or paracrine secreted WNT ligands activate Frizzled 
receptors (FZD) and subsequently induce various downstream signalling 
pathways in the cell. Canonical WNT/β-catenin signalling involves WNT ligand 
binding to FZD and lipoprotein receptor-related protein (LRP) cell surface 
receptors, followed by cytosolic stabilization and nuclear translocation of β-
catenin. This nuclear translocation results in transcription of WNT target genes 
involved in tissue repair and remodelling (13), including growth factors (e.g., 
vascular endothelial growth factor; VEGF), extracellular matrix (ECM) proteins 
(e.g., fibronectin), matrix metalloproteinases (e.g., MMP-9) and cytokines (e.g., 
CXCL8). Noncanonical WNT signalling is mediated via intracellular calcium 
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and c-Jun N-terminal kinase (JNK). These pathways regulate cell motility and 
gene transcription (14, 15) and antagonize canonical, β–catenin dependent gene 
transcription.  

Noncanonical WNT signalling has been implicated in inflammation. For 
example, noncanonical WNT-5A is able to induce Toll-like receptor 4 (TLR4) 
dependent cytokine production from murine C57BL/6 macrophages (16), and it 
stimulates chemotactic migration and chemokine production in human 
neutrophils (16). Dysregulated expression of noncanonical WNT-4, WNT-5A 
and WNT-5B has been observed in fibroblasts and airway epithelium of COPD 
patients as compared to controls (17, 18). In airway epithelium, WNT-4 appears 
to play a role in cytokine secretion (18, 19). In addition, WNT-5B regulates 
fibroblast activation via noncanonical signalling (20). Furthermore, WNT-5B 
protein expression is significantly higher in the airway epithelium from 
smokers with COPD than non-smokers as well as control smokers (21). In 
addition, this study demonstrates that WNT-5B protein expression levels do not 
differ between non-smokers and control smokers, indicating that the higher 
WNT-5B expression in COPD is not smoking, but disease-related (21). 
However, the effect of noncanonical WNT-5A/B signalling on inflammation in 
COPD is not well understood.  

In the present study, we investigated the effect of WNT-5A/B on the 
inflammatory response in human lung fibroblasts and in primary lung 
fibroblasts of individuals with and without COPD. Furthermore, we 
investigated the receptors and molecular mechanisms involved in this response 
by examining the participation of various noncanonical WNT activated 
pathways. 

Materials and methods 

Reagents: Recombinant human/mouse WNT-5A and human WNT-5B were 
purchased from R&D systems (Abingdon, UK). Small interfering RNAs 
(siRNAs) specific for human FZD2, human FZD8, human related to receptor 
tyrosine kinase (RYK), and human transforming growth factor β activated 
kinase-1 (TAK1) were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). Mouse anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
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and rabbit anti-p65 were purchased from Santa Cruz Biotechnology. Rabbit 
anti-phospho-Thr183/Tyr185-SAPK/JNK antibody and rabbit anti-phospho-
p44/42 mitogen-activated protein kinases (MAPK) (ERK) antibody were 
obtained from Cell Signalling Technology (Beverly, MA,USA). Horseradish 
peroxidase (HRP)-conjugated goat anti-mouse antibody and HRP-conjugated 
goat anti-rabbit antibody were obtained from Sigma (St. Louis, MO, USA). 
Human β-catenin and non-targeting siRNA were procured from Qiagen (Venlo, 
the Netherlands). Lipofectamine 2000 transfection® reagent was obtained from 
Invitrogen. LL-Z1640-2 was obtained from Bioaustralis (Smithfield, NSW, 
Australia), SP600125 and U0126 were obtained from Tocris (Bristol, UK), 
BIRB0796 was obtained from Axon Medchem (Groningen, the Netherlands).  

Cell culture: MRC-5 human lung fibroblasts (22, 23) (ATCC CCL 171) and 
primary lung fibroblasts from individuals with and without COPD were 
cultured in Ham’s F12 medium supplemented with 10% (v/v) foetal bovine 
serum (FBS), 2 mM L-glutamine, 100 mg/l streptomycin, 1.4 μg/ml fungizone 
and 100 U/ml penicillin. Unless otherwise specified, for each experiment cells 
were grown to confluence and subsequently culture medium was substituted 
with Ham’s F12 medium supplemented with 0.5% (v/v) FBS, 2 mM L-
glutamine, 100 mg/l streptomycin, 1.4 μg/ml fungizone and 100 U/ml penicillin 
for a period of 24 hours. Cells were stimulated for different time-points with 
recombinant human/mouse WNT-5A or human WNT-5B in Ham’s F12 medium 
supplemented with 0.5% FBS, L-glutamine and antibiotics. According to the 
manufacturer (R&Dsystems), the EC50 for recombinant WNT-5A should be in 
the range of 100-500 ng/ml whereas that of WNT5B should be in the range of 30-
150 ng/ml. In that respect, the concentrations that we chose (5-500 ng/ml) are in 
the EC50 to submaximal range and should not be considered supramaximal. 
When applied, pharmacological inhibitors (i.e. BIRB0796 (1 μM) (22), SP600125 
(10 μM) (24), JNK6o (10 μM) (24), LL-Z1640-2 (500 nM) (25)) were added 30 
minutes before the addition of WNT-5B.  

Whole lung tissue: Whole lung tissue of COPD and non-COPD patients was 
kindly provided by Dr. Jan Stolk (Leiden University Medical Center).  

siRNA transfection: MRC-5 fibroblasts were grown to 90% confluence in 6-well 
cluster plates and transiently transfected with siRNA’s specific for human β-
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catenin, human FZD2, human FZD8, or human RYK. Cells were transfected in 
serum-free Ham’s F12 without any supplements using 200 pmol of siRNA in 
combination with Lipofectamine 2000 transfection® reagent. Control 
transfections were performed using a non-silencing control siRNA. After 6 
hours of transfection, medium was changed to Ham’s F12 supplemented with 
10% FBS, L-glutamine and antibiotics. Cells were incubated overnight followed 
by a culture period of 24 hours in Ham’s F12 supplemented with 0.5% FBS, L-
glutamine and antibiotics. Medium was then refreshed before cells were used 
for experimentation. 

Preparation of cell lysates: Cells were lysed in ice-cold sodiumdode-cylsulphate 
(SDS) buffer (composition: 62.5 mM Tris, 2% w/v SDS, 1 mM NaF, 1 mM 
Na3VO4, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 7 μg/ml pepstatin A, pH 6.8). 
Viscosity of lysates was reduced by using 0.66 mm needles and protein 
concentration was determined using Pierce® protein determination according to 
the manufacturer’s instructions. Lysates were stored at -20°C till further use. 

Western Blot analysis: Equal amounts of protein (10–20 μg/lane) were subjected 
to electrophoresis on polyacrylamide gels, transferred to nitrocellulose 
membranes and analysed for the proteins of interest using specific primary and 
HRP-conjugated secondary antibodies. By using enhanced chemiluminescence 
reagents, bands were subsequently recorded in the G:BOX iChemi gel 
documentation system equipped with GeneSnap image acquisistion software 
(Syngene; Cambridge; UK). Band intensities were quantified by densitometry 
using TotallabTM software (Nonlinear dynamics; Newcastle, UK) or ImageJ 
software (open source, public domain) (26). 

mRNA isolation and real-time PCR: Total RNA was extracted using the 
Nucleospin RNA II kit (Macherey-Nagel, Duren, Germany) as per the 
manufacturer’s instructions. Equal amounts of total RNA (1 μg) were then 
reverse transcribed using the Reverse Transcription System (Promega, Madison, 
USA). 1 μl of 1:3 diluted cDNA was subjected to real-time PCR, which was 
performed with the Illumina Eco Personal QPCR System (Westburg, Leusden, 
the Netherlands) using FastStart Universal SYBR Green Master (Rox) from 
Roche Applied Science (Mannheim, Germany). Real-time PCR was performed 
with denaturation at 95°C for 30 seconds, annealing at 59°C for 30 seconds and 
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extension at 72°C for 30 seconds for 40 cycles followed by 5 minutes at 72°C. 
Real-time PCR data was analysed using the comparative cycle threshold (Cq: 
amplification cycle number) method. The amount of target gene was 
normalized to the endogenous reference gene 18S ribosomal RNA and/or 
GAPDH (ΔCq). Relative differences were determined using the equation 2(-ΔΔCq). 
Primer sets used to analyse gene expression are shown in Table 1.  

ELISA: Confluent MRC-5 human lung fibroblasts were washed twice with 
warm (37°C) Hank’s balanced salt solution (HBSS; composition (mg/l): KCl 400, 
KH2PO4 60, NaCl 8000, NaHCO3 350, Na2HPO4.1H2O 50, glucose 1000; pH 7.4) 
followed by a period of 24h in Ham’s F12 supplemented with 0.5% FBS, L-
glutamine and antibiotics. Consecutively, medium was refreshed and cells were 
stimulated with recombinant WNT-5B (500 ng/ml) in the presence or absence of 
the selective I kappa B kinase (IKK) inhibitor SC514 (10 μM), the selective IKK 
inhibitor TPCA-1 (10 μM), the selective TAK1 inhibitor LL-Z1640-2 (500 nM), 
the selective p38 inhibitor BIRB0796 (1 μM), the selective JNK inhibitor 
SP600125 (10 μM), or the selective JNK inhibitor JNK6o (10 μM). Cell 
supernatants were harvested 24h after stimulation and stored at -20°C until 
assayed for IL-6 or CXCL8. Cytokine levels were determined by specific ELISA 
according to the manufacturer’s instructions (IL-6 and CXCL8 kit Sanquin, 
Amsterdam, the Netherlands). 

Immunocytochemistry: Lung fibroblasts were plated on Lab-TekTM borosilicate 
chamber slides and treated with recombinant WNT-5B (500 ng/ml) for 30 min, 
fixed for 15 min at 4°C in cytoskeletal buffer (CB) (10 mM Tris base, 150 mM 
NaCl, 5 mM EGTA, 5 mM MgCl2 and 5 mM glucose at pH 6.1) containing 3% 
paraformaldehyde (PFA). Cells were then permeabilized by incubation for 5 
min at 4°C in CB containing 3 % PFA and 0.3% Triton X-100. For 
immunofluorescence microscopy, fixed cells were first blocked for 2 hours at 
room temperature in Cyto-TBS buffer (200 mM Tris base, 154 mM NaCl, 20 mM 
EGTA and 20 mM MgCl2 at pH 7.2) containing 1% bovine serum albumin and 
2% normal donkey serum. Incubation with primary antibody (p65, diluted 1:20) 
occurred overnight at 4°C in Cyto-TBS containing 0.1% Tween 20 (Cyto-TBST). 
Incubation with FITC-conjugated secondary antibody was for 2 h at room 
temperature in Cyto-TBST. Nuclei were stained with Hoechst 33342. After 
staining, coverslips were mounted using ProLong Gold antifade reagent 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 58PDF page: 58PDF page: 58PDF page: 58

 
Chapter Two 

58 

(Invitrogen) and analysed by using an Olympus AX70 microscope equipped 
with digital image capture system (ColorView Soft System with Olympus U 
CMAD2 lens).  

Table 1. Primers used for RT-PCR analysis. 

 

Data analysis (statistics): Values reported for all data are represented as mean ± 
SEM. The statistical significance of differences between means was determined 
on log transformed data by Student’s t-test, repeated measures ANOVA, or by 
2-way ANOVA, followed by Bonferroni or Tukey multiple comparisons test, 
where appropriate. Differences were considered to be statistically significant 
when p<0.05. 

mRNA Primer 

Human WNT-5A Fwd 5’-GGGTGGGAACCAAGAAAAAT-3’ 
Rev 5’-TGGAACCTACCCATCCCATA-3’ 

Human WNT-5B Fwd 5'-ACGCTGGAGATCTCTGAGGA-3'  
Rev 5'-CGAGGTTGAAGCTGAGTTCC-3' 

Human TAK1 Fwd 5’-CTTGGATGGCACCTGAAG-3’ 
Rev 5’-CAGGCTCTCAATGGGCTTAG-3’ 

Human β-catenin Fwd 5’-CCCACTAATGTCCAGCGTTT-3’ 
Rev 5’-AATCCACTGGTGAACCAAGC-3’ 

Human FZD2 Fwd 5'-CCCGACTTCACGGTCTACAT-3' 
Rev 5'-CTGTTGGTGAGGCGAGTGTA-3' 

Human FZD8 Fwd 5' GACACTTGATGGGCTGAGGT 3'  
Rev 5'-CAAATCTCGGGTTCTGGAAA-3' 

Human 18s (rRNA) Fwd 5’-CGCCGCTAGAGGTGAAATTC-3’ 
Rev 5’-TTGGCAAATGCTTTCGCTC-3’ 

Human CXCL8 Fwd 5'-TAGCAAAATTGAGGGCAAGG-3' 
Rev 5'-AAACCAAGGCACAGTGGAAC-3' 

Human IL-6 Fwd 5'-AGGAGACTTGCCTGGTGAAA-3' 
Rev 5'-TAAAGCTGCGCAGAATGAGA-3' 

Human GM-CSF Fwd 5'-ATGTGGCTGCAGAGCCTGCTGCTC-3'  
Rev 5'-TCACTCCTGGACTGGCTCCCAGCA-3' 

Human RYK Fwd 5'-TGATCGGTCTTGATGCAGAA-3' 
Rev 5'-CCAGGTGAAGTGCAGGAAAT-3' 

Human GAPDH Fwd 5'-CCAGCAAGAGCACAAGAGGA-3' 
Rev 5'-GAGATTCAGTGTGGTGGGGG-3' 
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Results 

WNT-5B induces IL-6 and CXCL8 secretion and mRNA expression. 

We first investigated whether WNT-5A and WNT-5B were able to induce an 
inflammatory response. Following WNT-5B, and to a lesser extent WNT-5A 
stimulation, a clear dose-dependent increase in IL-6 and CXCL8 cytokine 
secretion was seen (Figures 1A-D). This was associated with a specific increase 
in IL-6 and CXCL8 mRNA expression. Following WNT-5B (500 ng/ml) 
stimulation for 4 hours, gene expression levels of IL-6 and CXCL8, but not GM-
CSF, were enhanced (Figure 1E). To confirm the physiological relevance of this 
WNT-5A- and-B-driven inflammatory response, we stimulated primary 
fibroblasts taken from COPD patients and non-COPD controls with WNT-5A 
and WNT-5B. The clinical characteristics of the subject groups are represented 
in Table 2. Following WNT-5A and WNT-5B stimulation, a clear dose-
dependent increase in IL-6 and CXCL8 secretion was seen in the primary 
fibroblasts. This increase was significant following stimulation with 500 ng/ml 
of both WNT-5A and WNT-5B (Figures 1F-G). Notably, the increase in IL-6 and 
CXCL8 following WNT-5B, but not WNT-5A, was significantly higher in 
fibroblasts from COPD patients than in fibroblasts from non-COPD controls 
(Figures 1H-K). This difference was only visible when the data was expressed 
as percentage of basal levels, as there was a high variability in basal IL-6 and 
CXCL8 secretion between COPD and non-COPD cells. Collectively, the above-
mentioned results show that both WNT-5A and WNT-5B are able to induce an 
inflammatory response in both MRC-5 human lung fibroblasts and primary 
human lung fibroblasts.  

 

  



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 60PDF page: 60PDF page: 60PDF page: 60

 
Chapter Two 

60 

Table 2. Clinical characteristics of the subjects involved in the studies. All values are 
represented as median values with ranges in parentheses. FEV1 % predicted = Forced Expiratory 
Volume in 1 second as percentage of predicted value; FVC = Forced Vital Capacity. Stage means 
severity of COPD according to GOLD criteria. Statistical significance was determined by a 
kruskall-wallis ANOVA followed by a two-way Student’s t-test for unpaired observations. 
*p<0.05 compared to basal control. 

 

  

Control COPD stage II COPD stage IV
Number of subjects 3 2 10
Age (years) 50 71.50 58

(46-74) (70-73) (53-61)
Gender
male 2 2 5
female 1 5
smoking status
ex-smoker 3 2 10
current smoker 0 0 0
non-smoker 0 0 0
pack-years 32 22.25 38

(31-50) (17.50-27) (12.75-72)
FEV1 % predicted 97 50 17.94*

(96.87-100) (15.02-45.99)
FEV1/FVC 78 37 28.28*

(71-81.50) (18.75-51.12)

Subject groups
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Figure 1. Effect of WNT-5A and WNT-5B stimulation on the secretion of IL-6 and 
CXCL8 and on the mRNA expression of IL-6, CXCL8 and GM-CSF. (A-D) MRC-5 cells 
were exposed to WNT-5A or WNT-5B for 24 hours. Supernatant was collected and secretion of 
the inflammatory cytokines IL-6 and CXCL8 was measured by ELISA (n=6). (E) MRC-5 cells 
were exposed to WNT-5B (500 ng/ml) for 4 h. RNA was isolated and mRNA expression levels of 
IL-6, CXCL8 and GM-CSF were measured by RT-PCR. Expression was related to the expression 
of the housekeeping gene 18S. mRNA levels are expressed as fold change compared to the 
unstimulated control value (2−ΔΔCt, n=3). (F-G) Primary pulmonary fibroblasts (n=19) were 
exposed to WNT-5A or WNT-5B for 24 h. Supernatant was collected and secretion of the 
inflammatory cytokines IL-6 and CXCL8 was measured by ELISA. (H-K) Primary pulmonary 
fibroblasts from COPD patients (n=12) or controls (n=7) were exposed to WNT-5A or WNT-5B 
for 24 h. Supernatant was collected and secretion of the inflammatory cytokines IL-6 and CXCL8 
was measured by ELISA. The statistical significance of differences between means was determined 
on log transformed data by repeated measures ANOVA (A-D), Student’s t-test (E, H-K), or by 2-
way ANOVA (F-G), followed by Tukey multiple comparisons test, where appropriate. Data 
represent mean±SEM, *p<0.05 compared to basal control. 
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WNT-5B-induced IL-6/CXCL8 release is mediated via noncanonical FZD2 signalling. 

Next, we investigated the underlying signalling mechanisms of the 
inflammatory responses observed. As the WNT-5A-induced cytokine release 
was less clear than the response caused by WNT-5B, we chose to focus on the 
mechanisms underlying the WNT-5B-induced inflammatory response. First, to 
confirm that WNT-5B-mediated cytokine release resulted from noncanonical 
signalling, we employed β-catenin specific siRNA. Transfection of MRC-5 cells 
with β-catenin siRNA significantly repressed β-catenin transcripts to ~40 % of 
the baseline expression in comparison to non-targeting siRNA transfected cells 
(Figure 2A). In addition, active β-catenin protein expression was reduced 
significantly following β-catenin siRNA transfection (2B). β-catenin knockdown 
did not at all attenuate WNT-5B-induced IL-6 or CXCL8 release, showing that 
cytokine release was not mediated by canonical WNT signalling (Figure 2C-D). 
In further support, we quantified the protein expression of active (non-
phospho) β-catenin following 30 minutes of WNT-5B stimulation in MRC-5 
cells. In agreement with the results mentioned above, WNT-5B did not increase 
the expression of active β-catenin (data not shown).  

Next, we targeted key receptors in noncanonical WNT signalling to identify the 
signalling cascades involved. FZD2, FZD8 and the co-receptor RYK were 
previously found to be abundantly expressed in pulmonary fibroblasts (17), 
hence we employed FZD2, FZD8 and RYK-specific siRNA. Transfection of 
MRC-5 cells with FZD2 siRNA, FZD8 siRNA or RYK siRNA significantly 
repressed transcripts to 40 % of baseline expression (Figure S1). Following 
transfection, we observed that knockdown of FZD2, and to a lesser extent FZD8 
and RYK, inhibited the WNT-5B mediated CXCL8, but not the IL-6 response 
(figure 3A-D). In order to investigate whether knockdown of one FZD receptor 
would cause a compensatory increase of the other receptor, we investigated 
whether FZD2 knockdown affected FZD8 knockdown and vice versa. 
Knockdown of FZD2 did not significantly affect FZD8 mRNA expression levels, 
and knockdown of FZD8 did not affect FZD2 mRNA expression levels (data not 
shown). In addition, we tried to perform a double FZD2/FZD8 knockdown. 
However, following double knockdown, MRC-5 cells were not viable anymore 
and clearly showed detachment from the culture plate surface.  
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Figure 2. Effect of WNT-5B stimulation on the secretion of IL-6 and CXCL8 following  
β-catenin knockdown. (A) MRC-5 cells were transfected with β-catenin-specfic siRNA or a 
non-targeting siRNA as control. Subsequently, cells were stimulated with WNT-5B (500 ng/ml) 
for 24 h. Expression of β-catenin mRNA was expressed relative to non-targeting siRNA 
transfected, untreated control. mRNA levels are expressed as fold change compared to the 
unstimulated control value (2−ΔΔCt, n=6). (B) MRC-5 cells were transfected with β-catenin-specfic 
siRNA or a non-targeting siRNA as control. Total cell lysates were prepared and active β-catenin 
was detected by Western Blot. Equal loading protein was verified by the analysis of GAPDH 
(n=4). (C-D) MRC-5 cells were transfected with β-catenin-specfic siRNA or a non-targeting 
siRNA as control. Subsequently, cells were stimulated with WNT-5B (500 ng/ml). Following 24 
h, supernatant was collected and secretion of the inflammatory cytokines IL-6 and CXCL8 was 
measured by ELISA (n=6). The statistical significance of differences between means was 
determined on log transformed data by Student’s t-test (B), or by 2-way ANOVA (A,C), followed 
by Tukey multiple comparisons test, where appropriate. Data represent mean±SEM, *p<0.05 
compared to basal control. 
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Figure 3. Receptors involved in the WNT-5B-induced inflammatory response. (A-F) 
MRC-5 cells were transfected with FZD2, FZD8 or RYK-specific siRNA or a non-targeting 
siRNA as a control. Subsequently, cells were stimulated with WNT-5B (500 ng/ml). Following 
24 h, supernatant was collected and secretion of the inflammatory cytokines IL-6 and CXCL8 was 
measured by ELISA (n=4-7). The statistical significance of differences between means was 
determined on log transformed data by 2-way ANOVA (A-F), followed by Tukey multiple 
comparisons test. Data represent mean±SEM. *p<0.05 compared to basal control, #p<0.05 
compared to FZD2 siRNA. 
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Noncanonical WNT mRNA expression is increased in COPD 

To further study the pathophysiological relevance of the WNT ligands and 
receptors under investigation, we quantified the mRNA expression levels of 
WNT-5A, WNT-5B, FZD2, FZD8, IL-6 and CXCL8 in lung tissue homogenates 
from COPD patients and non-COPD controls. As compared to basal non-
COPD, the mRNA expression levels of WNT-5A, FZD2, IL-6 and CXCL8 were 
found to be increased significantly in COPD (Figure 4).  

Figure 4. Noncanonical WNT pathway gene expression is increased in COPD. RNA was 
isolated from lung tissue homogenates from COPD patients or non-COPD controls (n=16 and 
n=5, respectively) and gene expression levels of WNT-5A, WNT-5B, FZD2, FZD8, IL-6, and 
CXCL8 were measured by Real-time PCR. Expression was related to the expression of the 
housekeeping genes 18S and GAPDH (mean). mRNA levels are expressed as fold change 
compared to the group-average of the non-COPD control group value (2−ΔΔCt). The statistical 
significance of differences between means was determined on log transformed data by Student’s t-
test. Data represent mean±SEM, *p<0.05 compared to basal control. 

TAK1 signalling mediates WNT-5B–induced IL-6 and CXCL8 expression.  

As TAK1 is involved in noncanonical WNT signalling and regulates 
downstream pathways involved in inflammation (27, 28), we employed 
pharmacological inhibition of TAK1 using LL-Z1640-2. 500 nM LL-Z1640-2 
reduced WNT-5B-induced IL-6 and CXCL8 to basal levels, indicating that TAK1 
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mediates WNT-5B-mediated IL-6 and CXCL8 production (Figures 5A-B). In 
addition, we employed TAK1-specific siRNA. Following transfection, WNT-5B-
mediated CXCL8 secretion was inhibited whereas IL-6 secretion was not 
inhibited (Figure 5C-D). This was in contrast to the TAK-1 inhibitor LL-Z1640-2, 
which was able to inhibit both WNT-5B-mediated CXCL8 and IL-6 secretion. 
This difference is likely explained by the low knockdown efficiency. Compared 
to control, TAK-1 siRNA reduced TAK-1 mRNA expression levels with only 40 
percent, whereas LL-Z1640-2 inhibits maximally (Figure 5E). 

Next, we sought to determine the signalling mechanisms downstream of TAK1 
activation. As TAK1 activates JNK, p38, ERK and NF-κB pathways in multiple 
systems (27), we investigated the role of these pathways. We found that WNT-
5B induced activation of JNK and p38, as indicated by their increased 
phosphorylation status (Figures 6A-B). In addition, immunocytochemical 
staining for the NF-κB subunit p65 indicated that stimulation with WNT-5B (30 
min) significantly induced the nuclear translocation of p65, which is an 
indication of activation of the NF-κB pathway (Figure 6C). WNT-5B did not 
induce activation of ERK as indicated by its lack of changes in phosphorylation 
status (Figure 6D). Furthermore, inhibition of TAK1 by LL-Z1640-2 reduced 
activation of JNK and p38 in both basal and WNT-5B-stimulated conditions 
(Figures 6E-F). Remarkably, TAK1 inhibition increased basal p65 nuclear 
translocation (data not shown). In agreement with the above mentioned 
findings, pharmacological inhibition of p38 with the inhibitor BIRB0796 
reduced WNT-5B-induced IL-6 and CXCL8 to basal levels (Figures 7A-B), 
whereas pharmacological inhibition of JNK with the inhibitor SP600125 (10 μM) 
reduced WNT-5B-induced CXCL8, but not IL-6 levels (Figures 7C-D). 
Remarkably, JNK inhibition increased basal IL-6 secretion. Similar data were 
observed using the JNK inhibitor JNK6o (10 μM) (data not shown). 
Furthermore, the pharmacological inhibition of IKK with the selective inhibitor 
SC514 (10 μM) reduced WNT-5B-mediated CXCL8, but not IL-6 levels (Figure 
7E-F). In addition, inhibition of IKK by the selective inhibitor TPCA-1 (10 μM) 
reduced both basal and WNT-5B-mediated IL-6 and CXCL8 secretion levels 
(data not shown). Collectively, this indicates that TAK1 signalling and its 
downstream effects on p38, JNK and NF-κB mediate cytokine secretion by 
WNT-5B, with differential roles on IL-6 versus CXCL-8 secretion. 
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Figure 5. WNT-5B induces IL-6 and CXCL8 secretion via TAK1. (A, B) MRC-5 cells were 
treated with the selective TAK1 inhibitor LL-Z1640-2 (500 nM). Subsequently, cells were 
stimulated with WNT-5B (500 ng/ml). Following 24 h, supernatant was collected and secretion 
of the inflammatory cytokines IL-6 and CXCL8 was measured by ELISA (n=5). (C,D) MRC-5 
cells were transfected with TAK1-specific siRNA or a non-targeting siRNA as a control. 
Subsequently, cells were stimulated with WNT-5B (500 ng/ml). Following 24 h, supernatant was 
collected and secretion of the inflammatory cytokines IL-6 and CXCL8 was measured by ELISA 
(n=6). (E) Expression of TAK1 mRNA was expressed relative to non-targeting siRNA 
transfected, untreated control. mRNA levels are expressed as fold change compared to the 
unstimulated control value (2−ΔΔCt, n=6). The statistical significance of differences between means 
was determined on log transformed data by 2-way ANOVA (A,B,C,D), followed by Tukey 
multiple comparisons test, or by Student’s t-test (E). Data represent mean±SEM. *p<0.05 
compared to basal control, #p<0.05 compared to WNT-5B. 
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Figure 6. JNK, p38 and p65 signalling mediates WNT-5B–induced IL-6 and CXCL8 
expression. (A) MRC-5 cells were exposed to WNT-5B (500 ng/ml) for 30 and 60 minutes. Total 
cell lysates were prepared and phosphorylated JNK was detected by Western Blot. Equal protein 
loading was verified by the analysis of GAPDH (n=8). (B) MRC-5 cells were exposed to WNT-5B 
(500 ng/ml) for 30 and 60 minutes. Total cell lysates were prepared and phosphorylated p38 was 
detected by Western Blott. Equal protein loading was verified by the analysis of GAPDH (n=4). 
(C) Evaluation of nuclear translocation of p65 in MRC-5 cells after WNT-5B stimulation (30 
min). Following stimulation, the cells were subsequently fixed and permeabilized. Cells were 
stained for p65 (FITC; green) and nucleus (Hoechst 33342; blue). Pictures were taken at 400 x 
magnification. (D) MRC-5 cells were exposed to WNT-5B (500 ng/ml) for 30 and 60 minutes. 
Total cell lysates were prepared and phosphorylated ERK was detected by Western Blot. Equal 
protein loading was verified by the analysis of GAPDH (n=5). (E) MRC-5 cells were treated with 
the selective TAK1 inhibitor LL-Z1640-2 (500 nM). Subsequently, cells were stimulated with 
WNT-5B (500 ng/ml) for 30 minutes. Total cell lysates were prepared and phosphorylated JNK 
was detected by Western Blot. Equal protein loading was verified by the analysis of GAPDH 
(n=4). (F) MRC-5 cells were treated with the selective TAK1 inhibitor LL-Z1640-2 (500 nM). 
Subsequently, cells were stimulated with WNT-5B (500 ng/ml) for 30 minutes. Total cell lysates 
were prepared and phosphorylated p38 was detected by Western Blot. Equal protein loading was 
verified by the analysis of GAPDH (n=4).The statistical significance of differences between means 
was determined on log transformed data by repeated measures ANOVA (A,D), Student’s t-test 
(C,B), or 2-way ANOVA (E,F) followed by Tukey multiple comparisons test, where appropriate. 
Data represent mean±SEM. *p<0.05 compared to basal control, #p<0.05 compared to WNT-5B. 
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Figure 7. JNK, p38 and p65 signalling mediates WNT-5B–induced IL-6 and CXCL8 
expression, whereas IKK mediates only CXCL8 secretion. (A-F) MRC-5 cells were treated 
with the selective p38 inhibitor BIRB0796 (1 μM), the selective JNK inhibitor SP600125 (10 
μM), or with the selective IKK inhibitor SC514 (10 μM) . Subsequently, cells were exposed to 
WNT-5B (500 ng/ml) for 24 h. Following 24 h, supernatant was collected and secretion of the 
inflammatory cytokines IL-6 and CXCL8 was measured by ELISA (n=3-6). The statistical 
significance of differences between means was determined on log transformed data by 2-way 
ANOVA, followed by Tukey multiple comparisons test. Data represent mean±SEM. *p<0.05 
compared to basal control, #p<0.05 compared to WNT-5B. 
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Figure S1. Effect of FZD2, FZD8 and RYK knockdown and subsequent WNT-5B 
stimulation on FZD2, FZD8 and RYK  mRNA expression. MRC-5 cells were transfected 
with FZD2, FZD8 or RYK-specfic siRNA or a non-targeting siRNA as control. Subsequently, 
cells were stimulated with WNT-5B (500 ng/ml) for 24 h. Expression of FZD2, FZD8 or RYK 
mRNA was expressed relative to non-targeting siRNA transfected, untreated control. mRNA 
levels are expressed as fold change compared to the unstimulated control value (2−ΔΔCt, n=6). 
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Discussion 

It is increasingly recognized that lung fibroblasts play an important role in the 
regulation of inflammatory responses in COPD (5-7, 20). To our knowledge, this 
is the first study demonstrating that noncanonical signalling by WNT-5B and 
WNT-5A may play an important role in inflammatory responses in human lung 
fibroblasts. We showed that in both MRC-5 human lung fibroblasts and patient-
derived fibroblasts WNT-5B increased IL-6 and CXCL8 cytokine secretion and 
mRNA expression. Following WNT-5A stimulation, the same responses were 
observed, albeit to a lesser extent. Although WNT-5A had smaller responses 
compared to WNT-5B in both MRC-5 and primary fibroblasts, the effect of 
WNT-5A was higher in primary fibroblasts than in MRC-5 cells. Therefore we 
cannot exclude a pro-inflammatory role of WNT-5A completely. FZD2 
primarily mediated WNT-5B-induced release of CXCL8, but not IL-6, with 
possible smaller roles for FZD8 and RYK. The response was independent of β-
catenin but involved TAK1 and p38, JNK, and p65 activation. The role of these 
pathways was different for WNT-5B-induced release of IL-6 and CXCL8 with 
IL-6 being less sensitive to NF-κB inhibition. The pro-inflammatory role of 
WNT-5A and WNT-5B may be of importance to COPD, as the FZD2 receptor 
was found increased in COPD.  

Apart from IL-6 and CXCL8 other cytokines are involved in the 
pathophysiology of COPD. It may be possible that WNT-5A and WNT-5B affect 
these other cytokines as well. However, previous screens from our lab showed 
that only a limited number of cytokines could be detected and of these, IL-6 and 
CXCL8 were by far the most abundant. Further studies into GM-CSF, CXC10, 
CSF3 and CCL2 did not show regulation by WNT5B, indicating that at least in 
lung fibroblasts, these effects of WNT5B appear to be relatively specific for IL-6 
and CXCL8. Although we cannot exclude the possibility that WNT-5B might 
affect other cytokines than IL-6 and CXCL8, the MRC-5 fibroblast might not be 
the right model to investigate this. 

In an investigation of the receptors involved in WNT-5B-mediated cytokine 
production, we found that the secretion of CXCL8, but not IL-6, was completely 
blocked following knockdown of FZD2, suggesting distinct mechanisms for 
WNT-5B-induced release of IL-6 and CXCL8. This contention was also 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 73PDF page: 73PDF page: 73PDF page: 73

Noncanonical WNT-5B signalling induces  
inflammatory responses in human lung fibroblasts 

73 

supported by the observation that NF-κB has differential roles in IL-6 and 
CXCL-8 secretion. The knockdown of FZD8 and RYK had smaller, non-
significant, effects on IL-6 and CXCL8 secretion, suggesting that the 
involvement of these receptors cannot be excluded. Indeed, in parallel studies 
we observed a pro-inflammatory role for the FZD8 receptor in IL-1β signalling, 
reinforcing the possibility that WNT mediated pro-inflammatory signalling is 
regulated by multiple rather than a single FZD receptor (6). 

To investigate the pathways involved in WNT-5B stimulated cytokine 
production, we found that the production of both IL-6 and CXCL8 was 
completely inhibited following TAK1 inhibition. TAK1 can be activated by 
FZD2, as demonstrated in HEK293 cells (29). P38, JNK, NF-κB and MEK are 
downstream targets of TAK1. Of these, p38, JNK and NF-κB were significantly 
activated by WNT-5B. Inhibition of p38 reduced both the WNT-5B-induced IL-6 
and CXCL8 secretion, whereas inhibition of JNK and NF-κB signalling 
significantly reduced the CXCL8 secretion only, suggesting distinct pathways 
for WNT-5B-mediated IL-6 and CXCL8 release. 

Other studies have demonstrated similar mechanisms by which noncanonical 
WNT signalling leads to inflammation. For example, it has been demonstrated 
that WNT-5A participates in dental pulp inflammation in a MAPK-(p38, JNK 
and ERK) and NF-κB- dependent manner (30). Another study showed that 
upon WNT-5A stimulation, ERK, p38 and JNK were phosphorylated, leading to 
chemotactic migration and chemokine production in human neutrophils (16). 
Together, these studies and our present study indicate that the MAPK pathway 
and the NFκB pathway mediate noncanonical WNT signalling leading to 
inflammation in several systems.  

The present study demonstrates that WNT-5A and WNT-5B play a role in 
COPD, as shown by the increased expression of WNT-5A and the WNT-5B 
receptor FZD2 in whole lung tissue of COPD patients, and by their pro-
inflammatory effects in MRC-5 and primary fibroblasts. Notably, the pro-
inflammatory effects of WNT-5B were found to be more pronounced in 
fibroblasts from COPD patients than in controls. Recently, several studies have 
demonstrated a switch from canonical to noncanonical WNT signalling in 
several systems, including COPD. Targeting this switch in the WNT pathway 
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may represent a therapeutic target for the treatment of COPD. For example, it 
has been shown that noncanonical WNT-5A was up-regulated at early stages in 
both elastase- and cigarette smoke-induced animal models of COPD (31), which 
fits our data showing increased WNT-5A expression in whole lung tissue of 
COPD patients. In the study performed by Baarsma et al., fibroblast-derived 
WNT-5A was a negative regulator of canonical WNT signalling in alveolar 
epithelial cells, leading to an attenuated WNT-3A-induced proliferation of A549 
cells. In the same study, WNT-5A led to decreased β-catenin expression in 
primary mouse ATII cell cultures that spontaneously differentiate into ATI cells 
upon active canonical WNT/β-catenin signalling (31). The noncanonical WNT-4 
has also been associated with COPD in two separate studies, both showing 
expression in airway epithelial cells and its involvement in pro-inflammatory 
cytokine expression (18, 19). Another study showed that ageing of mouse 
hematopoietic stem cells (HSCs) was associated with a shift from canonical to 
noncanonical WNT signalling due to elevated expression of WNT-5A (32). In 
that study, WNT-5A treatment of young HSCs induced ageing whereas WNT-
5A haploinsufficiency attenuated HSC ageing, and stem-cell-intrinsic reduction 
of WNT-5A expression resulted in functionally rejuvenated aged HSCs. 
Therefore, in addition to the possible importance of a switch between canonical 
and noncanonical WNT signalling in COPD, this switch could also be a general 
mechanism involved in ageing-related diseases. 

Our results agree with previous studies showing the role of pulmonary 
fibroblasts in the dysregulated inflammatory response seen in COPD (5-10). 
Our current findings show increased inflammatory responses following WNT-
5A and WNT-5B stimulation in fibroblasts from COPD patients as compared to 
controls. In addition to their contribution to inflammatory responses, 
inflammatory mediators produced by pulmonary fibroblasts may also influence 
the functioning and remodelling of airway wall smooth muscle in the small 
airways (5). As the degree of airflow limitation in COPD is directly related to 
the degree of airway wall thickness (33), targeting the remodelling of the airway 
wall is of importance. We previously reported a role for WNT-5A in ECM 
production by airway smooth muscle (34), and for WNT-5B in ECM production 
by fibroblasts (20), demonstrating that noncanonical WNT signalling may be 
involved in airway remodelling in addition to being involved in inflammation. 
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Targeting noncanonical WNT-5B and WNT-5A signalling may therefore be of 
therapeutic relevance in treating COPD. 

It has not yet been shown whether WNT-5B is a negative regulator of canonical 
signalling in the lung. However, as WNT-5A and WNT-5B share signalling 
characteristics (35), it seems likely that WNT-5B could act in a similar way. 
Although WNT-5B expression was not increased in whole lung tissue of COPD 
patients, its expression is increased in fibroblasts of COPD patients (17). 
Moreover, in the present study we showed the increased expression of the 
WNT-5B receptor FZD2 in whole lung tissue of COPD patients, as well as an 
enhanced effect of WNT-5B on IL-6 and CXCL8 secretion in fibroblasts taken 
from COPD patients. These finding support our hypothesis that WNT-5B 
signalling may contribute to COPD, as knockdown of FZD2 in MRC-5 cells 
prevented the WNT-5B-induced inflammatory cytokine release. The available 
expression and functional data on the increase of WNT-5A, WNT-5B and FZD2 
in COPD therefore indicate enhanced activation of noncanonical WNT 
signalling in COPD.  

In conclusion, WNT-5B is able to induce the inflammatory cytokines IL-6 and 
CXCL8 via noncanonical FZD2 signalling, mediating its effect via TAK1 and 
downstream MAPK and NF-κB signalling pathways. This inflammatory 
response may be of importance in COPD and may therefore form a relevant 
therapeutic target.  
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Abstract 

Background: COPD is a chronic lung disease characterized by an abnormal 
inflammatory response and impaired alveolar repair. A defective oxidant/anti-
oxidant balance is believed to underpin both these pathological features of 
COPD. Several recent studies indicate aberrant expression of WNT ligands and 
Frizzled receptors in COPD. For example, WNT-5A/B ligand expression was 
recently found increased in lung fibroblasts of COPD patients. In the present 
work, we aimed to assess the effect of oxidative stress on WNT-5A and WNT-
5B ligand-receptor interactions and the downstream functional effects. 

Methods: Human recombinant WNT-5A and WNT-5B were exposed to 
oxidizing agents and oxidation patterns were analysed using mass 
spectrometry. To determine the impact on ligand-receptor interactions, the 
xCELLigence real-time cell analysis system was used. Functional effects of 
oxidized WNT-5B were determined in MRC-5 pulmonary fibroblasts and 
mouse lung slices.  

Results: Cysteine residues were oxidized in WNT-5B and WNT-5A upon H2O2 
treatment. MRC-5 and HBE cells showed higher cellular activation after 
treatment with oxidized WNT-5B as compared to non-oxidized WNT-5B. 
Functionally, treatment of MRC-5 cells with oxidized WNT-5B increased 
CXCL8 protein levels and decreased fibronectin protein levels as compared to 
treatment with non-oxidized WNT-5B. Furthermore, treatment of murine PCLS 
with oxidized WNT-5B decreased expression levels of the type II cell marker 
Sftpc more than treatment with non-oxidized WNT-5B. 

Conclusion: We demonstrate that oxidation of WNT-5A and WNT-5B alters 
cysteine residues within the ligands and that oxidation of WNT-5B alters 
ligand-receptor interactions. In addition, we show that oxidation of WNT-5B 
leads to enhanced inflammatory signalling whilst impairing effects on repair 
markers. These mechanisms could play an important role in COPD. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a disabling and life-
threatening disease, and the major risk factor for developing COPD is long-term 
tobacco smoke exposure (1, 2). COPD is characterized by an abnormal 
inflammatory response of the lungs to noxious particles or gases, and this 
abnormal response is associated with progressive airflow limitation. Important 
pathophysiological features that contribute to the accelerated decline of lung 
function and increased airway obstruction are inflammation, 
bronchoconstriction, an abnormal increase in air spaces (emphysema), and 
airway remodeling (3). Oxidative stress is recognized as an important driver of 
the pathogenesis of COPD (4). Currently, COPD is the fourth leading cause of 
death worldwide, and is expected to be the third leading cause of death by 2020 
(5). Available treatments can delay disease progression to some extent, but 
recovery or normalization of loss of lung function is not possible. Therefore, 
better insights into the mechanisms underlying COPD are needed to develop 
novel and more effective therapies. 

Recent studies demonstrate that noncanonical WNT signalling is altered in 
COPD at the expense of canonical WNT/β-catenin signalling. Autocrine or 
paracrine secreted WNT ligands are cysteine-rich proteins which bind to 
Frizzled (FZD) receptors via disulfide bonds and subsequently induce various 
downstream signalling pathways in the cell (6, 7). In canonical WNT/β-catenin 
signalling WNT ligands bind to FZD and lipoprotein receptor-related protein 
(LRP) cell surface receptors. After WNT-FZD binding, cytosolic β-catenin is 
stabilized and translocated to the nucleus. Following nuclear translocation, 
WNT target genes involved in tissue repair and remodelling (8) are transcribed. 
Noncanonical WNT signalling is mediated via intracellular calcium and c-Jun 
N-terminal kinase (JNK). These pathways regulate cell motility and gene 
transcription (9, 10) and antagonize canonical, β–catenin dependent gene 
transcription. Dysregulated expression of noncanonical WNT-4, WNT-5A and 
WNT-5B has been observed in COPD and is associated with increased 
inflammatory processes and impaired repair (11-15). In chapter 2 we 
demonstrated that WNT-5B induces IL-6 and CXCL8 release, and 
phosphorylates JNK and p38 proteins (14). Notably, WNT-5B-induced CXCL8 
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release was higher in pulmonary fibroblasts from COPD patients as compared 
to controls (14). 

The cysteine residues present in WNT ligands are conserved in all 19 WNTs 
(16). Cysteine residues have a thiol group in their side chain that is susceptible 
to oxidation which can result in cysteic acid formation. In the present work, we 
aimed to assess the effect of oxidative stress on WNT-5A and WNT-5B ligand-
receptor interactions and the downstream signalling functional effects. We 
hypothesized that oxidation of WNT-5A and WNT-5B ligands would alter 
ligand-receptor interaction thereby changing cellular signalling and enhancing 
inflammatory processes. Insights into these mechanisms may provide tools for 
developing novel therapies in the treatment of lung pathology such as COPD. 
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Materials and Methods 

Antibodies and reagents: Recombinant human/mouse WNT-5A and human 
WNT-5B were purchased from R&D systems (Abingdon, UK). Rabbit anti-
phospho-SAPK/JNK (Thr183/Tyr185) antibody and rabbit anti-phospho-p38 
MAPK (Thr180/Tyr182) antibodies were obtained from Cell Signalling 
Technology (Beverly, MA, USA). Mouse anti-β-actin antibody, horseradish 
peroxidase (HRP)-conjugated goat anti-mouse antibody and HRP-conjugated 
goat anti-rabbit antibody were obtained from Sigma (St. Louis, MO, USA). 
Hydrogen peroxide 30% was obtained from Merck Millipore (Billerica, 
Massachusetts, USA). Lipofectamine 2000 transfection® reagent was obtained 
from Invitrogen. Trizol reagent® was purchased from Thermo Fisher Scientific 
(Waltham, Massachusetts, USA). 

Oxidation of WNT-5A and B ligands: WNT-5A and B were dissolved in PBS + 
0.1% BSA. H2O2 was diluted in either cell culture medium or saline, depending 
on the experiment. The WNT-5A and B ligands solutions were exposed to 800 
μM H2O2 for 1 hour at room temperature prior to experiments. The solvent PBS 
+ 0.1% BSA was also exposed to 800 μM of H2O2 to serve as a control. After 
dilution in culture medium, the final concentrations of WNT-5A and B, and 
H2O2 to which the cells were exposed to were 500 ng/ml and 32 μM, 
respectively. The volumes added were the same for each experimental 
condition. 

Liquid chromatography–tandem mass spectrometry: Recombinant 
human/mouse WNT-5A and human WNT-5B, either unaltered or oxidized, 
were subjected to Liquid chromatography–tandem mass spectrometry (LC-
MS/MS) analysis. Tryptic digestions were performed at 37 °C overnight. The 
samples were acidified with 5% formic acid (FA). LC-MS/MS of the tryptic 
peptides was performed using an Ultimate 3000 HPLC system (Thermo Fisher 
Scientific) coupled online to a Q Exactive Plus mass spectrometer with a 
NanoFlex source (Thermo Fisher Scientific) equipped with a stainless steel 
emitter. Tryptic digests were loaded onto a 5 mm × 300 μm i.d. trapping 
microcolumn packed with Acclaim C18 PepMap 100 5 μm particles (Thermo) in 
0.1% FA at the flow rate of 20 μL/min. After loading and washing for 3 min, 
peptides were back-flush eluted onto a 50 cm × 75 μm i.d. nanocolumn, packed 
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with Acclaim C18 PepMap 100 2 μm particles (Thermo). A mobile phase 
gradient was delivered at the flow rate of 250 nL/min. LC-MS/MS data were 
acquired using a data-dependent top-10 method choosing the most abundant 
not-yet-sequenced precursor ions from the MS survey scans (300–1650 Th) with 
a dynamic exclusion of 20 s Peptide MS/MS spectra were obtained via 
fragmentation by high energy collisional dissociation (HCD) with a target value 
of 105 ions determined with predictive automatic gain control. Isolation of 
precursors was performed with a window of 1.6. Survey scans were acquired at 
a resolution of 70,000 at m/z 200. The resolution for HCD spectra was set to 
17,500 at m/z 200 with a maximum ion injection time of 100 ms. The normalized 
collision energy was set at 28. Furthermore, the S-lens RF level was set at 60 and 
the capillary temperature was set at 250 °C. Precursor ions with single, 
unassigned, or seven and higher charge states were excluded from 
fragmentation selection. The software PEAKS 7.5 (Bioinformatics Solutions Inc., 
Waterloo, Ontario, Canada)) was used to search the MS/MS spectra against a 
human protein database (trEmble/SwissProt entries) (Uniprot) (version 15-06-
2015, 20205 entries). Searching for the variable modifications oxidation of Cys, 
Met, Phe, Tyr, Trp, and His (+15.99 Da), dihydroxylation of Cys, Phe, Tyr, Trp, 
Lys, and Pro (+31.99 Da) and oxidation of cysteine to cysteic acid (+47.98 Da) 
was done with a maximum of 3 posttranslational modifications per peptide at a 
parent mass error tolerance of 10 ppm and a fragment mass tolerance of 0.02 
Da. False discovery rate was set at 0.1% at the peptide level. Oxidation patterns 
of amino acid residues were analysed individually for the type and frequency 
of oxidative modification. 

Cell culture: MRC-5 human lung fibroblasts (17) (ATCC CCL 171) were 
cultured in Ham’s F12 medium supplemented with 10% (v/v) fetal bovine 
serum (FBS), 2 mM L-glutamine, 100 mg/l streptomycin, 1.4 μg/ml 
Amphotericin B and 100 U/ml penicillin. Unless otherwise specified, for each 
experiment cells were grown to confluence and subsequently culture medium 
was substituted with Ham’s F12 medium supplemented with 0.5% (v/v) FBS, 2 
mM L-glutamine, 0.1 mg/ml streptomycin, 1.4 μg/ml Amphotericin B and 100 
U/ml penicillin for a period of 24 hours. Human bronchial epithelial cells (HBE) 
(ATCC CRL-2741) were cultured in fibronectin/collagen-coated plastic tissue 
culture plates or flasks in MEM medium supplemented with 10% (v/v) FBS, 2 
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mM L-glutamine, 1.4 μg/ml amphotericin B, 100 U/ml penicillin, 100 μg/ml 
streptomycin and 45 μg/ml gentamycin. MRC-5 and HBE Cells were stimulated 
for different time-points with recombinant human/mouse WNT-5A or human 
WNT-5B (either unaltered or oxidized). According to the manufacturer 
(R&Dsystems), the EC50 for recombinant WNT-5A should be in the range of 
100-500 ng/ml whereas that of WNT5B should be in the range of 30-150 ng/ml. 
In that respect, the concentrations that we chose (500 ng/ml) are in the EC50 to 
submaximal range.  

FZD2 DNA plasmid transfection: HBE cells were grown to ~90% confluence in 
fibronectin/collagen-coated 6-well plates and transiently transfected with 
plasmid DNA specific for the human FZD2 receptor. Cells were transfected in 
serum-free MEM medium without any supplements using 200 pmol of DNA in 
combination with Lipofectamine 2000 transfection® reagent. Control 
transfections were performed using a Lipofectamine 2000 transfection® reagent 
alone. After 6 hours of transfection, the medium was changed to MEM 
supplemented with 10% FBS, L-glutamine and antibiotics. Cells were incubated 
overnight followed by a culture period of 48 hours. Medium was then refreshed 
before cells were used for experimentation. 

xCELLigence real-time cell analysis: Stimulus-induced intracellular biomass 
redistribution in a cell layer alters the impedance value of that cell layer, which 
can be studied using the xCELLigence® system (ACEA Biosciences, San Diego, 
CA, USA). The impedance value is measured real-time in living cells by an 
electronic sensor coupled to the bottom of cell-covered wells of gold-coated E-
plates (ACEA Biosciences, San Diego, CA, USA). In this system, a change in 
impedance value reflects activation of ligand-receptor complexes (18). 

MRC-5 cells, or HBE cells transfected with either FZD2 plasmid DNA or 
Lipofectamine 2000 transfection® reagent alone were seeded in 96-well E-plates 
at 100.000 cells/well density. Changes in impedance were measured and 
converted to the relative and dimensionless cell index (CI) using the Real-Time 
Cell Analyzer software (Roche Applied Science; ACEA Biosciences). Following 
24 hours, the medium was refreshed, and CI was measured every 15 seconds. 
After signal stabilization, 500 ng/ml of WNT-5B, 500 ng/ml of oxidized WNT-5B 
and oxidized PBS/0.1% BSA were added and cell-index changes were measured 
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in real-time every 15 seconds. The volumes added were the same for each 
experimental condition. The ΔCI was determined by subtracting the lowest CI 
value following treatment from the normalized CI value just before treatment 

ELISA: Confluent MRC-5 cells were washed twice with warm (37°C) Hank’s 
balanced salt solution (HBSS; composition (mg/l): KCl 400, KH2PO4 60, NaCl 
8000, NaHCO3 350, Na2HPO4.1H2O 50, glucose 1000; pH 7.4) followed by a 
period of 24 h in Ham’s F12 supplemented with 0.5% FBS, L-glutamine and 
antibiotics. Consecutively, medium was refreshed and cells were stimulated 
with recombinant WNT-5A or WNT-5B (unaltered or oxidized, 500 ng/ml). Cell 
supernatants were harvested 24h after stimulation and stored at -20°C until 
assayed for IL-6 or CXCL8. Cytokine levels were determined by specific ELISA 
according to the manufacturer’s instructions (Sanquin, Amsterdam, the 
Netherlands). 

Preparation of cell lysates: Cells were lysed in ice-cold sodium dodecylsulphate 
(SDS) buffer (composition: 62.5 mM Tris, 2% w/v SDS, 1 mM NaF, 1 mM 
Na3VO4, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 7 μg/ml pepstatin A, pH 6.8). 
Viscosity of lysates was reduced by using 0.66 mm needles and protein 
concentration was determined using Pierce® protein determination according to 
the manufacturer’s instructions. Lysates were stored at -20°C till further use. 

Western Blot analysis: Equal amounts of protein (10–20 μg/lane) were loaded 
onto polyacrylamide gels and subjected to electrophoresis, transferred to 
nitrocellulose membranes and analysed for the proteins of interest using 
specific primary and horseradish peroxidase (HRP)-conjugated secondary 
antibodies. Subsequently, bands were recorded in the G:BOX iChemi gel 
documentation system equipped with GeneSnap image acquisition software 
(Syngene; Cambridge; UK) by using enhanced chemiluminescence reagents. 
Band intensities were quantified by densitometry using ImageJ software 
(https://imagej.net/Downloads) (19). 

mRNA isolation and real-time PCR: Total RNA from MRC-5 and HBE cells was 
extracted using Trizol reagent® (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. Total RNA was extracted from PCLS by automated 
purification using the Maxwell 16 instrument and the corresponding Maxwell 
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16 LEV simply RNA tissue kit (Promega, Madison, USA) as per the 
manufacturer’s instructions. Equal amounts of total RNA (1 μg) were then 
reverse transcribed using the Reverse Transcription System (Promega, Madison, 
USA). 1 μl of 1:3 diluted cDNA was subjected to real-time PCR, which was 
performed with the Illumina Eco Personal QPCR System (Westburg, Leusden, 
the Netherlands) using FastStart Universal SYBR Green Master (Rox) from 
Roche Applied Science (Mannheim, Germany). Real-time PCR was performed 
with denaturation at 95°C for 30 seconds, annealing at 59°C for 30 seconds and 
extension at 72°C for 30 seconds for 40 cycles followed by 5 minutes at 72°C. 
Analysis of RT-PCR data was performed using LinRegPCR analysis software 
(20, 21). Primer sets used to analyse gene expression are shown in Table 1. 

Table 1. Primers used for RT-PCR analysis. 

mRNA Primer 

Mouse B2m Fwd 5’-ACCGTCTACTGGGATCGAGA-3’ 
Rev 5’-TGCTATTTCTTTCTGCGTGCAT-3’ 

Mouse Rpl13a Fwd 5’-AGAAGCAGATCTTGAGGTTACGG-3’ 
Rev 5’-GTTCACACCAGGAGTCCGTT-3’ 

Mouse Aqp5 Fwd 5’-CTTGTGGGGATCTACTTCACCG-3’ 
Rev 5’-AAGTAGAGGATTGCAGCCAGG-3’ 

Mouse T1α Fwd 5’-TCACCCCAATAGAGATGGCTTG-3’ 
Rev 5’-GGGCAAGTTGGAAGCTCTCTT-3’ 

Mouse Rage Fwd 5’-CACAGGCTCTGTGGGTGAG-3’ 
Rev 5’-TTCAGCTCTGCACGTTCCTC-3’ 

Mouse Con43 Fwd 5’-TCCTTTTCCTTTGACTTCAGCCTC-3’ 
Rev 5’-TCTGAAAATGAAGAGCACCGACA-3’ 

Mouse Sftpc Fwd 5’-GGAGCACCGGAAACTCAGAA-3’ 
Rev 5’-GGAGCCGCTGGTAGTCATAC-3’ 

Human FZD2  Fwd 5'-CCCGACTTCACGGTCTACAT-3' 
Rev 5'-CTGTTGGTGAGGCGAGTGTA-3' 

Human Fn Fwd 5’- TCGAGGAGGAAATTCCAATG-3’ 
Rev 5’- ACACACGTGCACCTCATCAT-3’ 

Human sm-α-actin Fwd 5’- GACCCTGAAGTACCCGATAGAAC-3’ 
Rev 5’- GGGCAACACGAAGCTCATTG-3’ 

Human Xbp1 Fwd 5’- TCCCCCTTTTTGGCATCCTG-3’ 
Rev 5’- AGGTGTTCCCGTTGCTTACA-3’ 

Human 18s (rRNA) Fwd 5’-CGCCGCTAGAGGTGAAATTC-3’ 
Rev 5’-TTGGCAAATGCTTTCGCTC-3’ 
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Animals: C57bl/6J male and female mice (weight 23–41 g; age 12-40 weeks) 
were purchased from Innoser (Lelystad, The Netherlands). Animals were 
maintained on mouse chow and tap water ad libitum in a humidity- and 
temperature-controlled room at 24 °C with a 12 h light/dark cycle. All 
experiments were performed according to the national guidelines and upon 
approval of the experimental procedures by the local Animal Care and Use 
committee of the University of Groningen, DEC number 6815A.  

Precision-cut lung slices: Precision-cut lung slices were prepared as described 
previously (22). Animals were euthanized by subcutaneous injection with 
ketamine (40 mg/kg, Alfasan, Woerden, The Netherlands) and 
dexmedetomidine (0.5 mg/kg, Orion Pharma, Mechelen, Belgium). 
Subsequently, the trachea was cannulated, and the animal was ex-sanguinated 
via the aorta abdominalis. Lungs were filled through the cannula with a low 
melting-point agarose solution (1.5% final concentration (Gerbu Biotechnik 
GmbH, Wieblingen, Germany) in CaCl2 (0.9 mM), MgSO4 (0.4 mM), KCl (2.7 
mM), NaCl (58.2 mM), NaH2PO4 (0.6 mM), glucose (8.4 mM), NaHCO3 (13 mM), 
HEPES (12.6 mM), sodium pyruvate (0.5 mM), glutamine (1 mM), MEM-amino 
acids mixture (1:50), and MEM-vitamins mixture (1:100), pH = 7.2). 
Subsequently, lungs were placed on ice for 15 min, in order to solidify the 
agarose for slicing. The lobes were separated and tissue cores were prepared of 
the individual lobes, after which the lobes were sliced at a thickness of 250 μm. 
Slicing was performed in medium composed of CaCl2 (1.8 mM), MgSO4 (0.8 
mM), KCl (5.4 mM), NaCl (116.4 mM), NaH2PO4 (1.2 mM), glucose (16.7 mM), 
NaHCO3 (26.1 mM), HEPES (25.2 mM), pH =7.2, using a tissue slicer 
(CompresstomeTM VF- 300 microtome, Precisionary Instruments, San Jose CA, 
USA). Tissue slices were incubated at 37 °C in a humid atmosphere under 5% 
CO2/95% air. Slices were washed every 30 min (four times in total). PCLS were 
incubated in DMEM supplemented with sodium pyruvate (1 mM), MEM non-
essential amino acid mixture (1:100; Gibco® by Life Technologies), gentamycin 
(45 μg/ml; Gibco® by Life Technologies), penicillin (100 U/ml), streptomycin 
(100 μg/ml) and amphotericin B (1.5 μg/ml; Gibco® by Life Technologies). Slices 
were cultured at 37 °C in a humidified atmosphere under 5% CO2/95% air in 12-
well tissue culture plates, using 3-4 slices per well. Following overnight 
incubation, slices were stimulated with recombinant WNT-5B (unaltered or 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 91PDF page: 91PDF page: 91PDF page: 91

Oxidation of cysteine residues in WNT-5A/B ligands  
modifies functional signalling properties 

91 

oxidized, 500 ng/ml) for 24 hours after which the slices were collected. Previous 
work from our lab (unpublished) demonstrated that mouse lung slice viability 
is preserved after 72 hours of culturing, as mitochondrial activity did not 
change. This indicates that the lung slice is viable for at least three days. Our 
experiments were all performed within 56 h after sacrifice.  

Data analysis (statistics): Values reported for all data are represented as mean ± 
SEM. The statistical significance of differences between means was determined 
on log transformed data by Student’s t-test, repeated measures ANOVA, or by 
2-way ANOVA, followed by a Bonferroni correction where appropriate. 
Differences were considered to be statistically significant when p<0.05. 
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Results 

Cysteine residues in WNT-5A and B are oxidized after exposure to H2O2 

Our first aim was to determine whether oxidative stress is capable of altering 
cysteine residues within WNT-5A and B ligands. Therefore, we exposed 100 ng 
of recombinant WNT-5A and B to 800 μM H2O2 diluted in saline or to saline 
alone for 1 hour at room temperature. After 1 hour, the samples were submitted 
to tryptic digestion and LC-MS/MS analysis. LC-MS/MS analysis showed 
oxidation of cysteines in WNT-5B WNT-5A, upon H2O2 treatment (Figure 1). 
Confidence of a modification assignment was determined by PEAKS. High 
confidence is indicated by a letter indicating the type of modification, and the 
residue number above the sequence. Low confidence of modification is 
indicated when the letter and residue number are below the amino acid in the 
peptide sequence. Blue lines indicate confidently identified peptides, grey lines 
low confidence peptides. In both basal and oxidized conditions, methionine 
oxidation was observed in WNT-5A and B recombinant protein. In contrast, 
cysteine residue oxidation was H2O2-treatment specific. In WNT-5A 
recombinant protein, cysteine residues on position 83 and 104 (the second and 
third cysteine residues) were oxidized to cysteic acid following exposure to 
H2O2, whereas in WNT-5B recombinant protein, cysteine residues on positions 
62, 83, and 161 were oxidized to cysteic acid (the second, third and eighth 
cysteine residues). Not all cysteine residues were covered by peptides detected 
in LC-MS/MS, but in the H2O2 treated WNT-5A and WNT-5b samples, all 
cysteines were oxidized to cysteic acids except Cys182 in WNT-5A. As previous 
work by our lab demonstrates that WNT-5B has more pronounced effects on 
inflammatory signalling in MRC-5 cells than WNT-5A (chapter 2) (14), we 
chose to perform further experiments with WNT-5B only. 

 

Figure 1. Specific cysteine residues in WNT-5A and B are oxidized after exposure to 
H2O2. Recombinant WNT-5B and WNT-5A protein was oxidized by pre-treatment with H2O2 

after which oxidation patterns were analysed using LC-MS/MS. When an oxidative modification 
was found to be confident, the symbol correspondent to the type of oxidation appears on top of the 
amino acid. When the oxidative modification was found to be less reliable, it only appears below 
the amino acid in the peptide sequence. Blue lines indicate confidently identified peptides, grey 
lines low confidence peptides identified by de novo sequencing. Peptide and modification 
identification were done with PEAKS software.  
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Oxidized WNT-5B enhances cellular activation as compared to non-oxidized WNT-5B  

Next, we aimed to investigate whether oxidation of WNT-5B would alter 
cellular activation. MRC-5 cells were treated with WNT-5B, oxidized WNT-5B, 
PBS + 0.1% BSA, or oxidized PBS + 0.1% BSA, and ligand-receptor interaction 
was assessed using the xCELLigence real-time cell analysis system. The cell 
index, reflecting cellular activation, was measured real-time while performing 
the above-mentioned stimulations. The ΔCI was determined by subtracting the 
lowest CI value following treatment from the normalized CI value just before 
treatment. Real-time impedance measurement in MRC-5 showed higher cellular 
activation following treatment with oxidized WNT-5B as compared to non-
oxidized WNT-5B, as reflected by a higher ΔCI (Figure 2A). To confirm that the 
observed response was specific for oxidized WNT-5B, the vehicle of WNT-5B 
(PBS + 0.1% BSA) was also exposed to 800 μM of H2O2 to serve as a control. This 
oxidized vehicle, hereafter called oxidized PBS, did not have an effect on 
cellular activation (Figure 2A). However, as the observed ΔCI values were very 
small, we aimed to enhance the signal by inducing overexpression of the FZD2 
receptor. The FZD2 receptor was chosen because previous work of our lab 
shows that FZD2 mediates WNT-5B-induced CXCL-8 release (chapter 2) (14). 
Following transfection MRC-5 cells showed detachment from the xCELLigence 
E-plate surface and cellular activation could not be measured. Therefore, we 
used HBE cells for this experiment instead, as these cells showed better 
attachment than MRC-5 cells on xCELLigence E-plates. Transfection of HBE 
cells with FZD2 DNA plasmid significantly increased transcripts to 400 % of 
baseline expression (Figure 2B). The seeding density was optimized by visual 
evaluation of HBE cells’ confluence after 24 h of seeding. Figure 2C shows an 
example of a raw data trace of real-time impedance measurement. The ΔCI was 
determined by subtracting the lowest CI value following treatment from the 
normalized CI value just before treatment. Real-time impedance measurement 
in HBE showed higher cellular activation after treatment with oxidized WNT-
5B as compared to non-oxidized WNT-5B, as reflected by a higher ΔCI (Figure 
2C-D). Oxidized PBS did not have a significant effect on cellular activation 
(Figure 2C-D). The ΔCI is highest following stimulation with oxidized WNT-5B, 
demonstrating increased cellular activation (Figure 2C-D).  

  



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 95PDF page: 95PDF page: 95PDF page: 95

Oxidation of cysteine residues in WNT-5A/B ligands  
modifies functional signalling properties 

95 

Figure 2. Oxidized WNT-5B enhances cellular activation. Cellular activation mediated by 
WNT-5B and oxidized WNT-5B in MRC-5 cells (A) or HBE cells overexpressing FZD2 (C,D) 
was assessed by impedance measurement using xCELLigence® system. Changes in impedance 
were measured and converted to CI. (B) Transfection of HBE cells with FZD2 DNA plasmid 
significantly increased transcripts to 400 % of baseline expression. (C) The ΔCI was determined 
by subtracting the normalized CI value just before ligands addition and its lowest value after the 
signal dropped, before the signal started rising again. The statistical significance of differences 
between means was determined on log-transformed data by two-way ANOVA (A,D) or Student’s 
t-test followed by a Bonferroni correction. Data represent mean ± SEM, *p<0.05 compared to 
basal control. 
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Oxidized WNT-5B decreases fibronectin while increasing IL-6 and CXCL8 protein 
expression  

Previously our lab demonstrated that WNT-5B induces IL-6 and CXCL8 release, 
phosphorylates JNK and p38 proteins (chapter 2), and increases fibronectin and 
α-sm-actin protein expression in MRC-5 cells (14, 23). In addition, WNT-5B-
induced CXCL8 release was higher in pulmonary fibroblasts from COPD 
patients as compared to controls (14). Therefore, to further investigate the 
differential effect of oxidized WNT-5B on MRC-5 cells, we focused on the 
above-mentioned proteins. Stimulation of MRC-5 cells with WNT-5B or 
oxidized WNT-5B increased fibronectin and sm-α-actin gene expression to a 
similar degree (Figure 3A-B). Oxidized PBS did not have an effect on 
fibronectin or sm-α-actin gene expression (Figure 3A-B). WNT-5B increased 
both fibronectin and sm-α-actin protein expression, while oxidized WNT-5B 
only increased sm-α-actin significantly (Figure 3C-D). Oxidized PBS did not 
affect fibronectin protein expression, whereas sm-α-actin protein expression 
was increased although not significantly (Figure 3C-D).  

In addition, IL-6 and CXCL8 protein levels were enhanced dependent on the 
concentration of H2O2 to which WNT-5B was pre-exposed. Stimulation of MRC-
5 cells with WNT-5B increased IL-6 and CXLC8 protein levels (Figure 4A-B), in 
accordance with our previous findings (chapter 2) (14). Notably, pre-treatment 
of WNT-5B with H2O2 increased IL-6 and CXL8 levels even further in a clear 
H2O2 concentration dependent manner (Figure 4A-B). Oxidized PBS did not 
increase IL-6 or CXCL8 protein levels (Figure 4C). As oxidation of proteins 
could lead to an Unfolded Protein Response (UPR), we investigated whether 
oxidation of WNT-5B led to altered Xbp1 gene expression. Pre-exposure of 
WNT-5B to different concentrations of H2O2 did not change Xbp1 gene 
expression (Figure 4D). To confirm that the increase in CXCL8 is specifically 
caused by the pre-oxidation of WNT-5B, an experiment was performed in 
which WNT-5B was not pre-exposed to H2O2. Instead, WNT-5B and H2O2 were 
added simultaneously to the MRC-5 cells. In this experiment, the concentration 
of H2O2 on the cells (32 μM) was the same as the final H2O2 concentration on the 
cells caused by adding the pre-oxidized WNT-5B/H2O2 mixture. When WNT-5B 
and H2O2 were added simultaneously, CXCL8 was not increased any further as 
compared to WNT-5B alone (Figure 4E).  
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Figure 3. Effects of oxidized WNT-5B on fibronectin and sm-α-actin protein expression. 
MRC-5 cells were treated with WNT-5B,oxidized WNT-5B, PBS + 0.1 % BSA, or oxidized PBS 
for 24 hours after which protein and mRNA expression levels of fibronectin (A,C) and sm-α-actin 
(B,D) were assessed. The statistical significance of differences between means was determined on 
log-transformed data by two-way ANOVA followed by a Bonferroni multiple testing correction. 
Data represent mean ± SEM, *p<0.05 compared to basal control. 
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Figure 4. Oxidized WNT-5B increases IL-6 and CXCL8 protein secretion. MRC-5 cells 
were treated with WNT-5B or oxidized WNT-5B (pre-exposed to 800 μM H2O2) for 24 hours 
after which protein secretion of CXCL8 (A) and IL-6 (B), and mRNA expression levels of Xbp1 
(D) were measured. (C) Oxidized PBS (pre-exposed to 800 μM H2O2) did not affect IL-6 and 
CXCL8 protein secretion. (D) In addition, MRC-5 cells were treated with WNT-5B and H2O2 
simultaneously after which CXCL8 protein secretion was assessed. The statistical significance of 
differences between means was determined on log-transformed data by repeated measures 
ANOVA (A,C) or two-way ANOVA (B,D) followed by Bonferonni testing. Data represent mean 
± SEM, *p<0.05 compared to basal control, #p<0.05 compared to WNT-5B. 
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Oxidized WNT-5B decreases type II cell marker expression in mouse lung slices 

Finally, we investigated whether oxidized WNT-5B would alter markers of 
alveolar epithelial Type I and II cells in lung slices. Type I epithelial alveolar 
cells are responsible for the maintenance of the alveolar structure and gas 
diffusion toward the alveolar capillaries. Type II epithelial cells are the main 
source of surfactant proteins, in addition to being the progenitor cells of Type I 
cells. Both cell types are crucial for maintaining alveolar tissue integrity, and the 
loss of these cells has a direct effect on the whole parenchyma (24). To 
investigate the alveolar epithelial repair marker expression after WNT-5B or 
oxidized WNT-5B treatment, several markers were chosen: T1α and Aqp5 
(specific for alveolar Type I cells), Con43 and Rage (both alveolar Type I cell 
associated), and Sftpc (specific for alveolar Type II cells) (25, 26). Following 
treatment with oxidized WNT-5B, PCLS showed decreased Sftpc gene 
expression as compared to basal, whereas non-oxidized WNT-5B did not 
induce a significant decrease (Figure 5A). Oxidized WNT-5B also decreased the 
expression of Aqp5, Con43 and RAGE compared to non-oxidized WNT-5B, but 
this was not significant (Figure 5B-D). Expression of T1α was not affected by 
any of the treatments (Figure 5E). 
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Figure 5 Oxidized WNT-5B decreases alveolar marker expression levels in lung slices. 
PCLS were treated with WNT-5B or oxidized WNT-5B for 24 hours after which mRNA 
expression levels of alveolar Type I and Type II cells levels were determined. The statistical 
significance of differences between means was determined on log-transformed data by two-way 
ANOVA followed by a Bonferroni correction. Data represent mean ± SEM, *p<0.05 compared to 
basal control. 
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Figure S1. WNT-5B and oxidized WNT-5B increase p38 phosphorylation. MRC-5 cells 
were treated with WNT-5B or oxidized WNT-5B for 30 minutes after which phosphorylation 
levels of p38 were determined. The statistical significance of differences between means was 
determined on log-transformed data by two-way ANOVA followed by a Bonferroni correction. 
Data represent mean ± SEM, *p<0.05 compared to basal control. 
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Discussion 

Our aim was to assess the effect of oxidative stress on WNT-5A and WNT-5B 
ligand-receptor interactions and the downstream signalling. WNT-5A and 
WNT-5B were oxidized and oxidation patterns were analysed using mass 
spectrometry. Upon H2O2 treatment, we show that cysteine residues are 
oxidized in WNT-5B and WNT-5A ligands. xCELLigence real-time cell analysis 
demonstrated that MRC-5 and HBE cells show higher cellular activation after 
treatment with oxidized WNT-5B as compared to non-oxidized WNT-5B. 
Furthermore, treatment of MRC-5 cells with oxidized WNT-5B increased IL-6 
and CXCL8 and decreased fibronectin as compared to treatment with non-
oxidized WNT-5B. Finally, treatment of murine PCLS with oxidized WNT-5B 
decreased alveolar Type II marker expression of Sftpc compared to basal 
whereas non-oxidized WNT-5B was not sufficient to induce this decrease. To 
our knowledge, this is the first study demonstrating that oxidation of WNT-5B 
directly alters ligand-receptor interaction and downstream signalling. Our 
findings implicate that oxidation of WNT-5B leads to enhanced inflammatory 
signalling and less repair. We speculate that these mechanisms could contribute 
to the inflammation and lack of tissue repair seen in COPD, as COPD is 
characterized by both oxidative stress and increased WNT-5B expression levels. 

We observed that WNT-5B and WNT-5A, ligands are sensitive to cysteine 
residue oxidation, as cysteines are oxidized following H2O2 treatment. In both 
basal and oxidized conditions, methionine oxidation was observed in WNT-5A 
and B recombinant protein. This methionine oxidation was most likely an 
artefact of sample preparation and therefore not a reliable indicator of oxidation 
by H2O2 treatment. In contrast to methionine oxidation, cysteine residue 
oxidation was H2O2-treatment specific and reproducible. A limitation to our 
study however is that only a certain number of peptide fragments of WNT-5A 
and WNT-5B could be detected by mass spectrometry. The samples were not 
reduced with dithiotreitol (DTT) prior to LC-MS/MS analysis. As the samples 
were not reduced, disulfide bonds remain intact. Crosslinked peptides are hard 
to detect with LC-MS/MS, which could explain why only certain peptide 
fragments were observed.  
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Most WNT proteins, including WNT-5A and WNT-5B, contain 24 conserved 
cysteines apart from Wnt1, Wnt8, and Xwnt8 which have 22 cysteines and do 
not have the two extra cysteines at the amino terminus. In both WNT-5A and 
WNT-5B the second (amino acid position 83 and 62, respectively) and third 
(amino acid position 84 and 83, respectively) cysteines were oxidized to cysteic 
acid. In addition, in WNT-5B the eighth cysteine residue was oxidized. Notably, 
the second cysteine residue is highly conserved among human WNT ligands 
whereas the third and eighth cysteine residues are identical among human 
WNT ligands and Xenopus Wnt8 (XWnt8) (16). In addition, in Xwnt8 the 22 
cysteine residues form 11 disulfide bonds in a pattern that is most likely the 
same among WNT proteins, as the partial structure of a highly divergent 
Drosophila WntD showed high similarity (27). As the cysteine residues and their 
pattern are highly conserved among WNT ligands across species, it is possible 
to speculate on the location and role of oxidized cysteine residues observed in 
this study based on findings in other WNT ligands. Recently, XWnt8 was 
purified as a complex with mouse Frizzled-8 (Fz8) cysteine-rich domain (CRD) 
(28). In this XWnt8-Fz8-CRD complex XWnt8 grasps Fz8-CRD with two specific 
protein folds. These proteins folds are the “thumb” (an N-terminal α-helical 
domain (NTD) from residues ~32-250) and the “index” (a C-terminal cysteine-
rich domain (CTD) from residues 261 to 338) finger (28). This specific WNT-
FZD interaction via a thumb and index finger was confirmed in different study 
as well using a functional assay with mouse Wnt3a and Fz8 (29). Based on the 
known crystal structure of XWnt8, the modified cysteine residues in WNT-5A 
and WNT-5B are all within the thumb region and are most likely part of 
disulfide bonds. The thumb region is crucial for WNT-FZD receptor interaction, 
as is demonstrated by the finding that mutations in the thumb region of Wnt3a 
are incompatible with secretion and/or activity of Wnt3a (16). Interestingly, 
missense mutations in the first and second cysteine residue of WNT-5A 
resulting in reduced activity of WNT-5A are associated with the skeletal 
dysplasia disease Robinow syndrome.(30, 31). This finding stresses the 
importance of the thumb region in WNT-FZD signalling.  

Recently it was demonstrated that the protease Tiki1 antagonizes WNT 
signalling by inducing Wnt3a oxidation (32). Tiki1 is a transmembrane protein 
that is expressed specifically in the dorsal Spemann-Mangold Organizer and is 
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required for head formation in Xenopus embryos. Tiki1 cleavage of eight amino 
terminal residues of Wnt3a results in oxidation and oligomerization through 
inter-Wnt disulfide bond formation. This oxidation and oligomerization results 
in inactivation of Wnt3a-mediated signalling, as Wnt3a oligomers fail to bind to 
their receptors (32). In addition, Notum, a secreted Wnt antagonist that belongs 
to the α/β hydrolase superfamily, hydrolyzes the Wnt palmitoleoylate adduct 
extracellularly, resulting in inactivated Wnt proteins that form oxidized 
oligomers incapable of receptor binding (33). The above-mentioned studies all 
show loss-of-function following WNT ligand oxidation, whereas our results 
imply gain-of-function following oxidation as reflected by the observed 
increased cellular activation and inflammatory response. This difference 
between the present study and the other studies may be explained by the 
manner of oxidation. Cysteine residue mutation-induced oxidation or Tiki1 and 
Notum-induced oxidation of WNT ligands show oxidation properties under 
intrinsic redox potential circumstances. Under these basal redox potential 
circumstances, disulfide bond formation is possible. For example, removal of 
the N-terminus by Tiki1 might expose a buried and reduced cysteine, which 
could then form intermolecular disulfide bonds (cystines) with other WNTs, 
resulting in WNT oligomers (34). In the present study however, H2O2 was 
added to the WNT ligands, which likely created a higher oxidation capacity. 
This higher oxidation capacity may have been the cause for the formation of 
cysteic acid instead of cystines. It may be that the formation of cysteic acid does 
not induce oligomerization, which could explain why in the present study 
oxidized WNTs remain active. It would be interesting to study how intact 
protein distribution changes upon oxidation (i.e. introduction of the WNT 
ligand into MS without trypsin digestion) to determine whether 
oligomerization occurs following oxidation or not. It could be possible that the 
endogenous oxidation capacity is not strong enough to induce cysteic acid 
formation. In addition, the probable sulfenic and sulfinic acid intermediates are 
reactive and may get modified before there is a chance to form cysteic acid. 
With an excess of H2O2, cysteic acid formation more likely. Exogenous sources 
of oxidative stress such as cigarette smoke exposure likely enhance the 
oxidation capacity, possibly inducing cysteic acid formation. This remains to be 
elucidated. Taken together, it is highly likely that the observed oxidation of the 
cysteine residues in WNT-5A and WNT-5B leads to a structural change of the 
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WNT ligand and altered interaction with the FZD receptor. This hypothesis is 
supported by the finding that oxidized WNT-5B induced higher cellular 
activation of both MRC-5 and HBE cells, which reflects altered ligand-receptor 
interaction.  

In an investigation of whether oxidation of WNT-5B would also affect 
downstream signalling in MRC-5 cells, we found that oxidized WNT-5B 
enhanced IL-6 and CXCL8. As WNT-5B-induced CXCL8 release is mediated via 
p38 (chapter 2) (14), we were interested whether oxidized WNT-5B would affect 
phosphorylation levels of p38 as well. WNT-5B and oxidized WNT-5B 
increased phosphorylated p38 protein levels to a similar extent (Figure S1). The 
observed lack of an additional effect of oxidized WNT-5B on p38 
phosphorylation could be due to the measured time point 30 minutes following 
stimulation. It is possible that oxidized WNT-5B does show additional p38 
phosphorylation at different time points. Alternatively, other proteins than p38 
may be involved in the oxidized WNT-5B-induced inflammatory response. 
Indeed, previous work by our lab demonstrates that WNT-5B-induced CXCL8 
release is also TAK1, JNK and IKK dependent (chapter 2) (14). These proteins 
may also play a role in the oxidized WNT-5B-mediated inflammatory response. 
Therefore, further research is needed to determine the signalling mechanisms 
which underlie oxidized WNT-5B-mediated IL-6 and CXCL8 release. 
Importantly, when WNT-5B and H2O2 were added simultaneously, CXCL8 was 
not increased as compared to WNT-5B alone. This finding confirms that the 
additional increase in CXCL8 is specifically caused by the pre-oxidation of 
WNT-5B. In addition, the level of CXCL8 release depended on concentration of 
H2O2 to which WNT-5B was exposed, whereas oxidation of WNT-5B did not 
change Xbp1 gene expression levels. This indicates that the UPR was not 
involved in oxidized WNT-5B-induced CXCL8 release.  

COPD is a life-threatening and incurable disease characterized by an 
accelerated decline of lung function. High levels of oxidative stress contribute to 
the disease pathogenesis of COPD. We speculate that the oxidation-induced 
signalling switch demonstrated in the present study is important for COPD, 
which is characterized by enhanced inflammation, impaired tissue repair (3, 
35), and dysregulated WNT-5B expression. CXCL8 concentrations are increased 
in induced sputum of patients with COPD and these concentrations are further 
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increased during exacerbations (36, 37). In addition, fibroblasts from patients 
with COPD demonstrate reduced capability to sustain tissue repair (38, 39). 
WNT-5B protein expression is significantly higher in the airway epithelium 
from smokers with COPD than non-smokers as well as control smokers (13). In 
addition, that study shows that WNT-5B protein expression levels do not differ 
between non-smokers and control smokers. This indicates that the higher WNT-
5B expression in COPD is not smoking, but disease-related (13). Furthermore, 
WNT-5B regulates fibroblast activation and CXCL8 release via noncanonical 
signalling (14, 23). In addition, WNT-5B-induced CXCL8 secretion is higher in 
fibroblasts from COPD patients as compared to controls (chapter 2) (14). Our 
findings indicate that oxidation of WNT-5B alters downstream signalling in 
MRC-5 cells, favoring an inflammatory phenotype.  

COPD is also characterized by a loss of Type I and II cells and therefore a loss of 
structure integrity (35), which is correlated with an impaired lung function (40, 
41). Interestingly, oxidized WNT-5B decreased alveolar marker gene expression 
in murine PCLS more than non-oxidized WNT-5B, confirming our hypothesis 
that oxidation of WNT-5B impairs reparative signalling. Specifically, oxidized 
WNT-5B decreased gene expression of the alveolar Type II marker Sftpc. 
Oxidized WNT-5B also tended to decrease gene expression of the alveolar Type 
I markers Con43 and Rage and of the alveolar Type I and II marker Aqp5, 
although this was not significant when compared to non-oxidized WNT-5B. 
These results indicate that oxidation of WNT-5B negatively affects alveolar 
Type I and II cells, with Type II cells being the most affected. Type II cells are 
secretory cells which release components of surfactant and ECM (42), and the 
extracellular antioxidants Gpx3 and Sod3 (43-45). Previous work from our lab 
demonstrates that even high concentrations of H2O2 (200 μM) do not decrease 
gene expression of Sftpc in PCLS, which is most likely explained by the 
antioxidant properties of Type II cells (chapter 4) (46). Interestingly, the 
findings presented here demonstrate that oxidative stress can still affect Type II 
cells by altering WNT-5B proteins directly and thereby altering signalling. In 
summary, oxidation of WNT-5B leads to decreased gene expression of alveolar 
Type I and II markers, implying injury to these cells. 

Taken together, the findings presented here demonstrate that oxidation of 
WNT-5A and WNT-5B alters cysteine residues within the ligands and that 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 107PDF page: 107PDF page: 107PDF page: 107

Oxidation of cysteine residues in WNT-5A/B ligands  
modifies functional signalling properties 

107 

oxidation of WNT-5B alters ligand-receptor interactions. Furthermore, 
treatment with oxidized WNT-5B increases IL-6 and CXCL8 in MRC-5 cells, and 
reduces alveolar Type I and II gene expression levels in murine PCLS. These 
results indicate that oxidation of WNT-5B leads to enhanced inflammatory 
signalling and less repair. These mechanisms could play an important role in 
COPD, as COPD is characterized by enhanced inflammation, impaired repair, 
high oxidative stress levels and increased WNT-5B expression levels. It might 
be possible that part of the pulmonary inflammation seen in COPD is caused by 
the specific interaction between high levels of oxidative stress and noncanonical 
WNT signalling. Future studies should focus on a better structural 
characterization of oxidized WNTs and their functional effects, as 
understanding these mechanisms may generate new insights leading the way to 
novel therapies in the treatment of COPD.  
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Abstract 

Background: COPD is a progressive lung disease characterized by emphysema 
and enhanced bronchoconstriction. Current treatments focused on 
bronchodilation can delay disease progression to some extent, but recovery or 
normalization of loss of lung function is impossible. Therefore, novel 
therapeutic targets are needed. The importance of the parenchyma in airway 
narrowing is increasingly recognized. In COPD, the parenchyma and 
extracellular matrix are altered, possibly affecting airway mechanics and 
enhancing bronchoconstriction. Our aim was to set up a comprehensive ex vivo 
Precision Cut Lung Slice model with a pathophysiology resembling that of 
COPD and integrate multiple readouts in order to study the relationship 
between parenchyma, airway functionality, and lung repair processes 

Methods: Lungs of C57Bl/6J mice were sliced and treated ex vivo with elastase 
(2.5 μg/ml) or H2O2 (200 μM) for 16 hours. Following treatment, parenchymal 
structure, airway narrowing, and gene expression levels of alveolar Type I and 
II cell repair were assessed.  

Results: Following elastase, but not H2O2 treatment, slices showed a significant 
increase in mean linear intercept (Lmi), reflective of emphysema. Only elastase-
treated slices showed disorganization of elastin and collagen fibers. In addition, 
elastase treatment lowered both alveolar Type I and II marker expression, 
whereas H2O2 stimulation lowered alveolar Type I marker expression only. 
Furthermore, elastase-treated slices showed enhanced methacholine-induced 
airway narrowing as reflected by increased pEC50 (5.87 at basal vs 6.50 after 
elastase treatment) and Emax values (47.96 vs 67.30 % ), and impaired 
chloroquine-induced airway opening. The increase in pEC50 correlated with an 
increase in mean Lmi.  
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Conclusion: Using this model, we show that structural disruption of elastin 
fibers leads to impaired alveolar repair, disruption of the parenchymal 
compartment and altered airway biomechanics, enhancing airway contraction. 
This finding may have implications for COPD, as the amount of elastin fiber 
and parenchymal tissue disruption is associated with disease severity. 
Therefore, we suggest that PCLS can be used to model certain aspects of COPD 
pathophysiology and that the parenchymal tissue damage observed in COPD 
contributes to lung function decline by disrupting airway biomechanics. 
Targeting the parenchymal compartment may therefore be a promising 
therapeutic target in the treatment of COPD. 

Keywords:  

airway mechanics, extracellular matrix, chronic obstructive pulmonary disease 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a disabling disease and life-
threatening. COPD is characterized by an abnormal inflammatory response of 
the lungs to noxious particles or gases, and this abnormal response is associated 
with progressive airflow limitation. Long-term exposure to cigarette smoke is a 
major risk factor for the development of COPD (1, 2). Major pathophysiological 
characteristics that enhance the decline of lung function and contribute to 
airway obstruction are inflammation, airway wall remodelling, 
bronchoconstriction, mucus hypersecretion, high levels of oxidative stress, and 
an abnormal increase in air spaces (emphysema) (3, 4).Worldwide, COPD is the 
fourth leading cause of death. By 2020 it expected to be the third leading cause 
of death(5). Available treatments can delay disease progression to some extent, 
but recovery or normalization of loss of lung function is not possible. 
Bronchodilators are currently the golden standard for COPD treatment as they 
reduce bronchoconstriction and airflow obstruction by inducing airway smooth 
muscle (ASM) relaxation. However, even the most recent combination therapies 
of long-acting β2 agonists and long-acting anticholinergics have a limited effect 
on improving lung function since they improve trough FEV1 by a range of 
~150-200 mL only (6, 7). Although this improvement is clinically significant, 
clearly other factors than the ASM contribute to the decline of lung function in 
COPD.  

The parenchyma around the airways is known to have an important role in 
airway narrowing (8). The alveolar tissue is defined by the parenchyma and it 
consists of a large proportion of the extracellular matrix (ECM) and interstitial 
cells. The parenchymal compartment is connected to the airways via 
parenchymal tethers. These tethers transmit forces to the airways, linking chest 
movements during inspiration to airway opening (9-11). The parenchymal 
mechanical and structural properties therefore have a major impact on airway 
mechanics. In healthy lung tissue, the parenchyma maintains the elastic recoil 
which counteracts airway narrowing. Parenchymal tethers on the outside of an 
airway transmit trans-pulmonary pressure to the airway wall, thereby opposing 
the shortening of the airway smooth muscle (12). As a result, parenchymal 
tethering supports the relaxant effect of deep inspiration and reduces 
bronchoconstriction (13). Changes of parenchymal properties are therefore 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 117PDF page: 117PDF page: 117PDF page: 117

Elastase-induced parenchymal disruption and airway hyper responsiveness in mouse 
precision cut lung slices: toward an ex vivo COPD model 

117 

likely to affect airway narrowing (8). In COPD, the parenchyma and ECM are 
altered, leading to a loss of elastic recoil (8, 14). These alterations, caused by the 
presence of elastolytic enzymes and oxidative stress, lead to damage of the 
parenchyma and ECM (4, 15). Therefore, the increased levels elastolytic 
enzymes and oxidative likely affect airway mechanics in COPD and enhance 
bronchoconstriction. In order to have a better understanding of enhanced 
airway narrowing in COPD, it is therefore important to investigate the role of 
the parenchymal compartment. This role is especially interesting in mild or 
moderate COPD, as changes in the parenchymal compartment are not very 
profound yet in this stage, and possibly still reversible. In order to develop a 
therapeutic approach to restore parenchymal properties and possibly reduce 
airway narrowing in COPD, a model in which the underlying pathological 
processes can be investigated is needed. A previous study by Khan et al. 
demonstrated that ex vivo elastase treatment of mouse lung slices enhanced the 
velocity of acetylcholine-induced contraction, while the velocity of relaxation 
was significantly suppressed (16). These results indicate that parenchymal 
damage may indeed enhance airway narrowing.  

In the present work, we aimed to expand this model by studying the impact of 
low level elastase and oxidative stress exposure on airway narrowing and 
relaxation in relation to parenchymal and ECM structure, and (in)activation of 
alveolar epithelial repair. We used an ex vivo Precision Cut Lung Slice (PCLS) 
model to mimic these aspects of COPD pathophysiology. PCLS, unlike isolated 
airway rings, have the advantage that the attachments between the small 
airways and the surrounding parenchyma remain intact during preparation. 
Therefore, PCLS are suitable to study the relationship between parenchymal 
structure and airway function. In addition, the benefit of such an ex vivo model 
is that it enables all the experimental conditions to be performed within the 
same animal and thus helps limit the number of animals needed and their 
discomfort as compared to an in vivo approach. We hypothesized that ex vivo 
treatment of lung slices with elastase or H2O2 would damage the parenchyma 
and therefore enhance bronchoconstriction. 
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Materials and Methods 

Antibodies and reagents: Methacholine (MCh) was obtained from ICN 
Biomedicals (Zoetermeer, the Netherlands). Alexa Fluor® 488 Phalloidin was 
purchased from Life technologies. Mouse anti-E-cadherin was obtained from 
BD Biosciences (Bedford, MA, USA), and Cy3-conjugated secondary antibody 
was purchased from Jackson ImmunoResearch (West Grove PA, USA). Elastase 
from porcine pancreas Type IV and chloroquine were received from Sigma-
Aldrich (Zwijndrecht, The Netherlands).  

Animals: C57bl/6 male and female mice (weight 23–41 g; age 12-40 weeks) were 
obtained from Innoser (Lelystad, The Netherlands). Animals were maintained 
on mouse chow and tap water ad libitum in a humidity- and temperature-
controlled room at 24 °C with a 12 h light/dark cycle. All experiments were 
performed according to the national guidelines and upon approval of the 
experimental procedures by the local Animal Care and Use committee of 
Groningen University, DEC number 6815A.  

Precision-cut lung slices: Precision-cut lung slices were prepared as described 
previously (17). Animals were euthanized by subcutaneous injection with 
ketamine (40 mg/kg, Alfasan, Woerden, The Netherlands) and dexdomitor (0.5 
mg/kg, Orion Pharma, Mechelen, Belgium). Following euthanization, the 
trachea was cannulated, and the animal was ex-sanguinated via the aorta 
abdominalis. Subsequently, the lungs were inflated through the cannula with a 
low melting-point agarose solution (1,5% final concentration (Gerbu Biotechnik 
GmbH, Wieblingen, Germany) in CaCl2 (0.9 mM), MgSO4 (0.4 mM), KCl (2.7 
mM), NaCl (58.2 mM), NaH2PO4 (0.6 mM), glucose (8.4 mM), NaHCO3 (13 mM), 
HEPES (12.6 mM), sodium pyruvate (0.5 mM), glutamine (1 mM), MEM-amino 
acids mixture (1:50), and MEM-vitamins mixture (1:100), pH = 7.2). Following 
inflation, lungs were placed on ice for 15 min, so that the agarose could solidify 
for slicing. Next, the lungs were separated into individual lobes. These lobes 
were used to prepare tissue cores, after which the lobes were sliced at a 
thickness of 250 μm, which was the same for all further experimental 
procedures. Slicing was performed in medium composed of CaCl2 (1.8 mM), 
MgSO4 (0.8 mM), KCl (5.4 mM), NaCl (116.4 mM), NaH2PO4 (1.2 mM), glucose 
(16.7 mM), NaHCO3 (26.1 mM), HEPES (25.2 mM), pH =7.2, using a tissue slicer 
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(CompresstomeTM VF- 300 microtome, Precisionary Instruments, San Jose CA, 
USA). Lung slices were incubated in a humid atmosphere under 5% CO2/95% 
air at 37 °C. Every 30 min slices were washed (four times in total). PCLS were 
incubated in DMEM supplemented with sodium pyruvate (1 mM), MEM non-
essential amino acid mixture (1:100; Gibco® by Life Technologies), gentamycin 
(45 μg/ml; Gibco® by Life Technologies), penicillin (100 U/ml), streptomycin 
(100 μg/ml) and amphotericin B (1.5 μg/ml; Gibco® by Life Technologies). Slices 
were cultured at 37 °C in a humidified atmosphere under 5% CO2/95% air in 12-
well tissue culture plates, using 3-4 slices per well. Matched slices from the 
same mouse were treated with elastase (0-2.5 μg/ml, Sigma Aldrich) or H2O2 (0-
800 μM, Merck) for 16 h. Following treatment, slices were washed twice with 
medium and incubated for another 24 hours after which the slices were 
collected. Previous work from our lab (unpublished) demonstrated that mouse 
lung slice viability is preserved after 72 hours of culturing, as mitochondrial 
activity did not change. This indicates that the lung slice is viable for at least 
three days. Our experiments were all performed within 56 h after sacrifice.  

mRNA isolation and real-time PCR: Total RNA was extracted from PCLS by 
using the Maxwell 16 instrument and corresponding Maxwell 16 LEV simply 
RNA tissue kit (Promega, Madison, USA) for automated purification according 
to manufacturer’s instructions. The Reverse Transcription System (Promega, 
Madison, USA) was used to reverse transcribe equal amounts of total RNA (1 
μg). cDNA was diluted 4 times after which 1 μl was subjected to real-time PCR 
This was done with the Illumina Eco Personal QPCR System (Westburg, 
Leusden, the Netherlands) using FastStart Universal SYBR Green Master (Rox) 
from Roche Applied Science (Mannheim, Germany). Real-time PCR was 
performed with denaturation at 95°C for 30 seconds, annealing at 59°C for 30 
seconds and extension at 72°C for 30 seconds for 40 cycles followed by 5 
minutes at 72°C. The amount of target gene was normalized to the endogenous 
reference genes β-2 microglobulin (B2M) and ribosomal protein L13A (RPL13). 
Genetic markers in treated or untreated slices from the same mouse were 
incubated in parallel for a similar time interval and were compared and 
expressed as percent basal. Analysis of RT-PCR data was performed using 
LinRegPCR analysis software (18, 19). Primer sets used to analyse gene 
expression are shown in Table 1.  
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Table 1. Primers used for RT-PCR analysis. 

 

Tissue staining and confocal laser scanning microscopy to visualize 
parenchymal cells: To visualize the parenchyma of the PCLS, slices were 
stained for F-actin and E-cadherin. PCLS were fixed for 15 min at 4°C in 
cytoskeletal buffer (CB) (10 mM Tris base, 150 mM NaCl, 5 mM EGTA, 5 mM 
MgCl2 and 5 mM glucose at pH 6.1) containing 3% paraformaldehyde (PFA). 
PCLS were then permeabilized by incubation for 5 min at 4°C in CB containing 
3 % PFA and 0.3% Triton X-100. Subsequently, PCLS were washed twice with 
4°C CB. For immunofluorescence microscopy, fixed PCLS were first blocked for 
1 hour at room temperature in Cyto-TBS buffer (200 mM Tris base, 154 mM 
NaCl, 20 mM EGTA and 20 mM MgCl2 at pH 7.2) containing 1% bovine serum 
albumin and 2% normal donkey serum. PCLS were incubated with primary 
antibody (E-Cadherin, 1:100, BD biosciences) overnight at 4 °C in Cyto-TBS 
containing 0.1% Tween 20 (Cyto-TBST). The next day, PCLS were incubated 
with Alexa Fluor® 488 Phalloidin (1:100, Life technologies) and Cy3-conjugated 
secondary antibody (1:50, Jackson ImmunoResearch) for 2 h at room 
temperature in Cyto-TBST containing 1 % BSA. Between incubation steps slices 
were washed with Cyto-TBST. Following staining, coverslips were mounted 
using ProLong Gold antifade reagent (Invitrogen). Fluorescence was 
determined with a confocal laser scanning microscope (CLSM) equipped with 

mRNA Primer 

Mouse B2m Fwd 5’-ACCGTCTACTGGGATCGAGA-3’ 
Rev 5’-TGCTATTTCTTTCTGCGTGCAT-3’ 

Mouse Rpl13a Fwd 5’-AGAAGCAGATCTTGAGGTTACGG-3’ 
Rev 5’-GTTCACACCAGGAGTCCGTT-3’ 

Mouse Aqp5 Fwd 5’-CTTGTGGGGATCTACTTCACCG-3’ 
Rev 5’-AAGTAGAGGATTGCAGCCAGG-3’ 

Mouse T1α Fwd 5’-TCACCCCAATAGAGATGGCTTG-3’ 
Rev 5’-GGGCAAGTTGGAAGCTCTCTT-3’ 

Mouse Rage Fwd 5’-CACAGGCTCTGTGGGTGAG-3’ 
Rev 5’-TTCAGCTCTGCACGTTCCTC-3’ 

Mouse Con43 Fwd 5’-TCCTTTTCCTTTGACTTCAGCCTC-3’ 
Rev 5’-TCTGAAAATGAAGAGCACCGACA-3’ 

Mouse Sftpc Fwd 5’-GGAGCACCGGAAACTCAGAA-3’ 
Rev 5’-GGAGCCGCTGGTAGTCATAC-3’ 
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true confocal scanner (TCS; SP8 Leica, Heidelberg, Germany), using a 200x lens. 
To avoid bleed through, sequential scans were performed. AlexaFluor488 was 
excited using the 488 nm blue laser line, and Cy™3 was excited using the 552 
nm green laser line. All images were recorded in the linear range, at an image 
resolution of 1024x1024 pixels and with a pinhole size of 1 Airy unit, while 
avoiding local saturation. The images presented here show a single z-scan. 
ImageJ 1.48d was used to further process images (20). 

2-photon imaging and autofluorescence to visualize the ECM: 2-Photon and 
multiphoton excitation fluorescence (MPEF) imaging were used to visualize 
collagen and elastin polymers, respectively, as described previously (21). 
Following stimulation with either elastase or H2O2, PCLS were washed twice 
with PBS and directly mounted on coverslips. Under excitation at 820 nm, the 
collagen bundles naturally emitted a second harmonic generation signal 
collected around 410 nm. Elastin was visualized by using its endogenous 
fluorescence. Images from elastin were generated by using infrared laser 
(excitation wavelength 880 nm). The measured broadband emission spectrum 
ranged from 455 to 650 nm with a peak at ~500 nm. 

Mean linear intercept (Lmi): To assess emphysema in the PCLS, the mean linear 
intercept (Lmi) was determined as a measure of mean distance of free airspace, 
as described previously (22). Following staining with Alexa Fluor® 488 
Phalloidin (1:100, Life technologies) the alveolar structure was visualized by 
confocal microscopy (magnification 200x). Two fields per animal were used to 
determine Lmi. As the lungs were filled with agarose under a varying pressure, 
Lmi differs between animals due to the experimental protocol. However, in this 
PCLS model animals served as their own control as all experimental conditions 
were performed within the same animal. Hence, the treatment effect on Lmi 
was normalized (percent basal) within the animal, and these normalized values 
were compared between animals. Therefore, the variance in Lmi caused by the 
experimental protocol was excluded.  

Airway narrowing studies: Airway narrowing studies were performed within 
the same mouse on untreated slices and on slices treated with elastase (2.5 
μg/ml) or H2O2 (200 μM). Dose response curves for MCh (10-9M – 10-3M) were 
recorded, after which the airways were dilated using the bitter taste receptor 
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agonist chloroquine (10-3M, Sigma-Aldrich). A nylon mesh and metal washer 
were used to fixate the lung slice, as described previously (23). Lung slice 
images were captured in time-lapse (1 frame per 2 seconds) using a microscope 
(Eclipse, TS100; Nikon). To quantify airway luminal area, image acquisition 
software (NIS-elements; Nikon) was used. Luminal area is expressed as percent 
basal. 

Data analysis (statistics): Values reported for all data are represented as mean ± 
SEM. The statistical significance of differences between means was determined 
on log transformed data by Student’s t-test or one-way ANOVA, followed by a 
Bonferroni correction where appropriate. Log-transformation was performed 
prior to the statistic calculations when data were normalized to percentage of 
baseline. While such normalization can be useful to demonstrate an effect of 
treatment relative to control, it distorts Gaussian distribution of data. Log 
transformation of is then necessary to re-obtain Gaussian distribution and 
parametric testing is in such cases allowed. Differences were considered to be 
statistically significant when p<0.05. 
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Results 

Elastase, but not H2O2 treatment disrupts the parenchyma 

Our first aim was to create tissue damage in the PCLS resembling the tissue 
damage seen in COPD. Therefore, we first investigated whether elastase and 
H2O2 were able to induce parenchymal tissue damage. PCLS were treated with 
increasing concentrations of elastase (0, 0.16, 0.31, 0.63, 1.25, and 2.5 μg/ml) and 
H2O2 (0, 50, 100, 200, 400, 800 μM) and ECM and alveolar epithelial markers 
were assessed. Based on these initial results (data not shown due to a low n), 2.5 
μg/ml elastase and 200 μM of H2O2 were chosen for all the following 
experiments. Following elastase treatment gene expression levels of Sftpc 
decreased (moderately), with little difference between the dosage used. The 
effect of elastase treatment on ECM marker gene expression levels was rather 
variable. Confocal images of the parenchymal structure demonstrated that only 
the highest dose of 2.5 μg/ml elastase enhanced Lmi. Based on these 
observations, we chose to work with 2.5 μg/ml elastase in further experiments. 
H2O2 treatment induced small increases or decreases of Sftpc and ECM markers, 
depending on the concentration. The highest decrease in Sftpc and ECM 
markers was observed at the highest dose of 800 μM. However, at this dose we 
observed visually that the PCLS were very fragile and too disintegrated to use. 
Therefore, the effect of H2O2 800 μM treatment on Sftpc and ECM gene 
expression levels is more likely to reflect general cell death than a specific effect 
of H2O2. Based on these findings we chose to work with 200 μM H2O2, as these 
slices showed only small decreases in Sftpc and ECM gene expression levels 
and were still intact. To assess emphysema in the PCLS, the Lmi was 
determined as a measure of mean distance of free airspace. Following elastase, 
but not H2O2 stimulation, the mean free distance in air spaces was increased as 
compared to basal (set at 100%) as reflected by an enhanced Lmi (elastase 120.6 
% (p=0.04) and H2O2 111.9 % (p=0.76)) (Figure 1 A-C). 2-Photon and MPEF 
imaging of elastase-treated slices showed a disrupted elastin and collagen fiber 
organization, whereas H2O2-treated slices did not show this effect. Under basal 
conditions, both elastin and collagen fibers were clearly present. The elastin 
fibers had a straight appearance whereas the collagen fibers were coiled. 
(Figure 2 A-B). Under elastase, but not under H2O2, conditions, the elastin fibers 
were absent whereas the collagen fibers became more stretched (Figure 2 C-F).  
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Elastase and treatment decreases gene expression levels of alveolar Type I and II cell 
markers 

To further investigate the parenchymal damage induced by elastase and H2O2, 

markers of alveolar epithelial Type I and II cells were assessed: T1α and Aqp5 
(specific for alveolar Type I cells), Con43 and Rage (both alveolar Type I cell 
associated), and Sftpc (specific for alveolar Type II cells) (24, 25). In our model, 
the structural damage caused by elastase was associated with a specific 
decrease in expression of alveolar type I and II markers. Following elastase (2.5 
μg/ml) stimulation for 16 hours, gene expression levels of Aqp5, Rage and 
Sftpc, but not Con43 or T1α, were decreased (Figure 3A). H2O2 treatment (200 
μM) for 16 hours decreased gene expression levels of Rage, Con43, and T1α, but 
not of Aqp5 or Sftpc (Figure 3B). Taken together, this shows that in addition to 
disrupting the parenchymal matrix, elastase, but not H2O2, decreases gene 
expression levels of alveolar Type II markers. 

Elastase, but not H2O2 treatment enhances airway narrowing  

Our second aim was to study the relationship between the parenchyma and 
airway functionality. Therefore, we investigated the effect of elastase and H2O2 
treatment on MCh-induced airway narrowing. Elastase enhanced MCh-induced 
airway narrowing as shown by a significant increase in pEC50 (5.87 vs 6.50, 
p<0.001), and increased Emax (47.96 vs 67.30 % contraction), although not 
significantly (Figure 4A). H2O2 did not change pEC50 (5.87 vs 6.08), nor Emax 
(47.96 vs 58.82 % contraction (Figure 4B). Interestingly, when values for all 
conditions were combined, we found pEC50 correlated with Lmi, whereas 
Emax did not (Figure 5 A-B). Subsequent to maximal methacholine-induced 
airway narrowing, we applied chloroquine as a relaxant to induce airway re-
opening. Chloroquine was chosen for this purpose as β2-agonists failed to do so 
in these murine peripheral airways (not shown). Airways in slices treated with 
elastase did not fully return to their original size after chloroquine-induced 
relaxation, in contrast to slices treated with H2O2 (Figure 6). Taken together, 
these findings indicate that elastase, but not H2O2 treatment enhances airway 
narrowing in PCLS and limits airway re-opening to its original size.  
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Figure 1. Elastase, but not H2O2 treatment increases Lmi. PCLS were exposed to elastase 
(2.5 μg/ml, n=6) or H2O2 (200 μM, n=5) for 16 hours. After stimulation, slices were washed 
twice with medium and incubated for 24 hours in medium. (A) Following incubation, slices were 
stained for F-actin filaments (green) and E-cadherin (red) and Lmi was assessed as % basal. (B-C) 
Lmi following treatments shown in μm. The statistical significance of differences between means 
was determined on log transformed data by Student’s t-test (A) or by Student’s t-test (B-C). Data 
represent mean±SEM, *p<0.05 compared to basal control. 

  



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 126PDF page: 126PDF page: 126PDF page: 126

 
Chapter Four 

126 

 

Figure 2. Elastase, but not H2O2 treatment disrupts the structural organization of 
elastin and collagen. PCLS were exposed to elastase (2.5 μg/ml) or H2O2 (200 μM) for 16 
hours. After stimulation, slices were washed twice with medium and incubated for 24 hours in 
medium. 2-Photon and multiphoton excitation fluorescence (MPEF) imaging were used to 
visualize collagen and elastin polymers. Following elastase (A), but not H2O2 (B), elastin and 
collagen showed a disrupted fiber organization. 
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Figure 3. Elastase and H2O2 treatment alter mRNA expression levels of alveolar makers. 
PCLS were exposed to elastase (2.5 μg/ml, n=9) or H2O2 (200 μM, n=14) for 16 hours. After 
stimulation, slices were washed twice with medium and incubated for 24 hours in medium. The 
statistical significance of differences between means was determined on log transformed data by 
Student’s t-test followed by a Bonferroni correction 

 

 

Figure 4. Elastase, but not H2O2 treatment enhances MCh-induced airway narrowing. 
PCLS were exposed to elastase (2.5 μg/ml, n=10) or H2O2 (200 μM, n=10) for 16 hours. After 
stimulation, slices were washed twice with medium and incubated for 24 hours in medium. 
Following incubation, MCh-induced airway narrowing was assessed. Lung slice images were 
captured in time-lapse (1 frame per 2 seconds) using an inverted phase contrast microscope 
(Eclipse, TS100; Nikon). Airway luminal area was quantified using image acquisition software 
(NIS-elements; Nikon), and expressed as percent basal. (A) MCh-induced airway narrowing 
following elastase treatment. (B) MCh-induced airway narrowing following H2O2 treament. The 
statistical significance of differences between means was determined on log transformed data by 
one-way ANOVA followed by Bonferonni testing. Data represent mean±SEM, *p<0.05 compared 
to basal control. 
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Figure 5. An increased pEC50 value correlates with an increased Lmi. (A) Lmi (μm) and 
pEC50 values for all conditions were combined. It was found that an increased pEC50 value 
correlates with an increased Lmi (R2=0.2838, p<0.05). (B) Emax values did not correlate with 
Lmi. 

 

Figure 6. Elastase, but not H2O2 treatment impairs chloroquine-induced airway opening. 
PCLS were exposed to elastase (2.5 μg/ml, n=8) or H2O2 (200 μM, n=8) for 16 hours. After 
stimulation, slices were washed twice with medium and incubated for 24 hours in medium. 
Following incubation, airway narrowing was induced by an increasing dose of MCh. 
Subsequently, airway relaxation was induced with chloroquine. Elastase, but not H2O2 treatment, 
impaired chloroquine-induced relaxation of contracted airways. The statistical significance of 
differences between means was determined on log transformed data by Student’s t-test. Data 
represent mean±SEM, *p<0.05 compared to basal control.  
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Discussion 

COPD is characterized by progressive airflow limitation, and it is increasingly 
recognized that the parenchymal compartment may play an important role in 
airway narrowing. Our aim was to set up an ex vivo Precision Cut Lung Slice 
(PCLS) model mimicking structural abnormalities that resemble COPD and to 
integrate multiple readouts in order to study their inter-relationship. Tissue 
damage was established in the PCLS with either elastase or H2O2. We show that 
ex vivo elastase, but not H2O2, treatment leads to disruption of the parenchymal 
compartment and to enhanced MCh-induced airway narrowing. Elastase-
induced damage was reflected by an increased Lmi and a disorganization of 
elastin and collagen fibers. The structural damage caused by elastase was 
associated with a specific decrease in both alveolar Type I and II markers 
(Aqp5, Rage and Sftpc) mRNA expression. H2O2 treatment decreased gene 
expression levels of alveolar Type I cells (Rage, Con43, and T1α) only. As COPD 
is characterized by both alveolar Type I and II injury, this result indicates that in 
the PCLS, elastase treatment better reproduces tissue damage seen in COPD 
than H2O2 treatment.  

We observed a clear relationship between lung structure and airway function. 
This was demonstrated by the finding that elastase treatment enhanced MCh-
induced airway narrowing as reflected by an increased pEC50 and Emax values 
as compared to control slices. However, a limitation of the PCLS model when 
studying lung structure and airway biomechanics is the lack of pre-strain or 
cyclic stretching due to tidal breathing. The relative distribution of forces within 
the lung has been proposed as a main player in tissue destruction, and hence is 
a key contributor to disease development (10, 26, 27). In vivo pre-strain and 
cyclic stretching are likely able to enhance tissue degradation and are therefore 
likely to influence lung tissue biomechanics. This should be taken into 
consideration when interpreting the findings of the presented ex vivo PCLS 
model. The enhanced airway narrowing observed in our model is unlikely due 
to a direct effect of elastase on smooth muscle α-actin or the M3 receptor, as 
elastase did not increase their gene expression levels (data not shown). In 
addition, an increased pEC50 value correlated with an increased Lmi. 
Furthermore, elastase treatment impaired chloroquine-induced airway re-
opening.. Interestingly, it has been shown that in untreated mouse PCLS, 
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chloroquine, but not the β2-agonist salbutamol, is able to maintain efficacy with 
increasing contraction (28). Therefore, whereas β2-agonists are sensitive to 
functional antagonism (29), this is not the case for chloroquine. This indicates 
that the impaired chloroquine-induced relaxation following elastase treatment 
is more likely explained by as loss of elastic recoil due to the absence of 
functional elastin fibers than by functional antagonism. The complete airway re-
opening with choloroquine in H2O2 treated slices supports this. A previous 
study by Khan et al. demonstrated that ex vivo elastase treatment of mouse 
lung slices enhanced the velocity of acetylcholine-induced contraction while the 
velocity of relaxation was significantly suppressed (16). In their study, airway 
narrowing studies using acetylcholine (ACh) were performed directly after 16 
hour elastase incubation period. The finding by Khan et al. that elastase 
enhances contraction velocity is similar to our observation that elastase 
enhances airway narrowing after 16 hour incubation and additional 24 hour 
washout period. Although unquantified, Khan et al. observed rupture of the 
parenchymal tethering to the airway at the peak of contraction following 
elastase treatment. These results fit with our data showing that increased Lmi 
correlates with increased pEC50 values, and implies that structural damage is 
the cause of enhanced airway narrowing at both the 16 hour and 40 hour time 
point. Furthermore, in another study Kahn et al. demonstrated that 16 hour 
treatment of PCLS with collagenase increased velocity of ACh-induced airway 
contraction to a similar extent as elastase, whereas relaxation velocities were 
affected to a lesser extent (30). Together, the findings in the studies by Kahn et 
al. and the present study indicate that parenchymal damage indeed enhances 
airway narrowing, and that PCLS are a suitable model to study this interaction.  

In contrast to elastase, H2O2 did not alter Lmi, the pEC50 value or chloroquine-
induced airway opening. Collectively, the above-mentioned results show that 
elastase, and to a lesser extent H2O2, treatment of PCLS induces tissue damage 
similar to hallmarks of COPD. In addition, these results indicate that 
parenchymal disruption is linked to an increased sensitivity of the airways to 
MCh-induced contraction, whereas the maximal contraction is affected by other 
processes than parenchymal disruption alone. The observation that H2O2-
treatment did not alter the parenchymal ECM structure or airway narrowing 
confirms our hypothesis that structural disruption of the parenchyma is 
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necessary for altering airway biomechanics. In addition, these results suggest 
that alveolar Type I cell damage is not immediately involved in altering 
biomechanics of the airways as H2O2 lowered expression levels of alveolar Type 
I markers without affecting airway narrowing. This indicates that damage to 
the matrix and the parenchyma are primarily responsible. This finding may 
have implications for COPD, as the amount of parenchymal tissue disruption is 
associated with the severity of COPD (8, 31).  

The differential effect of elastase and H2O2 treatment on the parenchyma and 
thus airway narrowing might be explained by how these compounds exert their 
actions. Elastase directly digests elastin whereas H2O2 exerts its effects via 
intracellular signalling pathways and oxidative modification of structural 
proteins and lipids. It is possible that longer H2O2 stimulation could have 
produced structural effects, explaining the small effect of oxidative stress on the 
Lmi. In our model, we applied the stimulation for 16 hours and a subsequent 
wash-out for 24 hours before performing the experiments. The wash-out of 24 
hours was chosen in order to have a therapeutic time-window for future 
applications of the model as a tool for efficacy monitoring of experimental 
treatments. A limitation to our model is the period the slices are viable. In 
previous experiments (data not shown) we demonstrated that airway 
contractility in PCLS is optimal between 16 and 52 hours after slicing. For this 
reason, and because we wished to maintain the wash-out period of 24 hours, we 
did not attempt to stimulate the PCLS with H2O2 for a longer time period.  

In addition to having differential effects on the parenchyma, H2O2 and elastase 
also affected gene expression levels of alveolar Type I and II markers 
differentially. Type I cells maintain the alveolar structure and gas diffusion 
toward the alveolar capillaries. Type II cells are the main source of surfactant 
proteins, in addition to being the progenitor cells of Type I cells. Both cell types 
are crucial for maintaining alveolar tissue integrity, and the loss of these cells 
has a direct effect on the whole parenchyma (32). COPD is characterized by a 
loss of alveolar epithelial type I and II cells and hence alveolar structure 
integrity (33). To investigate the alveolar epithelial repair marker expression 
after elastase or H2O2 treatment, several markers were chosen: T1α and Aqp5 
(specific for alveolar Type I cells), Con43 and Rage (both alveolar Type I cell 
associated), and Sftpc (specific for alveolar Type II cells) (24, 25). Some of these 
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markers such as Aqp5 and Sftpc are decreased in COPD, and this decrease is 
correlated with a lower lung function (34, 35). Following injury of alveolar 
epithelial cells, the level of expression of alveolar markers may change because 
of an altered regulation or because of the death of cells expressing the marker. 
Although both treatments caused a decrease in the mRNA expression levels of 
alveolar type I markers (Rage, Con43, T1α), only elastase treatment reduced the 
alveolar Type II marker Sftpc. Alveolar Type II cells are secretory cells, which 
release components of surfactant and ECM (36). In addition, they also release 
the extracellular antioxidants Gpx3 and Sod3 (37-39). H2O2 may not alter Sftpc 
gene expression levels because of the antioxidant properties of the alveolar 
Type II cells, thereby explaining the different effect of elastase and H2O2 on 
alveolar maker expression levels. A limitation of this study is that we did not 
assess PCLS reactivity directly following 16 hours of treatment. Hence, we 
cannot exclude the possibility that H2O2 had an effect on gene expression levels 
at this earlier time point that was lost following 24 hours incubation. However, 
as we aim to use this model for monitoring experimental treatments in the 
future we are interested in creating a model with stable parenchymal 
disruption. The effect of elastase on expression levels of alveolar Type I and II 
markers may be explained via several mechanisms. First, elastase-induced 
elastin fragments are known chemokines for macrophages in an adult murine 
model of emphysema, and elastin fragments can impair alveologenesis (40, 41). 
Second, mechanical stimuli are well-known to affect proliferation and 
differentiation of stem cells (42). As elastase disrupts the parenchyma, it 
reorganizes the distribution of mechanical forces within the tissue and may 
therefore affect the differentiation of alveolar Type II cells. Together, these 
mechanisms could explain how elastase is capable of affecting alveolar marker 
expression levels. Collectively, the above-mentioned results indicate that 
elastase-treated PCLS serve as a better model to study the specific relationship 
between parenchymal disruption and airway narrowing than H2O2-treated 
PCLS.  

COPD is a progressive disease, and currently no treatment is capable of 
stopping or reversing the progression of lung decline. Novel therapeutic targets 
are clearly needed, and the parenchyma is a good candidate. Recently, there has 
been increasing recognition of the potential importance of the parenchymal 
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compartment and its role in lung tissue mechanics in many lung diseases, 
including COPD (8, 10). In COPD, the parenchyma and ECM are altered (8, 14). 
The most abundant changes in the ECM are reductions in the expression or 
functional organization of elastin fiber, leading to a loss of elastic recoil. 
Alterations in elastin expression are already present in mild to moderate COPD, 
and seen in both airways and alveoli of COPD patients (43). Furthermore, this 
reduction in elastin expression seems to be similar in mild to moderate and 
severe COPD (14). Interestingly, alveolar wall elastin fiber structure is altered in 
patients with severe COPD. Compared to healthy subjects, elastin fibers from 
COPD patients are significantly less densely packed, unraveled and loose (31). 
This indicates that, even though elastin expression is similar in both mild to 
moderate and severe COPD, the disruption of the structural organization of 
elastin might contribute to the continuous decline of elastic recoil observed in 
small airways and parenchyma of patients with COPD (8). The same appears to 
be the case for collagen in COPD. Studies about the total expression levels of 
collagen in COPD are inconsistent, but it has been observed that collagen fibers 
are more disorganized in severe COPD as compared to mild to moderate COPD 
(44). Furthermore, recent studies demonstrate that expression of genes 
associated with elastogenesis is altered in COPD (45, 46). Among the most 
upregulated genes were fibulin-5 (FBLN5), elastin (ELN), latent transforming 
growth factor β binding protein 2 (LTBP2) and microfibrillar associated protein 
4 (MFAP4), which are all implicated in elastogenesis. In addition to elevated 
gene expression levels of FBLN5 this study demonstrated that cleaved, possibly 
non-functional FBLN5 protein was present in COPD lung tissue, indicating an 
impaired repair response. Targeting these elastogenesis pathways in COPD 
may therefore represent a novel therapeutic target.  

Disorganization of elastin and a changed organization of collagen fibers were 
also observed in our PCLS model following treatment with elastase, 
demonstrating that elastase treatment mimics the damage seen in COPD lung 
tissue. Under basal conditions, both elastin and collagen fibers were present. 
Following elastase treatment, the elastin fibers were lost and the collagen fibers 
became more stretched. The importance of ECM fiber structure is demonstrated 
by the finding that tissue strips from elastase-treated mice failed at ~50 % less 
stress than control animals, even though the treated animals had a 50 % 
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increase in total collagen content of the lung (47). These results agree with our 
finding that collagen fibers become more stretched following elastase treatment; 
if collagen is already stretched maximally, it will break at a lower deformation 
compared to control. Moreover, due to structural remodeling, the yield stress 
(breaking point) of collagen is lower in the emphysematous lung (9). A lower 
yield stress of collagen also means a lower resistance to airway contraction, 
explaining why structural remodeling of collagen can lead to an enhanced 
airway narrowing, even though total collagen expression levels are increased 
and Lmi is unchanged. Taken together, these reported findings show that the 
ECM in the airway and parenchymal compartments of COPD patients is altered 
as compared to non-COPD controls. One of the most evident alterations is the 
changed expression level and disorganization of elastin and collagen fibers. In 
our PCLS model, elastase treatment increased the Lmi, disrupted the fiber 
organization of elastin and collagen, and enhanced methacholine-induced 
airway narrowing as reflected by an increased pEC50 value. Importantly, 
increased Lmi values correlated with increased pEC50 values. Furthermore, 
elastase treatment impaired chloroquine-induced airway re-opening. Taken 
together, the above-mentioned findings stress the importance of the 
contribution of the parenchymal ECM structure to airway narrowing. It is likely 
that the enhanced bronchoconstriction in COPD is at least partly caused by the 
parenchymal tissue damage. This role of the parenchymal compartment in 
airway narrowing is especially interesting in mild or moderate COPD, as 
changes in the parenchymal compartment are not very profound yet in stage, 
and possibly still reversible. Therefore, the parenchyma represents a promising 
target in the treatment of COPD.  

In summary, these results demonstrate that PCLS can be used to model 
structural defects in COPD in a comprehensive manner. To our knowledge, this 
is the first study integrating multiple read-out parameters such as the 
parenchyma, epithelial repair marker expression and airway function in one 
model. Using this model, we show that structural disruption of the 
parenchymal compartment leads to altered biomechanics of the airways, 
enhancing airway contraction. This finding may have implications for COPD, as 
the amount of parenchymal tissue disruption is associated with the severity of 
the disease. Therefore, we suggest that the parenchymal tissue damage 
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observed in COPD contributes to lung function decline by disrupting airway 
biomechanics. Targeting the parenchymal compartment may therefore be a 
promising therapeutic target in the treatment of COPD. 
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Abstract 

Background: COPD is a chronic lung disease characterized by airflow 
obstruction, impaired alveolar repair, and accelerated lung ageing. Several 
recent studies indicate dysregulated expression of noncanonical WNTs and 
FZDs in COPD. This dysregulation is associated with impaired repair and with 
ageing of the lung. In the present work, our aim was to study the effect of 
ageing on the interaction between lung structure and airway function, and to 
determine the role of noncanonical WNT signalling, in ageing-related lung 
tissue damage. 

Methods: Lungs of young (14-40 weeks old) and aged (48-52 weeks old) 
C57Bl/6J mice were sliced and treated ex vivo with elastase (2.5 μg/ml, 16 hours) 
or WNT-5A or 5B (500 ng/ml, 24 hours). Following treatment, parenchymal 
structure, airway narrowing, and gene expression levels of alveolar Type I and 
II cell repair were assessed.  

Results: Compared to young mice, PCLS from aged mice show increased gene 
expression of p16, altered expression of alveolar markers, and disrupted elastin 
and collagen fiber organization at baseline. Elastase alters parenchymal 
structure, alveolar marker gene expression, and airway narrowing in young 
animals only, inducing a phenotype with airway contractility resembling the 
contractility seen in PCLS of aged mice. In addition we show that noncanonical 
WNT signalling is correlated with ageing, and decreases alveolar marker 
expression in young, but not in old, mice. 

Conclusion: We demonstrate that airway constriction is increased in aged mice, 
likely due to elastin fiber disorganization. In addition, we show that 
noncanonical WNT signalling increases during ageing, and induces alveolar 
damage, similar to elastase-induced damage. Taken together, our findings 
support the hypothesis that noncanonical WNT signalling is altered in ageing, 
likely contributing to pulmonary tissue damage. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a debilitating and life-
threatening disease. The major risk factor for developing COPD is long-term 
tobacco smoke exposure (1, 2). COPD is characterized by an abnormal 
inflammatory response of the lungs to noxious particles or gases, and this 
abnormal response is associated with progressive airflow limitation. Important 
pathophysiological features that contribute to the continuous decline of lung 
function and increased airway obstruction are inflammation, 
bronchoconstriction, and an abnormal increase in air spaces (emphysema) 
among others (3-5). COPD has recently been characterized as a disease of 
accelerated lung ageing (4, 6). It is well-established that lung function declines 
with increasing age (7). Decline in lung function, as measured by reduced FEV1, 
is a slow process spanning several decades. For this reason, the prevalence of 
COPD rises sharply from the age of 40, hence most patients with COPD are of 
late middle or old age (8, 9). Currently COPD is the fourth leading cause of 
death worldwide and it is expected to be the third leading cause of death by 
2020 (10). Available treatments can delay disease progression to some extent, 
but recovery or normalization of loss of lung function is not possible. Therefore, 
better insights into the mechanisms underlying COPD pathology are needed to 
develop novel and more effective therapies. 

Recent studies demonstrate that noncanonical WNT signalling is altered in 
COPD at the expense of canonical WNT/β-catenin signalling. Autocrine or 
paracrine secreted WNT ligands are cysteine-rich proteins which bind to 
Frizzled (FZD) receptors via disulfide bonds and subsequently induce various 
downstream signalling pathways in the cell (11, 12). In canonical WNT/β-
catenin signalling, WNT ligands bind to FZD and lipoprotein receptor-related 
protein (LRP) cell surface receptors. After WNT-FZD binding, cytosolic β-
catenin is stabilized and translocated to the nucleus. Following nuclear 
translocation, WNT target genes involved in tissue repair and remodelling are 
transcribed (13). Noncanonical WNT signalling is mediated via intracellular 
calcium and c-Jun N-terminal kinase (JNK). These pathways regulate cell 
motility and gene transcription (14, 15) and antagonize canonical, β–catenin 
dependent gene transcription. 
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Dysregulated expression of noncanonical WNT-4, WNT-5A and WNT-5B has 
been observed in COPD and is associated with increased inflammatory 
processes and impaired repair (16-20). Furthermore, single nucleotide 
polymorphisms in the WNT-5A and WNT-5B receptor Frizzled-8 (FZD8) 
associate with chronic bronchitis, and FZD8 regulates airway inflammation, 
and TFGβ-induced profibrotic signalling (21, 22). Recently, it was shown that 
WNT4 and WNT-5A expression is increased in the senile lung and contribute to 
myofibroblast-like differentiation (23). In addition, ageing of mouse 
hematopoietic stem cells (HSCs) was associated with a shift from canonical to 
noncanonical WNT signalling due to elevated expression of WNT-5A (24). 
Although several studies indicate a role of noncanonical WNT signalling in 
ageing and COPD, the precise role and the interaction between noncanonical 
WNTs, ageing and COPD remains poorly understood.  

Previous work by our lab demonstrates that elastin fiber degradation by ex vivo 
elastase treatment of precision cut lung slices (PCLS) mimics structural and 
biomechanical aspects of COPD pathophysiology, reflected by decreased gene 
expression of alveolar markers, emphysema and enhanced airway narrowing 
(chapter 4) (25). In the present study, we aimed to investigate the interaction 
between noncanonical WNT signalling, ageing and tissue damage to the lung. 
To study this interaction, we had two aims. First, we used the above-mentioned 
ex vivo PCLS model to investigate the effect of ageing on lung structure, 
senescence and alveolar markers, and airway function using PCLS of young 
and aged mice. Second, we studied the expression levels of WNT-5A and WNT-
5B in young and aged mice and investigated the effect of WNT-5A and WNT-5B 
on alveolar makers in young and aged mice. The benefit of our ex vivo PCLS 
model is that it enables all the experimental conditions to be performed within 
the same animal. We hypothesized that noncanonical WNT signalling would 
increase during ageing, inducing tissue damage similar to damage seen in 
COPD. 
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Materials and Methods 

Antibodies and reagents: Recombinant human/mouse WNT-5A and human 
WNT-5B were purchased from R&D systems (Abingdon, UK). Methacholine 
(MCh) was obtained from ICN Biomedicals (Zoetermeer, the Netherlands). 
Alexa Fluor® 488 Phalloidin was purchased from Life technologies. Mouse anti-
E-cadherin was obtained from BD Biosciences (Bedford, MA, USA), and Cy3-
conjugated secondary antibody was purchased from Jackson ImmunoResearch 
(West Grove PA, USA). Elastase from porcine pancreas Type IV and 
chloroquine were received from Sigma-Aldrich (Zwijndrecht, The Netherlands).  

Animals: C57bl/6J male and female mice were obtained from Innoser (Lelystad, 
The Netherlands). Animals were divided in two age groups: young (age 14-40 
weeks, body weight 23-41 g, n=20), and aged (age 48-52 weeks, body weight 30-
54 g, n=13). Animals were maintained on mouse chow and tap water ad libitum 
in a humidity- and temperature-controlled room at 24 °C with a 12 h light/dark 
cycle. All experiments were performed according to the national guidelines and 
upon approval of the experimental procedures by the local Animal Care and 
Use committee of Groningen University, DEC number 6815A.  

Precision-cut lung slices: Precision-cut lung slices were prepared as described 
previously (26). Animals were euthanized by subcutaneous injection with 
ketamine (40 mg/kg, Alfasan, Woerden, The Netherlands) and dexdomitor (0.5 
mg/kg, Orion Pharma, Mechelen, Belgium). Subsequently, the trachea was 
cannulated, and the animal was ex-sanguinated via the aorta abdominalis. 
Lungs were filled through the cannula with a low melting-point agarose 
solution (1,5% final concentration (Gerbu Biotechnik GmbH, Wieblingen, 
Germany) in CaCl2 (0.9 mM), MgSO4 (0.4 mM), KCl (2.7 mM), NaCl (58.2 mM), 
NaH2PO4 (0.6 mM), glucose (8.4 mM), NaHCO3 (13 mM), HEPES (12.6 mM), 
sodium pyruvate (0.5 mM), glutamine (1 mM), MEM-amino acids mixture 
(1:50), and MEM-vitamins mixture (1:100), pH = 7.2). Subsequently, lungs were 
placed on ice for 15 min, in order to solidify the agarose for slicing. The lobes 
were separated and tissue cores were prepared of the individual lobes, after 
which the cores were sliced at a thickness of 250 μm. Slicing was performed in 
medium composed of CaCl2 (1.8 mM), MgSO4 (0.8 mM), KCl (5.4 mM), NaCl 
(116.4 mM), NaH2PO4 (1.2 mM), glucose (16.7 mM), NaHCO3 (26.1 mM), HEPES 
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(25.2 mM), pH =7.2, using a tissue slicer (CompresstomeTM VF- 300 microtome, 
Precisionary Instruments, San Jose CA, USA). Tissue slices were incubated at 37 
°C in a humid atmosphere under 5% CO2/95% air. Slices were washed every 30 
min (four times in total). PCLS were incubated in DMEM supplemented with 
sodium pyruvate (1 mM), MEM non-essential amino acid mixture (1:100; 
Gibco® by Life Technologies), gentamycin (45 μg/ml; Gibco® by Life 
Technologies), penicillin (100 U/ml), streptomycin (100 μg/ml) and 
amphotericin B (1.5 μg/ml; Gibco® by Life Technologies). Slices were cultured 
at 37 °C in a humidified atmosphere under 5% CO2/95% air in 12-well tissue 
culture plates, using 3-4 slices per well. Slices were incubated DMEM or DMEM 
with elastase (2.5 μg/ml, Sigma Aldrich) for 16 h. Following treatment, slices 
were washed twice with medium and incubated for another 24 hours with 
DMEM or DMEM with recombinant WNT-5A (500 ng/ml) or WNT-5B (500 
ng/ml) after which slices were collected. Previous work from our lab 
(unpublished) demonstrated that mouse lung slice viability is preserved after 72 
hours of culturing, as mitochondrial activity did not change. This indicates that 
the lung slice is viable for at least three days. Our experiments were all 
performed within 56 h after sacrifice.  

mRNA isolation and real-time PCR: Total RNA was extracted from PCLS by 
automated purification using the Maxwell 16 instrument and the corresponding 
Maxwell 16 LEV simply RNA tissue kit (Promega, Madison, USA) as per the 
manufacturer’s instructions. Equal amounts of total RNA (1 μg) were then 
reverse transcribed using the Reverse  

Transcription System (Promega, Madison, USA). 1 μl of 1:3 diluted cDNA was 
subjected to real-time PCR, which was performed with the Illumina Eco 
Personal QPCR System (Westburg, Leusden, the Netherlands) using FastStart 
Universal SYBR Green Master (Rox) from Roche Applied Science (Mannheim, 
Germany). Real-time PCR was performed with denaturation at 95°C for 30 
seconds, annealing at 59°C for 30 seconds and extension at 72°C for 30 seconds 
for 40 cycles followed by 5 minutes at 72°C. Analysis of RT-PCR data was 
performed using LinRegPCR analysis software (27, 28). Primer sets used to 
analyse gene expression are shown in Table 1. 
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Table 1. Primers used for RT-PCR analysis. 

mRNA Primer 

Mouse B2m Fwd 5’-ACCGTCTACTGGGATCGAGA-3’ 
Rev 5’-TGCTATTTCTTTCTGCGTGCAT-3’ 

Mouse Rpl13a Fwd 5’-AGAAGCAGATCTTGAGGTTACGG-3’ 
Rev 5’-GTTCACACCAGGAGTCCGTT-3’ 

Mouse Aqp5 Fwd 5’-CTTGTGGGGATCTACTTCACCG-3’ 
Rev 5’-AAGTAGAGGATTGCAGCCAGG-3’ 

Mouse T1α Fwd 5’-TCACCCCAATAGAGATGGCTTG-3’ 
Rev 5’-GGGCAAGTTGGAAGCTCTCTT-3’ 

Mouse Rage Fwd 5’-CACAGGCTCTGTGGGTGAG-3’ 
Rev 5’-TTCAGCTCTGCACGTTCCTC-3’ 

Mouse Con43 Fwd 5’-TCCTTTTCCTTTGACTTCAGCCTC-3’ 
Rev 5’-TCTGAAAATGAAGAGCACCGACA-3’ 

Mouse Sftpc Fwd 5’-GGAGCACCGGAAACTCAGAA-3’ 
Rev 5’-GGAGCCGCTGGTAGTCATAC-3’ 

Mouse p16 Fwd 5’-CGGGGACATCAAGACATCGT-3’ 
Rev 5’-GCCGGATTTAGCTCTGCTCT-3’ 

Mouse p21 Fwd 5’-CTTGTCGCTGTCTTGCACTC-3’ 
Fwd 5’-TGGGCACTTCAGGGTTTTCT-3’ 

Mouse Trp53 Fwd 5’-GAGAGTATTTCACCCTCAAGATCCG-3’ 
Rev 5’-GCAGTTTGGGCTTTCCTCCT-3’ 

Mouse WNT-5A Fwd 5’-CTGCGGAGACAACATCGACT-3’ 
Rev 5’TACAGGAGCCAGACACTCCA-3’ 

Mouse WNT-5B Fwd 5’-AGTTTGTGGATGCCCGAGAG-3’ 
Rev 5’-CAGGCGACATCAGCCATCTT-3’ 

Mouse Nkd1 Fwd 5’-TAGACCTGGCGGGGATAGAG-3’ 
Rev 5’-GTCAAGGAGGTGGAAGGAGC-3’ 

Mouse Dkk2 Fwd 5’-ACCCGCTGCAATAATGGAATC-3’ 
Rev 5’-CGTAGGCATGGGTCTCCTTC-3’ 

 

Tissue staining and confocal laser scanning microscopy to visualize 
parenchymal cells: To visualize the parenchyma of the PCLS, slices were 
stained for F-actin and E-cadherin. PCLS were fixed for 15 min at 4°C in 
cytoskeletal buffer (CB) (10 mM Tris base, 150 mM NaCl, 5 mM EGTA, 5 mM 
MgCl2 and 5 mM glucose at pH 6.1) containing 3% paraformaldehyde (PFA). 
PCLS were then permeabilized by incubation for 5 min at 4°C in CB containing 
3 % PFA and 0.3% Triton X-100. Subsequently, PCLS were washed twice with 
4°C CB. For immunofluorescence microscopy, fixed PCLS were first blocked for 
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1 hour at room temperature in Cyto-TBS buffer (200 mM Tris base, 154 mM 
NaCl, 20 mM EGTA and 20 mM MgCl2 at pH 7.2) containing 1% bovine serum 
albumin and 2% normal donkey serum. PCLS were incubated with primary 
antibody (E-Cadherin, 1:100, BD biosciences) overnight at 4 °C in Cyto-TBS 
containing 0.1% Tween 20 (Cyto-TBST). The next day, PCLS were incubated 
with Alexa Fluor® 488 Phalloidin (1:100, Life technologies) and Cy3-conjugated 
secondary antibody (1:50, Jackson ImmunoResearch) for 2 h at room 
temperature in Cyto-TBST containing 1 % BSA. Between incubation steps slices 
were washed with Cyto-TBST. Following staining, coverslips were mounted 
using ProLong Gold antifade reagent (Invitrogen). Fluorescence was 
determined witha confocal laser scanning microscope (CLSM) equipped with 
true confocal scanner (TCS; SP8 Leica, Heidelberg, Germany), using a 200x lens. 
To avoid bleed through, sequential scans were performed. AlexaFluor488 was 
excited using the 488 nm blue laser line, and Cy™3 was excited using the 552 
nm green laser line. All images were recorded in the linear range, at an image 
resolution of 1024x1024 pixels and with a pinhole size of 1 Airy unit, while 
avoiding local saturation. The images presented here show a single z-scan. 
ImageJ 1.48d was used to further process images (29). 

2-photon imaging and autofluorescence to visualize the ECM: 2-Photon and 
multiphoton excitation fluorescence (MPEF) imaging were used to visualize 
organized and intact collagen, and elastin polymers, respectively, as described 
previously (30). Following stimulation with elastase, PCLS were washed twice 
with PBS and directly mounted on coverslips. Under excitation at 820 nm, the 
collagen bundles naturally emitted a second harmonic generation signal 
collected around 410 nm. Elastin was visualized by using its endogenous 
fluorescence. images from elastin were generated by using infrared laser 
(excitation wavelength 880 nm). The measured broadband emission spectrum 
ranged from 455 to 650 nm with a peak at ~500 nm. 

Mean linear intercept (Lmi): To assess emphysema in the PCLS, the mean linear 
intercept (Lmi) was determined as a measure of mean distance of free airspace, 
as described previously (31). Following staining with Alexa Fluor® 488 
Phalloidin (1:100, Life technologies) the alveolar structure was visualized by 
confocal microscopy (magnification 200x). Two fields per animal were used to 
determine Lmi. As the lungs were filled with agarose under a varying pressure, 
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Lmi differs between animals due to the experimental protocol. However, in this 
experimental set-up animals served as their own control as all experimental 
conditions were performed within the same animal. Hence, the treatment effect 
on Lmi was normalized (percent basal) within the animal, and these normalized 
values were compared between animals.  

Airway narrowing studies: Airway narrowing studies were performed on 
untreated slices and on slices treated with elastase (2.5 μg/ml). Dose response 
curves for MCh (10-9M – 10-3M) were recorded, after which the airways were 
dilated using the bitter taste receptor agonist chloroquine (10-3M, Sigma-
Aldrich). A nylon mesh and metal washer were used to fixate the lung slice, as 
described previously (32). Lung slice images were captured in time-lapse (1 
frame per 2 seconds) using a microscope (Eclipse, TS100; Nikon). To quantify 
airway luminal area, image acquisition software (NIS-elements; Nikon) was 
used. Luminal area is expressed as percent basal. 

Data analysis (statistics): Values reported for all data are represented as mean ± 
SEM. The statistical significance of differences between means was determined 
on log transformed data by Student’s t-test, repeated measures ANOVA, or by 
2-way ANOVA, followed by a Bonferroni correction where appropriate. 
Differences were considered to be statistically significant when p<0.05. 
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Results 

Gene expression levels of senescence and alveolar repair markers in aged mice  

Our first aim was to describe differences between young and aged mice. 
Therefore, we assessed basal gene expression levels of markers of senescence 
and alveolar epithelial repair. First, we investigated basal gene expression levels 
of p16, p21, and Trp53 as markers of cellular senescence (33). Aged animals 
showed increased p16 gene expression levels, whereas p21 and Trp53 
expression levels did not differ significantly as compared to young mice (Figure 
1 A-C). Next, markers of alveolar epithelial repair were assessed. Alveolar 
epithelial cells are classified as alveolar Type I and alveolar Type II cells. Type I 
cells maintain the alveolar structure and are responsible for gas diffusion 
toward the alveolar capillaries. Type II cells are the primary source of surfactant 
proteins, next to being the progenitor cells of Type I cells. Both cell types are 
crucial for maintaining alveolar tissue integrity, and the loss of these cells 
directly impacts the whole parenchyma (34). COPD is characterized by a loss of 
type I and II cells and hence alveolar structure integrity (35). To study the basal 
alveolar epithelial repair marker expression, several markers were chosen: T1α 
and Aqp5 (specific for alveolar Type I cells), Con43 and Rage (both alveolar 
Type I cell associated), and Sftpc (specific for alveolar Type II cells) (36, 37). 
Some of these markers such as Aqp5 and Sftpc are decreased in COPD, and this 
decrease is correlated with a lower lung function (38, 39). Compared to young 
mice, PCLS from aged mice show increased basal gene expression levels of 
Rage and T1α, and decreased levels of Con43 (Figure 1 D-F). In addition, Aqp5 
expression levels were reduced whereas Sftpc levels were increased, although 
not significantly (Figure G-H).  
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Figure 1. Basal mRNA expression of senescence and alveolar markers is altered in aged 
mice. PCLS from young (n=5-8) and aged (n=4-11) were incubated in DMEM for 40 hours. (A-
C) Basal gene expression levels of p16 were increased in aged mice, whereas p21 and trp53 were 
similar in aged and young mice. (E-H) Basal gene expression levels of Rage and T1 were 
increased in aged mice whereas Con43 was decreased, and Aqp5 and Sftpc were not altered 
significantly. The statistical significance of differences between means was determined by 
Student’s t-test. *p<0.05 compared to young mice. 
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Elastase alters Lmi, alveolar Type I/II gene expression levels, and airway narrowing in 
young animals. 

Next, we investigated the effect of elastase treatment on lung structure and 
airway function. Previous work from our lab (chapter 4) (25) demonstrated that 
elastase treatment of PCLS from young mice enhances airway narrowing as a 
consequence of parenchymal disruption. As basal gene expression levels of 
alveolar repair markers were altered in aged mice, we were interested if elastase 
would have a different effect in this group. To assess emphysema in the PCLS, 
the Lmi was determined as a measure of mean distance of free airspace. 
Following elastase treatment, the mean free distance in air spaces was increased 
in young , but not in aged mice, as compared to basal (set at 100%) as reflected 
by an enhanced Lmi (young mice 120.6 % (p=0.04), aged mice 108.8 % (p=0.14)) 
(Figure 2). In addition, 2-Photon and MPEF imaging of elastase-treated slices of 
young mice showed a disrupted elastin and collagen fiber organization. Under 
basal conditions, both elastin and collagen fibers were clearly present (Figure 
3A). The elastin fibers had a straight appearance whereas the collagen fibers 
were coiled (Figure 3B). After elastase treatment the elastin fibers were absent 
whereas the collagen fibers became more stretched (Figure 3C). 2-Photon and 
MPEF imaging of aged animals showed a far weaker signal for collagen fibers 
as compared to young mice, indicating disorganization of collagen fibers 
(Figure 3D). In addition, the collagen fibers were stretched instead of coiled 
(Figure 3E). Elastin fibers were present, although not as obvious as in young 
mice (Figure 3E). Following elastase treatment, elastin fibers were absent in 
aged mice (Figure 3F). Furthermore, elastase treatment decreased gene 
expression of Rage, Aqp5 and Sftpc in young animals (Figure 4A-C) whereas 
only Sftpc was decreased in aged mice (Figure 4C. In addition, elastase 
treatment decreased Sftpc further in aged than in young mice (Figure 4C). 
Elastase did not affect Con43 or T1α gene expression in either young or aged 
mice (Figure 4D,E). Finally, we studied the airway functionality following 
elastase treatment by investigating the effect of elastase on MCh-induced 
airway narrowing. Elastase enhanced MCh-induced airway narrowing in 
young mice as shown by a significant increase in pEC50 (5.87 vs 6.50, p=0.007), 
and showed a trend for increased Emax (47.96 vs 67.30 % contraction, p=0.06) 
(Figure 5A). Maximal airway contraction in aged mice under basal conditions 
was the same as maximal airway contraction in young mice under elastase 
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conditions. In addition, elastase treatment did not increase pEC50 (6.00 vs 5.80, 
p=0.54) or Emax (64.65 vs 69.00 % contraction, p=0.85) significantly in aged mice 
(Figure 5B). Interestingly, when values for all conditions were combined for the 
young animals, we found pEC50 correlated with Lmi, whereas Emax did not 
(Figure 6A,B). In aged animals, both pEC50 and Emax did not correlate with 
Lmi (Figure 6A,B). Taken together, these findings indicate that elastase alters 
Lmi, aveolar marker gene expression levels and airway narrowing in young 
animals only. In addition, elastase induces an aged phenotype in PCLS from 
young mice, with airway contractility resembling the contractility seen in basal 
aged PCLS.  

WNT-5B is correlated with ageing and increases tissue disruption 

Our second aim was to study the role of noncanonical WNT signalling in 
ageing and tissue damage. Therefore, we first assessed basal gene expression of 
the noncanonical ligands WNT-5A and WNT-5A, and of the negative regulators 
of canonical WNT signalling Nkd1 and Dkk2. Gene expression of Nkd1 was 
slightly increased in aged mice, although not significantly (Figure 7C). WNT-5A 
expression showed a trend for increasing in aged mice (Figure 7A). In addition, 
gene expression of WNT-5B and Dkk2 was significantly higher in aged mice 
(Figure 7B,D). Interestingly, when values for young and aged were combined, 
we found expression of Nkd1, Dkk2, WNT-5A, and WNT-5B correlated with 
p16 (Figure 8A-D). Next, we investigated the effect of exogenously added 
recombinant WNT-5A or WNT-5B on gene expression of alveolar markers. 
Stimulation of PCLS with WNT-5A did not alter any of the alveolar markers as 
compared to basal in aged mice (data not shown). Interestingly, in young mice, 
WNT-5B decreased gene expression of Aqp5, Rage, and Sftpc, similar to the 
decreased gene expression seen after elastase treatment (Figure 9A). In contrast, 
WNT-5B increased gene expression of Con43 in aged animals, whereas the 
other alveolar markers were not affected (Figure 9B). Taken together, 
noncanonical WNT signalling is correlated with ageing, and decreases alveolar 
marker expression in young, but not in old, mice.  
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Figure 2. Elastase increases Lmi in young mice only. PCLS of young (n=7) and aged (n=13) 
mice were exposed to elastase (2.5 μg/ml) for 16 hours. After stimulation, slices were washed 
twice with medium and incubated for 24 hours in medium. Following incubation, slices were 
stained for F-actin filaments (green) and E-cadherin (red) and Lmi was assessed as % basal. 
Elastase increased Lmi in young mice only. The statistical significance of differences between 
means was determined on log transformed data by Student’s t-test (A). Data represent 
mean±SEM, *p<0.05 compared to basal control. 
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Figure 3. Elastase disrupts the structural organization of elastin and collagen in young 
mice only. PCLS of young (n=2) and aged (n=2) mice were exposed to elastase for 16 hours. 
After stimulation, slices were washed twice with medium and incubated for 24 hours in medium. 
2-Photon and multiphoton excitation fluorescence (MPEF) imaging were used to visualize 
collagen and elastin polymers. The elastin and collagen fiber organization was less obvious in 
aged mice as compared to young mice, with stretched instead of coiled collagen fibers. Elastase 
treatment disrupted elastin fiber organization in both young and aged mice, while collagen fibers 
were stretched in young mice only.  
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Figure 4. Elastase alters mRNA expression levels of Type I and II cell markers in young 
mice only. PCLS of young (n=6-8) and aged (n=10) were exposed to elastase (2.5 μg/ml, n=9) 16 
hours. After stimulation, slices were washed twice with medium and incubated for 24 hours in 
medium. The statistical significance of differences between means was determined on log 
transformed data by Student’s t-test followed by a Bonferroni correction. Data represent 
mean±SEM, *p<0.05 compared to basal control, #p<0.05 compared to young mice. 
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Figure 5. Elastase enhances MCh-induced airway narrowing in young mice only. PCLS 
from young (n=10) and aged (n=10) mice were exposed to elastase (2.5 μg/ml) 16 hours. After 
stimulation, slices were washed twice with medium and incubated for 24 hours in medium. 
Following incubation, MCh-induced airway narrowing was assessed. Lung slice images were 
captured in time-lapse (1 frame per 2 seconds) using an inverted phase contrast microscope 
(Eclipse, TS100; Nikon). Airway luminal area was quantified using image acquisition software 
(NIS-elements; Nikon), and expressed as percent basal. (A) MCh-induced airway narrowing 
following elastase treatment in young mice. (B) MCh-induced airway narrowing following 
elastase treatment in aged mice. The statistical significance of differences between means was 
determined on log transformed data by one-way ANOVA followed by Bonferonni testing. Data 
represent mean±SEM, *p<0.05 compared to basal control. 
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Figure 6. An increased pEC50 value correlates with an increased Lmi value in young 
animals only. (A) Lmi (μm) and pEC50 values for all conditions were combined. It was found 
that an increased pEC50 value correlates with an increased Lmi (R2=0.2838, p<0.05) in young, 
but not in aged animals. (B) Emax values did not correlate with Lmi in either young or aged 
animals. 
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Figure 7. Basal mRNA expression of noncanonical WNT signalling markers is increased 
in aged mice. PCLS from young (n=5-6) and aged (n=5-6) were incubated in DMEM for 40 
hours. (A-B) Basal gene expression levels of Wnt-5a and Nkd1 were increased in aged mice, albeit 
not significantly. (C-D) Basal gene expression levels of Wnt-5b and Dkk2 were significantly 
increased in aged mice. The statistical significance of differences between means was determined 
by Student’s t-test. *p<0.05 compared to young mice. 
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Figure 8. Increased expression of noncanonical markers correlates with increased p16 
expression. (A-D) Expression levels of Wnt-5a, Nkd1, Wnt-5b, Dkk2 and p16 for young and 
aged mice were combined. It was found that increased expression levels of Wnt-5a, Nkd1, Wnt-
5b, and Dkk2 correlate with increased expression levels of p16 (R2=0.6807, 0.6229, 0.4582, and 
0.6667, respectively, p<0.05).  

Figure 9. WNT-5B alters mRNA expression levels of Type I and II cell markers in young 
mice only. PCLS of young (n=5) and aged (n=7-11) were exposed to WNT-5B (500 ng/ml) for 24 
hours. The statistical significance of differences between means was determined on log 
transformed data by Student’s t-test followed by a Bonferroni correction. Data represent 
mean±SEM, *p<0.05 compared to basal control. 
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Figure S1. Basal mRNA expression of p16 is decreased in aged FZD8-/- mice. PCLS from 
aged (n=4) wildtype mice and aged (n=6) FZD8-/- mice were incubated in DMEM for 40 hours. 
The statistical significance of differences between means was determined by Student’s t-test. 
*p<0.05 compared to aged WT wildtype mice. 

 

Figure S2. Elastase increases Lmi aged FZD8-/- mice. PCLS of aged wildtype mice (n=13) 
and aged FZD8-/- (n=6) mice were exposed to elastase (2.5 μg/ml) for 16 hours. After 
stimulation, slices were washed twice with medium and incubated for 24 hours in medium. 
Following incubation, slices were stained for F-actin filaments (green) and E-cadherin (red) and 
Lmi was assessed as % basal. Elastase increased Lmi in aged FZD8-/- mice only. The statistical 
significance of differences between means was determined on log transformed data by Student’s t-
test (A). Data represent mean±SEM, *p<0.05 compared to basal control. 
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Discussion 

COPD is a life-threatening and incurable disease characterized by a continuous 
decline of lung function, and is described as a disease of accelerated lung 
ageing. It is increasingly recognized that noncanonical WNT signalling is 
altered in COPD, enhancing inflammatory processes and pro fibrotic signalling. 
Previous work by our lab demonstrates that elastase treatment of PCLS mimics 
structural and biomechanical aspects of COPD pathophysiology. In the present 
study, we used our PCLS model to investigate the interaction between 
noncanonical WNT signalling, ageing and tissue damage to the lung. We show 
that gene expression of markers of senescence and alveolar repair is altered in 
aged compared to young mice. Furthermore, our findings indicate that elastase 
alters Lmi, aveolar marker gene expression and airway narrowing in young 
animals only. In addition, elastase induced an aged phenotype in PCLS from 
young mice, with airway contractility resembling the contractility seen in basal 
aged PCLS. Noncanonical WNT signalling was correlated with ageing, and 
WNT-5B treatment decreased alveolar marker expression in young, but not in 
old, mice.  

Our first aim was to compare the effect of elastase treatment in young and aged 
mice. Our previous study demonstrated a clear relationship between lung 
structure and lung function in young animals following ex vivo elastase 
treatment (chapter 4) (25). Elastase treatment decreased alveolar Type I and II 
marker gene expression levels, and increased Lmi, which was correlated to 
enhanced MCh-induced airway narrowing. These structural and functional 
changes are similar to those seen in COPD pathophysiology, suggesting an 
aged phenotype in elastase-treated PCLS. Interestingly, elastase treatment did 
not induce these changes in PCLS of aged mice. Whereas in PCLS of young 
mice elastase treatment decreases gene expression levels of Rage, Aqp5, and 
Sftpc, elastase only decreased Sftpc in aged mice. Even though basal expression 
levels of Sftpc were higher in aged mice than in young mice, the effect of 
elastase on Sftpc expression was more pronounced in aged mice. This suggests 
that aged mice are more susceptible to elastase-induced alveolar Type II cell 
damage than young mice. These findings are in line with studies demonstrating 
that aged mice have impaired regeneration of Type II cells following influenza 
infection and that Type II cells are susceptible to telomere dysfunction (40, 41). 
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In summary, elastase treatment decreases alveolar Type I and II marker gene 
expressions in young mice, whereas only Sftpc is decreased in aged mice. 

The observation that elastase does not have the same effect on the Lmi of PCLS 
of young and aged mice could be explained via several mechanisms. First, the 
aged animals might have had stiffer lung tissue as a result of ageing-related 
ECM changes, rendering the tissue more resistant to the effects of elastase. 
However, this seems unlikely as gene expression levels of matrix markers such 
as collagen and fibronectin did not differ between young and old mice (data not 
shown). In addition, aged animals showed more disorganization of collagen 
fibers than young mice. These results are in line with a study showing that 
ageing-related increase of collagen in C57BL/6 mice is delayed until 26 months 
of age (42). Secondly, it could be that the aged mice had less elastin fibers 
present in the parenchyma as a reduction and disorganization of elastin protein 
is associated with ageing (42-44). This is a more likely explanation, as elastin 
fibers were less obviously present in aged mice under basal conditions. The 
observed disorganization and stretch of collagen fibers in aged mice was clearly 
evident and supports the hypothesis of reduced elastin fibers in the aged mice. 
Earlier studies concerning pulmonary elastin and collagen fiber organization 
indicate that at low levels of strain, elastin fibers bear most of the strain while 
the adjacent collagen fibers are in a wavelike configuration. At higher levels of 
strain the collagen fibers become stretched, preventing further distension of the 
alveolar ducts (45). Ageing-related elastin degradation may therefore explain 
the observed stretched collagen fibers in aged mice under basal conditions. 
Taken together, elastase treatment only enhances Lmi in young animals. The 
lack of effect of elastase on Lmi in aged animals is most likely explained by 
ageing-related reductions in elastin.  

The difference in elastin fiber organization between young and aged mice could 
also explain why exogenously added elastase failed to enhance airway 
narrowing in aged mice. A disrupted elastin fiber organization leads to an 
impaired elastic recoil of the parenchyma, enhancing airway narrowing 
(chapter 4) (25). As the basal elastin fiber organization was already 
disorganized in aged mice, exogenously added elastase would have little extra 
effect. Indeed, MCh-induced airway narrowing in untreated PCLS of aged mice 
was the same as MCh-induced airway narrowing in elastase-treated PCLS of 
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young mice. This finding confirms the role of the elastin fiber organization in 
airway narrowing and likely explains why elastase treatment did not have any 
further effect. Taken together, our findings demonstrate that elastase treatment 
induces an aged phenotype in PCLS from young mice, mimicking structural 
and functional aspects of COPD pathophysiology. In addition, aged mice are 
less suitable to study the relation between lung structure, lung function, and 
lung repair processes in an ex vivo PCLS elastase model, as elastin fiber 
organization is already altered in aged animals. 

Our second aim was to study the interaction between noncanonical WNT 
signalling, ageing and tissue damage to the lung. Gene expression levels of the 
senescence marker p16, the negative regulator of canonical WNT signalling 
Nkd1, and of noncanonical WNT-5B were increased in aged as compared to 
young animals. Gene expression levels of Nkd1, Dkk2, WNT-5A, and WNT-5B 
correlated with p16, confirming that the noncanonical WNT signalling is 
ageing-related. These findings are supported by the observation that aged mice 
lacking the WNT-5B receptor FZD8 demonstrate reduced p16 gene expression 
levels (Figure S1). Our findings are similar to other studies demonstrating that 
noncanonical WNT signalling is increased during ageing (23, 24, 46). 
Interestingly, in young mice stimulation with recombinant WNT-5B decreased 
gene expression levels of alveolar Type I and II makers to a similar extent as 
elastase treatment. This implies that WNT-5B, similar to elastase, induces 
COPD-like pathophysiology in young mice, as alveolar type I and II gene 
expression is reduced in COPD (38, 39).  

It has been shown that activation of canonical WNT signalling reduces 
degradation of elastin and improves the linear deposition of elastin in alveolar 
walls in COPD patient-derived three-dimensional ex vivo tissue cultures (47). As 
noncanonical WNT signalling inhibits canonical signalling, it might be that the 
ageing-related upregulation of noncanonical WNT signalling is at least partly 
responsible for the observed increased elastin degradation in aged mice. Hence, 
noncanonical WNT signalling may contribute to the observed increased basal 
airway contraction in aged mice. As mentioned above, elastase treatment failed 
to increase Lmi in aged mice. Interestingly, elastase treatment does increase Lmi 
in aged FZD8-/- mice (Figure S2). This may indicate that elastin fiber expression 
is increased or organized better in these mice, and this would support the 
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hypothesis that noncanonical WNT signalling is involved in elastin 
degradation. To confirm a role for noncanonical WNT signalling in elastin 
degradation, future research is needed. The PCLS model would be a suitable 
tool for this purpose, as elastin fiber expression and organization could be 
assessed in PCLS obtained from young mice exposed to WNT-5B or in PCLS 
obtained from FZD8-/- mice. Taken together, these results indicate that 
noncanonical WNT signalling negatively affects alveolar cells in young animals, 
increases during ageing, and that it may be involved in elastin regulation. 

Noncanonical WNT signalling is increased during ageing and expression levels 
of WNT-5A, WNT-5B and FZD8 are even further increased in COPD (16, 19 
(chapter 2)). In addition, dysregulation of noncanonical WNT signalling 
increases inflammatory processes, fibroblast activation, and TFGβ-induced 
profibrotic signalling (16, 18, 19 (chapter 2), 21). Therefore, targeting the 
noncanonical WNT pathway may represent a therapeutic target for the 
treatment of COPD. Our findings that WNT-5B treatment induces alveolar 
damage, and that WNT-5B expression is correlated with ageing confirm the role 
of noncanonical WNT signalling in lung tissue damage and ageing. In addition, 
these findings confirm the potential therapeutic value of targeting noncanonical 
WNT signalling in COPD. Our data show that WNT-5B has more effect on 
markers of alveolar repair in young than aged animals. This could indicate that 
noncanonical WNT-5B signalling is more detrimental during development than 
during aging. The lack of effect of exogenously added WNT-5B in aged mice 
could be due to the increased gene expression of WNT-5B in these animals. It 
may be possible that in aged mice, the maximum effect of WNT-5B is already 
reached. This study was performed in healthy animals, and it might be that 
pulmonary pathology increases the susceptibility to the impairing effects of 
noncanonical WNT signalling during ageing. Indeed, previous work 
demonstrates that WNT-5B-mediated CXCL-8 release is higher in pulmonary 
fibroblasts from COPD patients than from non-COPD controls (chapter 2) (19). 
This suggests that pulmonary disease pathology indeed increases the sensitivity 
of the lungs to the effects of noncanonical WNT signalling. Therefore, even 
though noncanonical WNT might not have detrimental effects in healthy aged 
lung tissue, it is likely that this pathway has impairing effects on lung tissue 
affected by COPD. In order to have a better understanding of the precise role of 
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noncanonical WNT signalling in ageing-related lung alterations and pathology, 
further research is needed. In the current set-up we used mice of 12 months old 
for the aged group. This does not exactly cover the whole range of ageing. 
Therefore, It would be interesting to study noncanonical WNTs and FZDs, 
markers of alveolar repair, and airway function in mice at multiple subsequent 
timepoints ranging from young to old (up to 24 months of age), and assess 
whether there is a causal relationship between noncanonical WNT signalling 
and lung ageing. Notably, it would be interesting to assess this relationship in 
both healthy ageing mice and ageing COPD model mice to further determine 
the effect of noncanonical WNT signalling on the development of lung 
pathology. Taken together, our findings confirm a role for noncanonical WNT 
signalling in ageing. In addition, these results stress the value of this pathway 
as a possible therapeutic target for the treatment of COPD.  

In summary, these results demonstrate that elastase treatment induces an aged 
phenotype in PCLS from young mice, mimicking structural and functional 
aspects of COPD pathophysiology. In addition, these findings demonstrate that 
PCLS from aged mice are less suitable to study the relation between lung 
structure, lung function, and lung repair processes as elastase is less effective in 
altering parenchymal and airway structure and function. Furthermore, we 
show that noncanonical WNT signalling increases during ageing, and induces 
alveolar damage in young mice similar to damage observed in COPD. This 
effect was not observed in aged mice. Taken together, our findings support the 
hypothesis that noncanonical WNT signalling is altered in ageing, and likely 
contributes to pulmonary tissue damage. Targeting this pathway may therefore 
be a promising therapeutic target in the treatment of COPD.  
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Preface 

The objective of this thesis was to establish the role of noncanonical WNT 
signalling in chronic obstructive pulmonary disease (COPD). Specifically, we 
studied the role of WNT-5A and WNT-5B in inflammatory processes, and the 
effect of oxidative stress on WNT-5A and WNT-5B-mediated signalling. In 
addition, the role of parenchymal tissue disruption in enhanced airway 
narrowing was investigated. Finally, we studied the interaction between 
noncanonical WNT signalling, ageing and tissue damage to the lung, with a 
focus on WNT-5B and FZD8. The research in this thesis shows that WNT-5B, 
and to a lesser extent WNT-5A, contributes to processes underlying COPD 
pathogenesis.  

WNT signalling imbalance  

WNT signalling, both canonical and noncanonical, is tightly regulated in both 
the developing and adult lung and is involved in stem and progenitor cell 
function and tissue homeostasis (1-4). As this pathway is crucial for normal 
development and homeostasis it is not surprising that recent studies indicate 
that an imbalance in WNT signalling contributes to chronic lung diseases such 
as COPD. Increased activation of canonical signalling is associated with tissue 
fibrosis (5, 6). In contrast, decreased canonical signalling as is the case in COPD 
is associated with emphysema (7, 8). Importantly, emphysema can be 
attenuated by LiCl-mediated WNT/β-catenin activation in both experimental 
models of emphysema and in patient-derived ex vivo lung tissue cultures (7, 9). 
In addition, it has recently been demonstrated that the COPD susceptibility 
gene FAM13A contributes to β-catenin degradation (10). Most studies 
investigating the role of WNT signalling in lung disease pathogenesis focused 
on the canonical pathway. However, recent studies demonstrate a crucial role 
for noncanonical WNT signalling in lung diseases as well. Dysregulated 
expression of noncanonical WNT-4, WNT-5A and WNT-5B has been observed 
in fibroblasts and airway epithelium of COPD patients as compared to controls 
(11-14). WNT-5B protein expression is significantly higher in the airway 
epithelium from smokers with COPD than non-smokers as well as control 
smokers (13). WNT-5B protein expression levels did not differ between non-
smokers and control smokers, which indicates that the higher WNT-5B 
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expression in COPD is not smoking, but disease-related (13). Our group 
previously showed that TGF-β-regulated fibroblast activation is mediated via 
the WNT-5B receptor FZD8 (15), and that FZD8 has a pro-inflammatory role in 
chronic bronchitis (16). In line with these findings, we show in chapter 2 that 
WNT-5B induces FZD2 and TAK1-mediated inflammatory processes in 
pulmonary fibroblasts, and in chapter 3 that WNT-5B mediates fibroblast 
activation. In chapter 2 we show that WNT-5A and FZD2 gene expression 
levels are increased in whole lung tissue homogenates from COPD patients. 
Notably, we demonstrate that WNT-5B-induced IL-6 and CXCL8 secretion is 
higher in airway fibroblasts from COPD patients as compared to controls (14). 
Recent studies show that pulmonary fibroblasts regulate repair and 
inflammatory processes differently depending on their site of origin (bronchial 
vs. parenchymal) (17-19). Dessalle and colleagues demonstrated that basal IL-6 
secretion is lower, whereas basal CXCL8 secretion is higher in human bronchial 
fibroblasts as compared to parenchymal fibroblasts (19). It could therefore be 
possible that WNT-5B-mediated cytokine secretion is different in parenchymal 
than in bronchial effects. However, in chapter 2 we demonstrate that WNT-5B 
increases both IL-6 and CXCL8 secretion in MRC-5 lung fibroblasts significantly 
as well, indicating that WNT-5B-mediated inflammatory processes are likely 
similar in both parenchymal and bronchial fibroblasts. Together, these results 
indicate enhanced activation of noncanonical WNT-5B signalling in COPD, 
favoring a pro-fibrotic and inflammatory environment.  

Oxidation of WNT-5B enhances inflammatory response even further  

Oxidative stress is recognized as an important driver of COPD pathogenesis, 
contributing to inflammation and airway remodeling (20). Recent studies 
indicate that oxidative stress can influence WNT signalling. For example, it has 
been demonstrated that ROS cause dissociation of nucleoredoxin (NRX) from 
DVL, which enables DVL to activate the downstream signalling pathway (21). 
In addition, Tiki, a protease required for head formation in Xenopus embryos, 
antagonizes WNT signalling by inducing Wnt3a oxidation. Tiki cleavage of 
Wnt3a results in oxidation and oligomerization through inter-Wnt disulfide 
bond formation. This oxidation and oligomerization results in inactivation of 
Wnt3a-mediated signalling, as Wnt3a oligomers fail to bind to their receptors 
(22). Although these studies show an effect of oxidative stress or oxidation on 
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WNT signalling, these studies do not show a direct effect of oxidative stress on 
WNT-FZD interaction and signalling. Therefore, in chapter 3, we aimed to 
assess the effect of oxidative stress on WNT-5A and WNT-5B ligand-receptor 
interactions and the downstream signalling. We demonstrate that exposure of 
WNT-5B to H2O2 results in oxidation of cysteine residues, and that treatment of 
MRC-5 and HBE cells with oxidized WNT-5B results in higher cellular 
activation. Interestingly, we show that oxidized WNT-5B induces an even 
higher inflammatory response in MRC-5 fibroblasts, as reflected by further 
increased IL-6 and CXCL8 protein levels. Together, these results indicate that 
oxidation of WNT-5B potentiates the noncanonical signalling pathway. This 
suggests that the high levels of oxidative stress present in COPD may 
contribute to the observed WNT signalling imbalance by enhancing 
noncanonical signalling, although this remains to be elucidated as the oxidation 
capacity in lung tissue of COPD patients may be different from the H2O2-driven 
oxidation capacity in our PCLS model. Whether oxidative stress could alter 
canonical WNT signalling via a similar mechanism is currently unknown. As all 
WNT ligands contain cysteine residues at evolutionary conserved sites, it is 
likely that oxidative stress could also influence canonical signalling by directly 
altering WNT-FZD interaction. However, canonical WNT signalling is 
decreased in COPD as a result of defective β-catenin transmission (7, 8). 
Therefore, it may be that direct oxidation of canonical WNTs will affect COPD 
pathogenesis to a lesser extent than oxidation of noncanonical WNTs. This idea 
also raises the question whether the canonical/noncanonical imbalance in 
COPD could be a consequence of increased levels of oxidative stress, or 
whether a pre-existing imbalance renders an individual prone for developing 
COPD and more susceptible to the effect of oxidation on noncanonical 
signalling. It has been demonstrated that lung-specific WNT-5A overexpression 
increases airspace enlargement in elastase-induced emphysema in vivo (23). 
Baarsma et al. showed that inhibition of WNT-5A in vivo attenuated 
emphysema, and restored expression of β-catenin-driven target genes (23). 
These results support findings from earlier studies that demonstrate that 
noncanonical signalling inhibits canonical WNT signalling, resulting in 
decreased β-catenin stabilization and/or downstream signalling (24, 25). The 
study by Baarsma et al. supports the hypothesis that an imbalance in WNT 
signalling, consisting of increased noncanonical and decreased canonical 
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signalling leads to increased susceptibility for developing COPD. Whether this 
imbalance also leads to an increased susceptibility for increased noncanonical 
WNT signalling due to WNT ligand oxidation remains to be elucidated. 

Ageing enhances noncanonical WNT signalling  

In chapter 5 our aim was to study the interaction between noncanonical WNT 
signalling, ageing and tissue damage to the lung. Recent studies indicate that 
that noncanonical WNT signalling is increased during ageing in the lung (23, 
26-28), while canonical signalling is decreased (29, 30). In chapter 5 we show 
that gene expression levels of p16 (a senescence marker), Nkd1 (a negative 
regulator of canonical WNT signalling), and of Wnt-5b were increased in aged 
WT as compared to young WT mice. Gene expression levels of Nkd1, Dkk2 
(another negative regulator of canonical WNT signalling), Wnt-5a, and Wnt-5b 
correlated with p16, confirming that the noncanonical WNT signalling is 
ageing-related. Notably, treatment of PCLS from young WT mice with 
recombinant WNT-5B decreases gene expression levels of alveolar Type I and II 
makers to a similar extent as elastase treatment. This finding implies that WNT-
5B, similar to elastase, induces COPD-like pathophysiology in young mice, as 
alveolar type I and II marker gene expression is reduced in COPD (31, 32). 
These data fit with studies showing that progenitor cells in the lung, such as 
airway basal cells or alveolar type I cells, demonstrate reduced regenerative 
capacity in COPD (33, 34). Interestingly, WNT-5A expression in induced 
sputum of COPD patients is dependent on disease severity, and correlates with 
the age of the patient independently of the disease severity (23). These data, 
together with the data from chapter 5, indicate that an age-dependent increase 
in noncanonical WNT signalling might contribute to increased COPD 
susceptibility. A limitation to chapter 5 is that the effect of ageing on canonical 
signalling was not assessed directly. Although we observed increased 
noncanonical WNT signalling, we did not assess whether canonical signalling 
was decreased in our model. Therefore, we can only hypothesize that a switch 
from canonical to noncanonical signalling occurred in our set-up. This remains 
to be elucidated, although the increased expression of Nkd1 and Dkk2 in aged 
mice support the hypothesis that canonical WNT signalling is reduced in this 
group. Studies in other organs than the lung support the theory of a canonical 
to noncanonical signalling switch during ageing as well. Recently it was 
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demonstrated that WNT-5A induces ageing of young hematopoietic stem cells 
(HSCs), and that aged HSCs have increased expression levels of WNT-5A while 
active nuclear β-catenin levels are reduced. (27). These findings are supported 
by studies showing that WNT-5A antagonizes canonical signalling in HSCs 
(25), and that reduced canonical WNT activity in aged HSC correlates with 
impaired T-cell differentiation (35).  

It remains to be elucidated why a switch from canonical to noncanonical 
signalling takes place during ageing. According to the developmental drift 
theory of ageing, later-in-life acting mutations or genes are under far weaker 
selection than early-in-life acting genes, as in the wild most individuals die of 
extrinsic causes such as predation before late-acting mutations or genes can take 
effect. As extrinsic mortality is generally high in nature, the extent of natural 
selection decreases rapidly with age (36). Therefore, genotypes that have 
beneficial effects early in life may become detrimental later in life. This trade-off 
of early benefits and late costs are known as antagonistic pleiotropy (36). The 
WNT signalling pathway is a tightly regulated pathway which is beneficial 
during development, while it has both positive and negative effects on ageing 
(as reviewed by Gruber et al) (37). Hence, the WNT pathway is a likely 
candidate for the concept of antagonistic pleiotropy. Indeed, it has been shown 
in C. elegans that the WNT pathway is tightly regulated and beneficial during 
development, whereas it becomes dysregulated during ageing, affecting 
lifespan (38). These results indicate that the WNT pathway may indeed 
undergo developmental drift, which might explain the complicated and often 
seemingly contrasting effects of this pathway during ageing. Although this 
concept is not a mechanistic explanation and needs further elucidation, the 
results from chapter 5 appear to be supportive of the concept of antagonistic 
pleiotropy. In chapter 5 we demonstrate that noncanonical WNT signalling 
increases during ageing, indicating that noncanonical WNT pathway starts to 
drift with age. Furthermore, it may be speculated that developmental drift of 
noncanonical WNTs enhances ageing, as knockdown of the WNT-5B receptor 
FZD8 has an inhibiting effect on the expression of p16.  

Increased levels of oxidative stress present during ageing (39, 40) might also 
influence the shift from canonical to noncanonical WNT signalling. As 
mentioned above, the WNT pathway is susceptible to both indirect and direct 
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effects of oxidative stress. In chapter 3 we showed that oxidation of WNT-5B 
enhanced cellular activation and downstream signalling, increasing 
inflammatory processes. As the level of oxidative stress increases during 
ageing, it may be that noncanonical signalling is enhanced, resulting in an 
imbalance in WNT signalling. In summary, there is evidence for increased 
noncanonical WNT signalling during ageing, and in COPD. This switch from 
canonical to noncanonical signalling does not appear to be exclusive for the 
lungs, but may be a general mechanism involved in ageing. 

Fiber structural changes in emphysema 

The role of structural alterations in the parenchyma of COPD patients in 
enhanced airway narrowing is increasingly recognized (41). Elastolytic enzymes 
and oxidative stress present in COPD alter the parenchyma and ECM, resulting 
in a loss of elastic recoil end emphysema (41, 42). This loss of elastic recoil is 
likely to affect airway mechanics and enhance bronchoconstriction in COPD. To 
investigate the hypothesis that parenchymal disruption enhances airway 
narrowing, we developed a comprehensive ex vivo PCLS model. In chapter 4 we 
demonstrate that ex vivo elastase, but not H2O2, treatment disrupts the 
parenchymal compartment and enhances MCh-induced airway narrowing in 
PCLS. Notably, we demonstrate that elastase treatment increases the Lmi and 
disrupts the structural organization of both elastin and collagen fibers. In 
addition, elastase treatment decreases gene expression of both alveolar Type I 
and II markers (Aqp5, Rage and Sftpc). Our PCLS model mimics important 
pathophysiological characteristics of COPD, as COPD is characterized by an 
altered ECM, alveolar Type I and II injury, and enhanced airway narrowing.  

Altered fiber organization in COPD 

An important structural change in COPD is the decreased expression and 
disorganization of elastin fibers (41-43). Recent studies demonstrate that 
expression of genes associated with elastogenesis is altered in COPD (44, 45). 
Among the most upregulated genes were fibulin-5 (FBLN5), elastin (ELN), 
latent transforming growth factor β binding protein 2 (LTBP2) and 
microfibrillar associated protein 4 (MFAP4), which are all implicated in 
elastogenesis. Alterations in elastin expression are already present in mild to 
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moderate COPD, and seen in both airways and alveoli of COPD patients (46). 
Recent studies demonstrated that exacerbations of COPD resulted in elevated 
levels of circulating fragments of structural proteins (47, 48). Notably, specific 
fragments are found to be associated with specific COPD phenotypes (49). 
These findings suggest that that there may be a link between the rate of ECM 
turnover during COPD exacerbations and disease progression. Furthermore, 
alveolar wall elastin fiber structure is altered in patients with severe COPD. 
Compared to healthy subjects, elastin fibers from COPD patients are 
significantly less densely packed, unraveled and loose (50). This indicates that, 
even though elastin expression is similar in both mild to moderate and severe 
COPD, the disruption of the structural organization of elastin might contribute 
to the continuous decline of elastic recoil observed in small airways and 
parenchyma of patients with COPD (41). The same appears to be the case for 
collagen in COPD. Studies on the total expression of collagen in COPD are 
inconsistent, but it has been observed that collagen fibers are more disorganized 
in severe COPD as compared to mild to moderate COPD (51). Importantly, it 
has been shown that long-term inhaled corticosteroids treatment partially 
changes the composition of the ECM in moderate-severe COPD, which is 
associated with an increased long function (52). Together, these studies 
underline the importance of ECM and its structural organization in COPD 
pathogenesis.  

In chapter 4 we demonstrate that elastase treatment disrupts the structural 
organization of both elastin and collagen fibers, similar to what is observed in 
COPD. Interestingly, the effect of elastase treatment on elastin and collagen 
fiber organization was very profound whereas the increase in Lmi was 
moderate. The relatively mild elastase treatment already enhanced airway 
narrowing. These findings stress the importance of the structural organization 
of elastin and collagen fibers with respect to tissue mechanics. These findings 
may also explain why McDonough and colleagues observed that small airways 
already narrowed before the onset of obvious emphysematous destruction in 
COPD patients (53). McDonough et al. assessed emphysema by measuring the 
Lmi, but they did not assess possible elastin and collagen fiber changes in the 
tissue cores. It could therefore be possible that, although Lmi was not increased 
yet, pulmonary elastic recoil was already reduced due to a disrupted fiber 
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organization, resulting in small airway narrowing. Whether it is the case that 
fiber changes occur prior to the development of emphysema (as defined by an 
increase in Lmi) needs to be further investigated. However, the results from 
chapter 4 support this hypothesis, as with even a mild increase in Lmi, the 
elastin and collagen fiber organization was already altered drastically. In 
addition to its structural role, the ECM is now also increasingly recognized for 
its bioactive role in regulating cellular responses, and as such it may be a 
driving factor for respiratory disease pathology (54). Therefore, future studies 
should focus on the role of fiber organization and ECM-mediated cellular 
responses in the development of emphysema. It would be interesting to 
investigate whether fiber organization could be used as a marker to predict the 
development of emphysema and airway narrowing.  

Noncanonical signalling and elastin 

An upregulation of elastin gene expression is observed in in vivo elastase-
induced emphysema models (23), which supports the findings of studies 
demonstrating that elastin is among the highest up-regulated genes in COPD 
(44, 45). Recent findings show that noncanonical WNT signalling also 
contributes to an impaired elastogenesis. In vitro WNT-5A treatment 
upregulates elastin gene expression in primary mouse alveolar Type II cells, 
while in vivo WNT-5A overexpression downregulates tropoelastin protein 
expression (23). In addition to this direct negative effect, noncanonical 
signalling might also have an indirect effect on elastogenesis. It has been shown 
that activation of canonical WNT signalling reduces degradation of elastin and 
improves the linear deposition of elastin in alveolar walls in COPD patient-
derived three-dimensional ex vivo tissue cultures (9). Noncanonical signalling 
can inhibit canonical signalling, and therefore might have an indirect negative 
effect on elastogenesis as well. These findings are supported by our results in 
chapter 5. In chapter 5 we demonstrate that aged WT mice are less sensitive to 
the effects of elastase treatment as compared to young WT mice, as Lmi and 
MCh-induced airway narrowing do not increase significantly. As discussed in 
chapter 5, this is most likely the effect of an already lower basal expression 
and/or altered elastin organization in aged WT mice. We also demonstrate that 
noncanonical signalling is ageing-related. Furthermore, our preliminary 
findings demonstrate that aged FZD8KO-/- mice have lower p16 gene 
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expression levels, are partially protected from ageing-related alveolar damage, 
and are more sensitive to the effects of elastase on Lmi than aged WT mice. 
Although it needs further investigation, it may be possible that aged FZD8KO-/- 
mice have higher basal elastin expression and/or better elastin fiber 
organization than aged WT mice due to the reduced noncanonical signalling. 
Higher basal levels of elastin could explain why elastase treatment is able to 
enhance Lmi in the aged FZD8KO-/- mice, but not in aged WT mice. Future 
research should determine whether and how noncanonical WNT signalling 
contributes to the disturbed elastogenesis observed in COPD.  

The observation that elastase failed to increase MCh-induced airway narrowing 
or Lmi in aged WT mice reflects a limitation to our PCLS model in mimicking 
COPD pathophysiology. Loss of elastic recoil due to reduced expression or 
disorganization of elastin fibers is associated with normal lung ageing (55-57). 
In COPD however, these changes in elastin fibers are even more enhanced as 
compared to age-matched controls, likely due to increased elastase expression 
among others (46, 58). As elastase failed to increase Lmi or airway narrowing in 
aged WT mice PCLS, this may indicate that elastin fiber organization in the 
aged mouse lung is regulated differently as compared to the aged human lung. 
It could also mean that other factors than elastase alone are involved in elastin 
fiber regulation, or that the 16 hour elastase stimulation is too short to induce an 
effect in aged WT mice PCLS. As PCLS are only viable for a limited amount of 
time, long-term stimulation with elastase in this model is not possible. Taken 
together, PCLS from aged WT mice are less suitable as a model for elastase-
related pathophysiological aspects of COPD. To model elastase-induced 
biomechanical changes as observed in COPD it is therefore preferable to use 
PCLS from young WT mice.  

Therapeutic prospects 

Noncanonical WNT signalling via WNT-5A, WNT-5B, FZD2 and FZD8 is 
clearly involved in COPD pathology. As demonstrated in this thesis and 
elsewhere it is involved in inflammatory processes, fibrotic responses, 
emphysema, and in ageing of the lung. Antagonizing noncanonical signalling 
by interfering with the above-mentioned WNTs and FZDs may therefore have 
beneficial therapeutic effects in the treatment of COPD. However, targeting 
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noncanonical signalling is challenging because of several reasons. First, the 
WNT signalling pathway is a very complex system. WNT ligands may activate 
both the canonical and noncanonical pathways, and can have beneficial or 
adverse effects depending on the cellular context and FZD receptors. Hence, 
targeting potential WNT/FZD medication to the right cells is crucial. WNT 
signalling is not only cell context, but also tissue and organ dependent. For this 
reason, the whole lung needs to be taken into account as much as possible when 
novel WNT-FZD drug targets are developed. The comprehensive PCLS model 
set up in chapter 4 could therefore serve as a good tool for the screening of early 
effects of novel drug targets.  

In chapter 2 we demonstrate that in vitro knock-down of FZD2 inhibits WNT-
5B-mediated CXCL8 secretion, with a potential role for FZD8. In addition, in 
chapter 5 our preliminary data suggest that in vivo knock-down of FZD8 
partially protects against ageing-related alveolar damage. As WNT-5B and 
WNT-5A are upregulated in COPD and mediate inflammatory processes, these 
ligands may be therapeutic targets. However, a challenge in targeting WNT 
signalling at the ligand level is that multiple WNTs can bind to one FZD, and 
that the same WNT can have beneficial or adverse effects depending on the 
context. For therapeutic interference it is therefore more efficient to target the 
receptor to block the downstream signalling effects, ideally in a cell or tissue 
specific manner. Antagonizing FZD2 and FZD8 therefore represent promising 
therapeutic targets. Earlier work by our group demonstrates that FZD8KO mice 
are not affected basally in their vital functions (16), which is advocative for the 
use of a FZD8 antagonist in the treatment of inflammatory processes and 
alveolar damage.  

When developing new WNT/FZD drug targets for the treatment of COPD it is 
important to take into account the role of oxidative stress. In chapter 3 we show 
that oxidation of the WNT-5B alters WNT-FZD interaction by altering the WNT 
structure. As COPD is characterized by high levels of oxidative stress is it 
possible that both WNTs and FZDs are structurally modified in COPD patients. 
To target WNT signalling effectively in COPD, it is important to assess whether 
WNTs and FZDs are structurally altered in COPD patients by using for 
example mass spectrometry. Structural alterations can then be taken into 
account when developing FZD antagonists or WNT-binding proteins to ensure 
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optimal binding capacity. Targeting the oxidative stress itself in COPD could be 
another strategy. As typical radical scavenger treatments such as vitamin E and 
other dietary antioxidants show minimal improvement in COPD, other 
strategies should be followed. Preventing the generation of ROS by a 
pharmacological approach which inhibits oxidant species is therefore required 
(59).  

Taken together, interfering with noncanonical WNT signalling represents a 
promising therapeutic target in the treatment of COPD. However, in order to 
do so, FZD-specific antibodies or small molecule inhibitors need to be 
developed. As WNT signalling is crucial in not only COPD but in many other 
diseases as well, development of these antibodies could mean the next break-
through in the search of novel therapeutics.  
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Main conclusions 

 WNT-5B, and to a lesser extent WNT-5A, mediate inflammatory responses 
in pulmonary fibroblasts via FZD2, with a potential role for FZD8.  

 WNT-5B-mediated inflammatory responses are increased in pulmonary 
fibroblasts from COPD patients as compared to non-COPD controls. 

 Oxidation of WNT-5B and WNT-5A alters cysteine residues within the 
ligands and alters ligand-receptor interaction. 

 Oxidation of WNT-5B enhances downstream signalling, increasing 
inflammatory processes. 

 Elastase treated PCLS are a useful model to mimic the effects of 
parenchymal ECM disruption on airway narrowing and repair in COPD. 

 WNT-5A, WNT-5B, Dkk2 and Nkd1 are positively correlated with ageing 
 WNT-5B, FZD2 and FZD8 are possible drug targets for COPD and ageing-

related lung tissue damage  
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Chronisch obstructief longlijden ofwel ‘chronic obstructive pulmonary disease’ 
(COPD) is een veelvoorkomende longziekte die voornamelijk wordt 
veroorzaakt door roken. Deze ziekte veroorzaakt schade aan de longen, 
waardoor er minder zuurstof opgenomen kan worden. Daarnaast treedt bij 
deze ziekte luchtwegobstructie op. Hierdoor raken patiënten benauwd en 
worden normale activiteiten, zoals bijvoorbeeld traplopen, lastig. COPD wordt 
gekenmerkt door verschillende pathologische kenmerken zoals 
luchtwegvernauwing, ontsteking van de luchtwegen (bronchitis) en het 
omringende weefsel, afbraak van longblaasjes (emfyseem), vorming van 
littekenweefsel (fibrose) en een verhoogde slijmproductie. COPD kent een 
progressief verloop, waarbij de longfunctie en daarmee de kwaliteit van leven 
van de patiënten steeds verder afnemen. Op dit moment is COPD de vierde 
doodsoorzaak wereldwijd, en verwacht wordt dat deze ziekte in 2020 de derde 
doodsoorzaak zal zijn. De bestaande medicatie bestrijdt alleen de symptomen, 
maar niet de onderliggende oorzaak. Dit betekent dat sommige medicijnen het 
ziekteverloop weliswaar enigszins kunnen vertragen, maar dat volledig herstel 
of normalisatie van het longfunctieverlies niet mogelijk is. Daarom is het van 
groot belang dat er nieuwe therapieën ontwikkeld worden die zich richten op 
de mechanismen die ten grondslag liggen aan COPD. 
 
Een veelbelovend therapeutisch doelwit is de WNT signaal-transductieroute. 
Deze cascade bestaat uit meerdere eiwitten, waaronder WNT groeifactoren en 
FZD receptoren. De FZD receptoren zitten als het ware als een slot aan de 
buitenkant van verscheidene celtypen die in de long voorkomen. De WNT 
groeifactoren functioneren als een sleutel: door te binden aan de FZD 
receptoren wordt het slot geopend, waardoor de onderliggende cel geactiveerd 
wordt. Het is bekend dat de WNT signaaltransductieroute betrokken is bij 
weefselopbouw en weefselhandhaving in vele organen in het lichaam, 
waaronder de longen. Een normale regulatie van de WNT signaaltransductie is 
noodzakelijk voor gezonde longen, en een verstoorde regulatie kan bijdragen 
aan het ontstaan van longziekten. Recent onderzoek van onze basiseenheid 
toont aan dat de WNT-signalering anders gereguleerd is bij COPD. 
Longfibroblasten (bindweefselcellen betrokken bij het behoud van de structuur 
van de longen en luchtwegen) van COPD patiënten produceren een afwijkend 
profiel van WNT groeifactoren en FZD receptoren. Wij hebben aangetoond dat 
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de groeifactoren WNT-5A en WNT-5B en hun receptoren FZD2 en FZD8 
verhoogd tot expressie komen bij COPD patiënten. Daarnaast hebben wij 
aangetoond dat FZD8 betrokken is bij chronische bronchitis, 
luchtwegontsteking, en fibrose. Het is duidelijk dat verstoring van de WNT 
signaaltransductieroute bijdraagt aan de pathogenese van COPD, maar de 
onderliggende mechanismen hiervan zijn nog onbekend. Het onderzoeken en 
begrijpen van deze mechanismen is essentieel voor de ontdekking van nieuwe 
therapeutische aangrijpingspunten en het ontwikkelen van nieuwe 
geneesmiddelen gericht op de behandeling van COPD. De doelstelling van dit 
proefschrift is dan ook om de mechanistische rol van WNT-5A/5B signalering 
bij de pathogenese van COPD te onderzoeken.  
 
WNT-5A-en WNT-5B-gemedieerde ontstekingsprocessen 
Chronische ontsteking van de luchtwegen en het omringende bindweefsel 
(parenchym) draagt bij aan de luchtvernauwing en benauwdheid bij COPD. 
Door blootstelling aan sigarettenrook of andere schadelijke stoffen of deeltjes in 
de lucht (bijvoorbeeld veroorzaakt door het koken op houtvuur) worden 
verscheidene celtypen in de long geactiveerd, waaronder ontstekingscellen, 
zoals macrofagen en neutrofiele granulocyten en epitheelcellen. Activatie van 
deze cellen leidt tot afgifte van pro-inflammatoire stoffen (zoals cytokines) en 
stoffen die voor weefselafbraak (zoals proteases) zorgen. Langdurige activatie 
van deze processen door chronische blootstelling aan sigarettenrook resulteert 
in luchtwegvernauwing, emfyseem en structurele veranderingen aan de 
luchtwegen. Naast bovengenoemde cellen  hebben fibroblasten ook een 
mogelijke rol in COPD-gerelateerde ontstekingsprocessen. Zo zijn er studies die 
laten zien dat de expressie van de inflammatoire cytokines IL-6 en CXCL8 
verhoogd is in longfibroblasten van COPD patiënten ten opzichte van 
longfibroblasten van personen zonder COPD. Onze basiseenheid heeft eerder 
aangetoond dat longfibroblasten van COPD patiënten een afwijkend profiel van 
WNT groeifactoren en FZD receptoren produceren, en dat FZD8 betrokken is 
bij fibroblastactivatie en bij onstekingsprocessen van de luchtwegen. In 
hoofdstuk 2 hebben we onderzocht of WNT-5A en WNT-5B betrokken zijn bij 
longfibroblast-gemedieerde ontstekingsprocessen. Door fibroblasten te 
behandelen met WNT-5A of WNT-5B hebben wij aangetoond dat dit inderdaad 
het geval is. Behandeling met WNT-5B, en in mindere WNT-5A, resulteerde in 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 196PDF page: 196PDF page: 196PDF page: 196

 
 

196 

afgifte van IL-6 en CXCL8 door de fibroblasten. Tevens hebben wij laten zien 
dat FZD2 betrokken is bij de WNT-5B-geinduceerde CXCL8 afgifte, met 
daarnaast ook een mogelijke rol voor FZD8 in dit proces. Om deze bevindingen 
beter te kunnen vertalen naar het COPD ziektebeeld, hebben we de 
experimenten herhaald in longfibroblasten van COPD patiënten en personen 
zonder COPD. Ook in deze cellen induceerde WNT-5B de afgifte van IL-6 en 
CXCL8, maar deze afgifte was sterk verhoogd in de fibroblasten van COPD 
patiënten vergeleken met die van personen zonder COPD. Tevens was de 
basale genexpressie van WNT-5A en FZD2 verhoogd in fibroblasten van COPD 
patiënten. Deze resultaten tonen aan dat WNT-5A, WNT-5B en FZD2 betrokken 
zijn bij fibroblast-gemedieerde ontstekingsresponsen, en dat deze responsen 
verhoogd zijn bij COPD patiënten. Omdat WNT-5 signalering verhoogd is bij 
COPD en bijdraagt aan ontsteking vormt deze signalering een mogelijk nieuw 
therapeutisch aangrijpingspunt. 
 
Het effect van oxidatieve stress op WNT-5A-en WNT-5B-gemedieerde 
ontstekingsprocessen 

COPD wordt gekarakteriseerd door een hoge mate van oxidatieve stress. 
Oxidatieve stress is een stofwisselingstoestand waarin er een meer dan de 
normale fysiologische hoeveelheid reactieve zuurstofverbindingen (reactive 
oxygen species, oftewel ROS) aanwezig zijn in de cel. Deze ROS zijn schadelijk 
voor de cellen, doordat ze onder andere eiwitten, vetten en DNA beschadigen. 
Het roken van sigaretten verhoogt de productie van ROS, hetgeen bij COPD 
leidt tot zowel lokale als systemische oxidatieve stress. Deze oxidatieve stress 
draagt bij aan de pathologie van COPD, doordat het onder andere ontsteking 
van de luchtwegen en weefselafbraak bevordert.  
 
Oxidatieve stress kan mogelijk ook een effect hebben op WNT signalering. 
WNT groeifactoren zijn opgebouwd uit aminozuren, waaronder 
cysteïneresiduen. Het is bekend van cysteïneresiduen dat deze een 
oxidatiereactie met ROS kunnen aangaan, waardoor de structuur van het 
cysteïneresidu verandert. Het is echter nog niet bekend of blootstelling van 
WNT groeifactoren aan oxidatieve stress de structuur van de interne 
cysteïneresiduen verandert en of dit leidt tot een veranderde WNT-FZD 
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interactie. Een gewijzigde WNT-FZD interactie zou ertoe kunnen leiden dat de 
onderliggende signaaltransductieroute anders geactiveerd wordt. Om de rol 
van WNT signalering bij de pathogenese van COPD goed te begrijpen, is het 
dus van belang om te weten of oxidatieve stress de structuur van WNT 
groeifactoren - en daarmee de WNT-FZD interactie en onderliggende 
signalering - verandert. In hoofdstuk 3 hebben we dit onderzocht.  
 
WNT-5A en WNT-5B werden blootgesteld aan de oxiderende stof 
waterstofperoxide (H2O2), waarna het oxidatiepatroon van WNT-5A en WNT-
5B met behulp van massaspectometrie bepaald werd. Hieruit bleek dat oxidatie 
van WNT-5A en WNT-5B inderdaad leidt tot een veranderde structuur van de 
cysteïne residuen in deze WNT groeifactoren. Om de WNT-FZD interactie te 
bestuderen, werd gebruikt gemaakt van het “xCELLigence real-time cell 
analysis system”. Met behulp van deze techniek kan cellulaire activatie worden 
gemeten, wat een maat is voor de ligand-receptor interactie. Geoxideerd WNT-
5B induceerde een hogere cellulaire activatie in longfibroblasten en 
longepitheelcellen dan onbehandeld WNT-5B. Daarnaast leidde stimulatie van 
longfibroblasten met geoxideerd WNT-5B tot een hogere CXCL8 afgifte dan 
wanneer er met onbehandeld WNT-5B werd gestimuleerd. Tevens is er gekeken 
naar de expressie van markers van alveolaire type I en type II epitheelcellen in 
longweefsel van muizen dat in kweek was gebracht. Type I en II epitheelcellen 
zijn cruciaal voor de gasdiffusie in de longen en het behoud van de longblaasjes 
structuur. COPD wordt gekarakteriseerd door een verlies aan deze cellen, wat 
bijdraagt aan het ontstaan van emfyseem. Behandeling van muis longweefsel 
met geoxideerd WNT-5B verlaagde de expressie van de type II cel marker Sftpc 
ten opzichte van behandeling met onbehandeld WNT-5B. Dit suggereert dat 
oxidatie van WNT-5B kan bijdragen aan een verstoord weefselherstel. 
 
Tezamen duiden deze resultaten erop dat oxidatie van WNT-5A en WNT-5B 
resulteert in een veranderde structuur van de cysteïneresiduen in deze WNT 
groeifactoren en in een gewijzigde WNT-FZD interactie. Oxidatie van WNT-5B 
versterkt de pro-inflammatoire signalering en verlaagt de expressie van 
markers van weefselherstel. Deze mechanismen spelen mogelijk een rol in 
COPD, omdat zowel WNT signalering als oxidatieve stress verhoogd zijn bij 
deze ziekte. Toekomstig onderzoek moet uitwijzen of WNT groeifactoren bij 
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COPD patiënten een andere structuur hebben ten opzichte van gezonde 
personen en of dit bijdraagt aan de COPD pathogenese.  
 
Emfyseem en luchtwegvernauwing 
De cellen en de extracellulaire matrix in het parenchym rondom de luchtwegen 
dragen ook bij aan de luchtwegvernauwing bij COPD. Het parenchym reageert 
zowel passief als actief op de mechanische stimulatie die veroorzaakt wordt 
door constrictie van het gladde spierweefsel en kan zo bijdragen aan 
luchtwegvernauwing. In gezond longweefsel zorgt het parenchym voor 
elasticiteit die de constrictie van de luchtwegen tegengaat. Veranderingen in de 
structuur van het parenchym, zoals elasticiteitverlies bij emfyseem, kunnen 
luchtwegvernauwing bevorderen. Om een compleet beeld te krijgen van de 
mechanismen die een rol spelen in luchtwegvernauwing bij COPD is het dus 
van belang om ook de rol van het parenchym te bestuderen. Vooral in vroege of 
milde stadia van COPD is dit interessant, omdat veranderingen in het 
parenchym dan nog beperkt zijn en deze veranderingen mogelijk nog reversibel 
en behandelbaar zijn. Om een therapie te kunnen ontwikkelen die 
veranderingen in het parenchym herstelt, is het noodzakelijk dat we de 
mechanismen achter het ziekteproces begrijpen. Dit is nu nog niet voldoende 
het geval.  
 
Om de relatie tussen parenchymschade en luchtwegvernauwing te kunnen 
onderzoeken, hebben we een ‘precision cut lung slice’ (PCLS) model ontworpen 
en opgezet (hoofdstuk 4). Met de PCLS techniek kunnen longplakjes van 
proefdieren ex vivo (buiten het lichaam) bestudeerd worden. In deze plakjes 
blijft de longstructuur intact. Doordat de longplakjes ex vivo behandeld worden, 
kunnen veel condities binnen één dier getest worden waardoor er minder 
proefdieren nodig zijn. In dit model kan de mate van emfyseem 
gekwantificeerd worden door de ‘mean linear intercept’ (Lmi) te bepalen, 
hetgeen een maat is voor de gemiddelde grootte van de vrije alveolaire ruimte 
in de longen. Hoe meer emfyseem, hoe groter deze vrije ruimte zal zijn, wat 
resulteert in een hogere Lmi waarde. Tevens kan met behulp van microscopie 
de bindweefselstructuur van het parenchym bestudeerd worden. Daarnaast kan 
de luchtwegvernauwing goed bestudeerd worden door een contractiele stof (in 
dit geval methacholine) toe te voegen aan de longplakjes.  
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In het PCLS model dat wij opgezet hebben, werden de longplakjes van C57Bl/6 
muizen ex vivo behandeld met elastase of H2O2 om parenchymschade te 
induceren. Elastase en H2O2 veroorzaken schade aan het longweefsel die de 
schade zoals die gezien wordt bij COPD nabootst. Elastase breekt elastine af in 
het parenchym af en zorgt zo voor en een verminderde elasticiteit en emfyseem 
in het longweefsel. H2O2 induceert schade via oxidatieve stress, hetgeen ook een 
kenmerk van COPD is. Met dit model hebben wij in hoofdstuk 4 aangetoond 
dat elastase, maar niet H2O2, in staat is om de Lmi te verhogen en dus om 
emfyseem te induceren. Daarnaast tastte elastasebehandeling de vezelstructuur 
van zowel elastine als collageen aan, terwijl H2O2 behandeling dit effect niet 
had. Elastase, maar niet H2O2, verhoogde de methacholine-gemedieerde 
luchtwegvernauwing en verminderde de chloroquine-gemedieerde 
luchtwegrelaxatie.  Behandeling van de longplakjes met elastase verlaagde de 
expressie van alveolaire type I en II markers. Daarentegen verlaagde H2O2 
behandeling alleen de genexpressie van alveolaire type I markers.  
 
Uit deze resultaten kan geconcludeerd worden dat verstoring van de 
elastinevezelorganisatie resulteert in schade aan de longblaasjes en de 
parenchymstructuur. Dit leidt tot een verlaagde elasticiteit van het parenchym, 
waardoor het parenchym minder goed in staat is om luchtwegvernauwing 
tegen te gaan, resulterend in verhoogde luchtwegvernauwing. Deze 
bevindingen hebben mogelijk ook betrekking op COPD, omdat deze 
aandoening gekarakteriseerd wordt door een verstoorde parenchymstructuur. 
Het is zeer waarschijnlijk dat de parenchymschade bij COPD bijdraagt aan een 
verlies van longfunctie door de luchtwegbiomechanica te verstoren. Het 
parenchym kan dus een veelbelovend therapeutisch aangrijpingspunt zijn voor 
de behandeling van COPD. Ons PCLS model is geschikt om bepaalde 
structurele pathofysiologische aspecten van COPD na te bootsen, en is geschikt 
om nieuwe therapeutische aangrijpingspunten te onderzoeken. 
 
Interactie tussen WNT-5A/B, veroudering van de long en longschade 
COPD wordt beschreven als een ziekte van versnelde longveroudering. De 
longfunctie neemt per definitie af tijdens normale veroudering, maar het roken 
van sigaretten versnelt deze afname van longfunctie bij COPD patiënten. Het 
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stoppen met roken remt de snelheid van de longfunctieafname wel, maar er 
vindt geen herstel plaats van de longfunctie naar een voor de leeftijd normale 
waarde. Uit recente onderzoeken blijkt dat WNT-5 signalering geassocieerd is 
met zowel COPD als veroudering. Zo is de expressie van zowel WNT-5A als 
WNT-5B verhoogd bij COPD, en komt WNT-5A verhoogd tot expressie in de 
oudere long. Tevens is  aangetoond dat WNT-5A veroudering van 
bloedstamcellen induceert. Daarnaast is bekend dat WNT-5A weefselherstel in 
de long verstoort. Er zijn dus duidelijke indicaties dat WNT-5 signalering zowel 
betrokken is bij veroudering als bij weefselschade in de longen, maar de 
interactie tussen longveroudering, weefselschade en deze groeifactoren is nog 
niet duidelijk. Het doel van hoofdstuk 5 was om deze interactie te onderzoeken. 
Ook hebben we in hoofdstuk 5 gekeken naar het effect van veroudering op de 
interactie tussen het parenchym en luchtwegvernauwing. Om dit te kunnen 
onderzoeken, hebben we het PCLS model zoals opgezet in hoofdstuk 4 
gebruikt. Longplakjes van zowel jonge als oude muizen werden ex vivo 
behandeld met elastase, WNT-5A of WNT-5B. Na deze behandeling werden de 
parenchymstructuur, luchtwegvernauwing en genexpressie van markers van 
alveolaire type I en type II epitheelcellen en van veroudering in de longplakjes 
bepaald. 
 
Onbehandelde longplakjes van oude muizen vertoonden een verhoogde 
genexpressie van de verouderingsmarker p16 en een veranderde genexpressie 
van alveolaire markers ten opzichte van onbehandelde longplakjes van jonge 
muizen. Daarnaast vertoonden onbehandelde longplakjes van oude muizen een 
verstoorde elastine- en collageenvezelstructuur vergeleken met onbehandelde 
longplakjes van jonge muizen. Elastasebehandeling had alleen een effect op de 
longplakjes van jonge muizen, waar het de parenchymstructuur aantastte, de 
aveolaire marker genexpressie veranderde en de luchtwegvernauwing 
verhoogde. Een interessante waarneming was dat de parenchymstructuur en de 
luchtwegvernauwing in de elastase-behandelde jonge longplakjes gelijk waren 
aan de aan de parenchymstructuur en luchtwegvernauwing in de 
onbehandelde oude longplakjes. Dit impliceert dat behandeling van longplakjes 
van jonge muizen met elastase een verouderd fenotype induceert in deze 
longplakjes. Als laatste hebben we in dit hoofdstuk aangetoond dat WNT-5A en 
WNT-5B genexpressie positief gecorreleerd is aan veroudering, en dat 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 201PDF page: 201PDF page: 201PDF page: 201

Dutch Summary / 
Nederlandse Samenvatting 

201 

behandeling met WNT-5B de alveolaire marker genexpressie alleen verlaagt in 
longplakjes van jonge muizen. De WNT-5B-gemedieerde verlaging van de 
alveolaire genexpressie kwam daarbij overeen met de elastase-gemedieerde 
verlaging. 
 
Bovengenoemde resultaten laten zien dat de basale luchtwegvernauwing 
verhoogd is in oudere muizen. In hoofdstuk 4 hebben we aangetoond dat een 
verstoorde parenchymstructuur bijdraagt aan een verhoogde 
luchtwegvernauwing. Het is dan ook waarschijnlijk dat de verhoogde basale 
luchtwegvernauwing in de oude muizen in ieder geval deels veroorzaakt wordt 
door de verstoorde elastinevezelstructuur in deze muizen. Tevens hebben we 
aangetoond dat WNT-5 signalering versterkt wordt tijdens veroudering en 
bijdraagt aan alveolaire schade. Onze bevindingen ondersteunen de hypothese 
dat WNT-5 signalering veranderd is veroudering, en dat WNT-5 signalering 
waarschijnlijk bijdraagt aan het ontstaan van longweefselschade. Omdat COPD 
een ziekte van versnelde longveroudering is, zal een beter begrip van de 
interacties tussen veroudering en weefselschade bijdragen aan de zoektocht 
naar een nieuw therapeutisch aangrijpingspunt voor de behandeling van 
COPD. Het onderdrukken van WNT-5-gemedieerde signalering via het 
remmen van de receptor of de onderliggende signalering kan hierbij een 
mogelijk therapeutisch doelwit zijn.  
 
Klinische implicaties  
Het hoofddoel van dit proefschrift was om de mechanistische rol van WNT-5A 
en WNT-5B in COPD pathogenese te onderzoeken. We hebben laten zien dat 
WNT-5A, WNT-5B, FZD2 en FZD8 betrokken zijn bij fibroblast-gemedieerde 
ontstekingsprocessen, en dat oxidatieve modificatie van WNT-5B dit 
ontstekingsproces verergert. Daarnaast hebben we een PCLS model opgezet 
waarin we het verband tussen een verstoorde parenchymstructuur en een 
verhoogde luchtwegvernauwing hebben aangetoond. Ditzelfde model hebben 
we gebruikt om de interactie tussen WNT-5A/B, veroudering van de long en 
longschade te onderzoeken. Hierin hebben we aangetoond dat WNT-5B 
geassocieerd is met veroudering van de long en longschade. Tezamen laten de 
resultaten in dit proefschrift zien dat WNT-5B, WNT-5A, FZD2 en FZD8 
bijdragen aan processen die bijdragen aan de pathogenese van COPD. Het 
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onderdrukken van bovengenoemde WNT groeifactoren en FZD receptoren is 
dan ook mogelijk een therapeutisch aangrijpingspunt voor de behandeling van 
COPD. De WNT signaaltransductie route is echter een zeer complex systeem, 
waarbij het effect van individuele WNT groeifactoren afhankelijk kan zijn van 
de aanwezige receptoren. Daarnaast kan het effect ook verschillen per celtype. 
Dit heeft als gevolg dat dezelfde WNT groeifactor zowel positieve als negatieve 
effecten op  longschade en -herstel kan hebben, terwijl alleen de negatieve 
effecten uitgeschakeld moeten worden in de behandeling van COPD. Omdat 
het effect van WNT groeifactoren kan verschillen per celtype en de long uit vele 
celtypen bestaat, is het belangrijk om de gehele long in acht te nemen tijdens het 
ontwikkelen van nieuwe medicatie gericht op de WNT signaaltransductieroute. 
Het PCLS model dat wij in hoofdstuk 4 ontwikkeld hebben, heeft een intacte 
longstructuur. Dit model is dus geschikt om de vroege effecten te onderzoeken 
van nieuwe stoffen gericht op de WNT cascade. Het PCLS model heeft echter 
wel de beperking dat ontstekingsprocessen niet goed kunnen plaatsvinden 
doordat PCLS geen bloed bevatten en hierdoor de ontsteking-gerelateerde 
celinfiltratie niet aanwezig is. Deze beperking moet in ogenschouw genomen 
worden bij de interpretatie van resultaten verkregen door experimenten met 
PCLS.  
 
Zowel WNT-5A en WNT-5B als FZD2 en FZD8 zouden onderdrukt kunnen 
worden met nieuw te ontwikkelen medicatie. Omdat de effecten van WNT 
groeifactoren bivalent kunnen zijn, is het therapeutisch gezien specifieker en 
dus efficiënter om de receptoren te onderdrukken. FZD2 -en FZD8-
gemedieerde signalering kan geremd worden door antilichamen die aangrijpen 
op deze receptoren. Antilichamen kunnen voorgesteld worden als stoffen die 
het slot (de receptor) blokkeren. Hierdoor kunnen er geen WNT groeifactoren 
(de sleutels) meer binden, en vindt er dus geen signalering plaats. Tevens 
kunnen er “small molecule inhibitors” ontwikkeld worden. Dit zijn stoffen met 
een laag moleculair gewicht, in tegenstelling tot de vaak grote en zware 
antilichamen. Small molecule inhibitors kunnen FZD2 en FZD8 ook remmen, en 
hebben als voordeel dat ze makkelijker in cellen doordringen dan antilichamen 
omdat ze veel kleiner zijn en hierdoor minder gehinderd worden door de 
cellulaire barrières.  
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Tijdens het ontwikkelen van stoffen die ingrijpen op de WNT 
signaaltransductieroute voor de behandeling van COPD dient de rol van 
oxidatieve stress in ogenschouw genomen te worden.  In hoofdstuk 3 hebben 
we aangetoond dat oxidatieve stress WNT-5B structureel modificeert. Hierdoor 
veranderde de WNT-FZD interactie, wat leidde tot een versterkte WNT-5B-
gemedieerde ontstekingsrespons. COPD wordt gekarakteriseerd door een hoge 
mate van oxidatieve stress. Hierdoor is het mogelijk dat de WNT groeifactoren 
en FZD receptoren in COPD patiënten een veranderde structuur hebben ten 
opzichte van gezonde personen. Om medicatie te kunnen ontwikkelen die 
efficiënt aangrijpt op WNT signalering in COPD is het dus belangrijk om de 
precieze structuur van de WNT groeifactoren en FZD receptoren in COPD 
patiënten te bepalen. Dit zou bijvoorbeeld gedaan kunnen worden met  
massaspectometrie. 
 
Samengevat vormt het ingrijpen op de WNT signaaltransductie een 
veelbelovend nieuw therapeutisch aangrijpingspunt voor de behandeling van 
COPD. Voor het zover is, dienen er echter eerst FZD-specifieke antilichamen of 
small molecule inhibitors ontwikkeld te worden. De ontwikkeling van deze 
stoffen zou de volgende doorbraak kunnen zijn in de zoektocht naar nieuwe 
medicatie gericht op behandeling van COPD.  
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‘’Soms denk ik uren na en heb ik nog niks op papier, een andere keer bereik ik 
precies datzelfde in vijf minuten.’’ Herman Finkers  

 
Hoe relatief en wonderlijk het fenomeen tijd is, is mij tijdens de afgelopen jaren 
goed duidelijk geworden. Het voelt als de dag van gisteren dat ik de afdeling 
Moleculaire Farmacologie op 1 december 2012 binnen wandelde. Toch ben ik 
nu, vier-en-een-half jaar later, echt al toegekomen aan het schrijven van het 
dankwoord van mijn proefschrift. Nog wonderlijker is hoeveel je kan leren en 
groeien in slechts een paar jaar tijd. Toen ik begon aan mijn PhD kon ik in ieder 
geval nog niet bevroeden hoeveel méér ik zou leren dan ik van tevoren 
verwacht had. Dat ik zoveel heb kunnen en mogen leren, heb ik te danken aan 
de mensen om mij heen. Mensen die ik dan ook graag wil bedanken. 
 
Ten eerste mijn dagelijkse supervisor en promotor Reinoud. Reinoud, al tijdens 
mijn sollicitatiegesprek hebben we naast het bespreken van serieuze 
onderwerpen ook gelachen om grappen heen-en-weer. Dit gaf mij van meet af 
aan direct een goed gevoel. Ik denk dat humor dan ook een zeker een rode 
draad is geweest in onze samenwerking de afgelopen jaren, waarbij  zekere 
kantoordecoratie een terugkerend thema was. Jouw begeleiding zorgde ervoor 
dat ik mijn weg kon vinden in de moleculaire biologie, een veld waar ik nog 
maar amper ervaring in had. Ik heb enorm veel gehad aan onze 
wetenschappelijke discussies. Niet alleen zorgden deze gesprekken voor meer 
inzicht in de materie, maar ze leerden mij ook om beter te focussen en 
onderscheid te maken tussen hoofd- en bijzaken. Af en toe moest ik je wel even 
vragen een aantal denkstappen terug te gaan in jouw uitleg, omdat je zelf wel 
eens vergeet hoeveel inzicht en overzicht je hebt. Dat ik je daar zonder 
problemen op kon wijzen geeft ook meteen hoe fijn het was om je samen te 
werken: alles kon besproken worden. Niet alleen op wetenschappelijk gebied 
heb ik veel van je geleerd, maar ook op persoonlijk vlak. Hoe jij je talloze taken 
combineert met een persoonlijke en respectvolle manier van leidinggeven, en 
ook nog tijd vindt om af en toe mee te gaan borrelen, vind ik erg inspirerend. 
De keer dat je mee hebt geholpen toen mijn protocol tot middernacht uitliep en 
je pizza bestelde, zal ik ook niet snel vergeten. Ik heb dankzij jouw begeleiding 
kennis en ervaring opgedaan waardoor ik zowel op wetenschappelijk als 



512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam512661-L-bw-Stam
Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017Processed on: 21-8-2017 PDF page: 206PDF page: 206PDF page: 206PDF page: 206

 
 

206 

persoonlijk vlak gegroeid ben, en ik kijk met erg veel plezier terug op de 
afgelopen jaren.  Reinoud, bedankt voor je optimistische insteek, alle goede 
adviezen en de fijne begeleiding. 
 
Herman, bedankt voor de scherpzinnige (maar altijd vriendelijke!) revisies op 
mijn schrijfwerk. Je bent een grote bron van kennis, wat ook altijd bleek uit de 
nuances die je toebracht aan de wetenschappelijke discussies tijdens de 
werkbesprekingen door precies de juiste vragen te stellen. Als afdelingshoofd 
was je altijd zeer betrokken bij het wel en wee van de groep. Ik heb mij hierdoor 
altijd welkom gevoeld, ook als beginnend PhD-kandidaat. Naast jouw 
enthousiasme voor de farmacologie van de longen ben je minstens even 
enthousiast over kunst en muziek, en het was altijd leuk om hierover met je te 
praten. Ik vond het erg inspirerend om te zien dat je jouw passies voor 
wetenschap en muziek wist te combineren, bedankt voor dit voorbeeld. 
 
Martina, ook jij bent een onuitputtelijke bron van kennis en je hebt mij vaak 
laten zweten tijdens mijn presentaties door pittige vragen te stellen. Vragen die 
er eigenlijk altijd voor zorgden dat ik nog een keer naar experimentele mijn 
opzet ging kijken en deze vervolgens verbeterde. Het belang van goede controle 
experimenten is mij nu zonder meer duidelijk! Naast jouw tomeloze inzet 
tijdens de werkbesprekingen, wil ik je ook graag bedanken voor jouw 
vertrouwen in mij als docent en jouw hulp daarbij. Het is prettig om samen te 
werken met iemand die niet in problemen, maar in uitdagingen en dus in 
oplossingen gelooft. Ik weet zeker dat we komend jaar mooi onderwijs gaan 
neerzetten. 
I would like to thank the members of the reading committee, prof. dr. H.I. 
Heijink, prof. dr. A.M.W.J. Schols, and prof. dr. R. Farré for their time and effort 
to critically assess my thesis. 
 
Corry-Anke, bedankt voor jouw hulp bij hoofdstuk 2. We hebben mooie 
resultaten behaald met de primaire fibroblasten van COPD patiënten, 
resulterend in een publicatie. Bedankt voor jouw input, zowel specifiek bij dit 
hoofdstuk als meer in het algemeen door de feedback die je gaf en de vragen 
die je stelde tijdens mijn GRIAC presentaties. 
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I also would like to thank Frank, Hjalmar, and Peter. Your expertise on 
chemistry helped me tremendously with the designing and execution of the 
experiments for chapter 3. Thank you for taking the time to walk me through 
technical details. I enjoyed our conversations and learned a great deal from it. 
 
Cécile, your input improved chapter 4 tremendously. It was nice to have 
discussions with you over the contents of this chapter, which resulted in a 
publication. Thank you for your effort and help. 
 
Tim, je bent een geval apart, maar wel op de best mogelijke manier! We zijn 
bijna tegelijk aan onze PhD begonnen en gedurende onze PhD zijn we goed 
bevriend geraakt. Ik heb veel respect voor hoe jij onderzoek doet, en ik weet 
zeker dat jij het nog veel verder gaat schoppen in de wetenschap. Het was altijd 
erg leuk om je lastig te vallen met ongevraagde koffiepauzes tijdens jouw 
filosofische overpeinzingen, en ik heb veel gelachen om jouw ietwat cynische 
humor tijdens dat soort momenten. Buiten het werk om spraken we ook vaak af 
voor de nodige borrels en feestjes, en ik kijk daar met enorm veel plezier op 
terug. Je zit nu in het buitenland, maar de koffie/whisky staat altijd voor je klaar 
in Groningen. Bedankt voor de leuke tijd op het lab, en bedankt dat je mijn 
paranimf wilt zijn. 
David, I really enjoyed having you as colleague. This of course was not just 
because of your fabulous British accent, but also because of your kind attitude 
on the working floor and your great sense of humour. Once you joined our 
department, we quickly became friends, and together with Tim we had quite 
some fun. I am sure we will remain friends, even if we are not seeing each other 
that often. Thank you for being such a nice colleague and friend. 
 
Loes, gedurende de afgelopen paar jaar heb ik met heel wat mensen het kantoor 
gedeeld, maar geen een daarvan was zo efficiënt als jij. Ik heb veel respect voor 
jouw harde manier van werken, en hoe je dat combineert met jouw sociale 
leven. Daarnaast was het natuurlijk ook gewoon gezellig om jou als 
kantoorgenoot te hebben en kon ik altijd bij je terecht als ik vragen had, wat erg 
fijn was. En waar zouden we (letterlijk) geweest zijn als we TomTomLoes™ niet 
bij ons hadden gehad op de buitenlandse congressen? Inmiddels zitten we niet 
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meer bij elkaar op kantoor, maar gelukkig delen we nog wel de pauzes. Je bent 
een erg fijne collega, bedankt daarvoor. 
 
Anita, jou wil ik ook graag bedanken. Je bent een ras optimist pur sang, en dat 
waardeer ik ontzettend aan je. Zeker wanneer je een rotdag hebt omdat je 
celkweek geïnfecteerd is met schimmels, je western blot geen bandjes heeft en 
de pcr primers zoek zijn, is het enorm fijn om een collega te hebben die goed 
kan relativeren. Ook als schoonzus is die eigenschap natuurlijk heel fijn! Anita, 
bedankt voor al jouw hulp en gezelligheid de afgelopen jaren. 
 
Pavan, sitting next to you in the office was very good for my general education, 
and at times rather bad for my productive output. I very much enjoyed our 
conversations about basically every subject one can come up with, from politics 
to cultural differences to time traveling. And the Oxford comma of course, I am 
not sure if we ever came to an understanding about that particular subject. Your 
optimistic outlook on the world is rather contagious, and I thank you for that. I 
wish you all the best for the future.  
 
Susan, ik ben erg blij met jou als kantoorgenoot. Ook jij bent zeer optimistisch 
ingesteld en een ster in relativeren, dank daarvoor. Daarnaast is het ook altijd 
handig om een collega te hebben met wie je een diepzinnige discussie over de 
definitie van een kort pittig kapsel kan voeren. 
 
John-Poul, you gave the words ‘asymmetric division’ a complete new 
dimension. You are one of the most enthusiastic scientists I have ever met and I 
am sure you will succeed in whatever mad scientist project you will be doing. 
However, I am still not sure about your methods of drinking tea with an awful 
lot of milk in it. Thank you for being such an enthusiastic colleague.  
 
Sophie, Carolina, Annet en oud-collega Mark, natuurlijk wil ik ook jullie graag 
bedanken. Als analisten en technici houden jullie het lab vaak letterlijk en 
figuurlijk overeind. Mark, bedankt voor jouw hulp (en humor!) bij mijn 
projecten, zeker in het begin was het erg fijn dat je mij alles kon uitleggen. 
Sophie, bedankt voor jouw hulp met de muizen en voor de gezelligheid op het 
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