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SCOPE OF THE THESIS

Cystic fibrosis (CF) and Chronic obstructive pulmonary disease (COPD) are progressive and
eventually fatal lung diseases characterized by airway inflammation, bacterial infection,
viscous mucus secretion and myofibroblast hyperplasia. An effective cure is not available.
Though the etiology of the two diseases is obviously different, the molecular mechanisms
involved are likely related, but not completely elucidated. By studying pathological
processes in the CF and COPD airway model systems, we aim to establish novel therapeutic
targets.

In this thesis we focus on the role of ADAM17 metalloprotease activity, which sheds a range
of bioactive protein ligands, including most epithelial growth factor receptor (EGFR) ligands.
We hypothesized that the ADAM17-EGFR axis is a link between CF and COPD lung
pathology. When triggered by stress signals, ADAM17 releases a number of protein
substrates from airway epithelial cells, including IL-6 receptor (IL-6R) and several growth
factors such as amphiregulin (AREG) that activate gp130 and EGFR respectively on the
epithelial cells (autocrine) and the underlying tissues (paracrine, trans-activation). Both the
IL-6/1L-6R/gp130 and AREG/EGFR pathways converge in STAT3 activation, a transcription
factor and genetic modulator of CF lung disease, and are involved in the lung tissue repair,
inflammation and fibrosis. Thus the focal point of this thesis was to establish the role of
ADAM17 and EGFR in pathology of CFTR-related lung diseases: CF and COPD.

Chapter 1 provides a general introduction to CF and COPD pathology and describes the
importance of anti-inflammatory therapy in CF. In the second part, ADAM17 and EGFR are
introduced and their role in lung inflammation and remodeling is underlined.

Chapter 2 shows the responses of ADAM17 and EGFR to whole cigarette smoke (CS)
exposure in differentiated COPD and non-COPD primary human bronchial epithelial cells
cultured at the air-liquid interface (ALI-HBEC). Further, it investigates the effect of CS
exposure on localization and quantity of phospho-ADAM17/substrate interactions, and
shows the involvement of the EGFR-ADAM17 axis in regulation of mRNA and protein levels
of ADAM17 substrates, providing new insight into the spatiotemporal ADAM17-mediated
cleavage.

Chapter 3 demonstrates that CFTR deficiency hyperactivates epithelial ADAM17 and EGFR
as a cell-autonomous defect in a unique model of immortalized CFTR deficient CFBE41o-
airway epithelial cells with inducible CFTR expression. Druggable targets upstream and
downstream of these regulators were defined in order to understand the cascade of events
leading to CFTR-mediated activation of ADAM17-EGFR axis and potentially apply them as an
early intervention in CF lung therapy.

Chapter 4 provides evidence of chronic lung inflammation in a mouse model of the most
common CF mutation (F508del CFTR). In unchallenged mutant mice we observe enhanced
infiltration with activated granulocytes and an abnormal dendritic cell balance, consistent
with basal pro-inflammatory signalling due to CFTR deficiency. Upon challenge with
bacterial toxins, resolution of induced inflammation is delayed in mutant mice. This
correlates with abnormal sphingosine metabolism, in particular reduced S1P in lung tissue,
which is known to be associated with inflammatory processes through S1P recpetors, Oral
administration of an S1P-lyase inhibitor (LX2931), corrected the S1P deficiency and reduced
basal and induced inflammation in mutant mice.
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Chapter 5 Summarizes and critically discusses the studies presented in this thesis and
provides possible future directions in investigation of EGFR-ADAM17 axis in the context of
CF and COPD lung disease.

APPENDIX

Appendix presents further evidence that F508del CFTR mutant mice show excessive
inflammation, increased IL-1pB production and reduced bacterial clearance. CFTR deficient
mice with the IL-1R1 knock-out (double mutant dd x IL-1R1) have attenuated inflammation,
providing a rationale for targeting IL-1B/IL-1R1 pathway in CF patients. Importantly, in
airway epithelial cell lines activation of IL-1R activates the ADAM17/EGFR/IL8 signaling (Kim
et al, 2013), thus intervention in IL-1B/IL-R1B pathway may be also beneficial in attenuation
of EGFR/ADAM17 signaling in the CF or COPD disease state, which can be further evaluated
in differentiated human airway epithelial cells.
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CHAPTER 1
General introduction

The EGFR-ADAM17 axis in pro-inflammatory airway

responses and remodeling in CFTR related lung diseases:
CF and COPD.

(to be submitted)

Stolarczyk M and Scholte BJ
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INTRODUCTION

1.1 CYSTIC FIBROSIS, A CONGENITAL LUNG DISEASE WITH AN EARLY ONSET

Cystic Fibrosis (CF) is an autosomal recessive lung disease caused by more than 2000
different mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene
[1] with 70-80.000 patients worldwide. The most common CF mutation is the deletion of a
phenylalanine at amino acid position 508 in the NBD1 domain of CFTR protein (F508del) [2].
The CFTR gene encodes the Cystic Fibrosis Transmembrane conductance Regulator protein,
a chloride channel mainly expressed in the apical membrane of secretory epithelial cells [3].
Later studies showed that CFTR is also involved in transport of other molecules, for instance
bicarbonate [4] and glutathione [5] [6]. Bicarbonate is crucial to normal expression of
mucins that in CF remains aggregated and poorly solubilized [7], whereas glutathione, as a
natural antioxidant, reduces oxidative cellular stress [8].

CFTR has a key role in maintaining ion and water homeostasis in secretory epithelia [3], thus
mutations in CFTR cause a multi-organ CF disease affecting lungs, intestine, pancreas, liver,
sinuses, and reproductive organs [9]. However, under present treatment the main
morbidity and mortality among CF patients is due to lung malfunction, thus most available
and experimental treatments aim to prevent the progression of CF lung disease [10].

CF lung disease, an early disorder of distal airways

Advances in imaging and monitoring of the respiratory system in infant patients [11] [12]
[13] have revealed that severe CF lung pathology starts early in childhood [14] [15] and
progresses irreversibly over time [16] [17]. Characteristic lung functional and structural
changes are observed already in pre-school patients [15] [17] [18] [19]. This early onset of
lung abnormalities includes bronchiectasis, diagnosed thickening and dilation of the
bronchial walls [14] [20] [21], air trapping and atelectasis (partial collapse of the lung) [14]
[22]. These symptoms occur simultaneously with reduced mucociliary clearance and mucus
plugging [20]. Quantitative and standardized tracking of early lung disease progression in
infants with CT scans is pursued to advance the comparative analysis and provide the
evaluation of the treatment [18] [23].

In a recent micro CT and histological study of end-stage CF lungs the dilatation and
obstruction of distal airways and a severe reduction in the number of functional terminal
bronchioles was clearly documented for the first time, confirming that obstruction and
remodeling of peripheral airways is a prominent feature in CF lung disease, and therefore
are prime targets of experimental therapy [24]. CF mouse models [25] (Chapter 4,
Appendix) and large CF animal models, like pig [26] [27] and ferret [28] are helpful in the
investigation of the mechanism involved in this early onset of CF lung disease and
intervention therapy, but all have considerable limitations. In addition to state of the art
clinical and biomarker studies, there is an urgent need for the development of organotypic
cell culture models in which the complex molecular and cellular interactions involved in CF
lung pathology can be studied (Chapter 2 and 3).

Mucus, Mucociliary transport and ciliary beat frequency

Healthy airways are protected by mucociliary transport that removes pathogens and toxic
particles captured in mucus by ciliary beating. In healthy subjects this requires CFTR
dependent balanced fluid and proper mucus secretion from surface cells and sub-epithelial
glands. However, CF lung epithelial cells produce mucus (MUC5AC, MUC5B) with altered
properties, characterized mainly by high viscosity [29] [30]. High mucus viscosity in CF is
caused by reduced CFTR-dependent bicarbonate secretion, required for proper expansion
of secreted mucus molecules [30] [31].
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Furthermore, CF patients have intrinsically impaired ciliary beat frequency (CBF), which
additionally reduces muco-ciliary transport of inhaled chemical particles and pathogens. CBF
is not only dependent on CFTR-mediated bicarbonate transport, but also regulated by
soluble adenyl cyclase (sAC) [32] [33].

Taken together, high mucus viscosity [29] and impaired CBF disable effective clearance of
bacteria and inhaled particles [26] [34], which has been recently confirmed by less effective
removal of bacteria introduced into the CF pig lung in comparison to healthy animals [35].

Air Surface Liquid

Airway epithelium is covered with a thin layer of air-surface liquid (ASL). Airway epithelial
cell cultures from CF patients have reduced ASL height, presumably due to defective CFTR
dependent fluid secretion [36] [37] [38]. Additionally, as a consequence of reduced
bicarbonate secretion, CFTR deficiency abnormally acidifies ASL [32] [33]. Reduced pH of
ASL impairs bacterial killing [39] [40], inhibits the activity of ASL antimicrobials [41], and
increases ASL viscosity of newborn CF piglets, which can be improved after reducing ASL
Ca®' levels [26].

Taken together, the careful regulation of the balance between fluid and ion secretion and
resorption at the airway surface, maintenance of the optimal liquid layer (ASL) height, pH
and mucus viscosity, is the primary role of CFTR in the lungs. Impaired CFTR function leads
to dehydration and acidification of ASL, which interferes with pathogen and mucus
clearance [34] [36] [39] [42].

Bacterial infection and inflammation

Impaired bacterial killing and mucociliary clearance facilitate bacterial colonization in CF
lungs. Pseudomonas aeruginosa, Haemophilus influenza, Staphylococus aureus, generally
harmless in normal individuals, are pathogens frequently found in CF patient lungs [43].
Microbes that colonize airways frequently form biofilms, stimulating persistent
inflammatory responses [44]. Despite activation of inflammatory responses mediated by the
innate and cellular immune system, eradication of bacterial infection is impaired in CF lungs.
It is plausible that persistent inflammation is caused by bacteria captured in sticky mucus,
which produce a mucoid biofilm during adaptation to the CF lung environment.

Recurrent infections (mainly with P. aeruginosa) and concomitant chronic inflammation,
recognized as main hallmarks of CF lung disease, worsen the lung pathology. In airways,
bacterial infections induce a massive recruitment of neutrophils [45]. Both bacterial
infections and neutrophil infiltration have been correlated with progression of lung disease
[14]. This ultimately leads to irreversible airway remodeling, observed as air trapping,
bronchiolar obstruction and bronchiectasis [24].

However, it still remains unknown whether elevated levels of inflammatory cytokines,
growth factors and mucins always result from bacterial infection, or are an intrinsic
property of CFTR deficient mucosa (Chapter 4, Appendix). Some reports argue that bacterial
infections are indispensable to inflammatory responses, providing evidence that CF lungs do
not have inflammation at birth in humans [46] or CF pig [35]. However, others report that
CFTR malfunction leads to overexpression of pro-inflammatory molecules (such as IL-6, IL-8,
IL-17, CXCL1, CXCL2) as a cell-autonomous defect occurring before P.aeruginosa infection
[47] [48] [49] [50] [51] [52]. Thus, it is likely that mucosal inflammation is an autonomous
defect of CF epithelial cells, which may occur before bacterial infection. Furthermore, it is
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also unclear whether the elevated levels of inflammatory mediators in the bronchioalveolar
lavage fluid (BALF) of young and adult CF patients [53] are caused by functional
abnormalities in CF myeloid cells, in particular macrophages [54], dendritic cells (Appendix:
CF mouse studies), and neutrophils [55] or are primarily related to abnormal cytokine
signaling by CFTR deficient airway epithelial cells. This thesis aims to address the question
whether inflammation is an inherited property of CF airway epithelial cells, which is covered
by Chapter 2.

In summary, due to the early onset of the lung disease and its irreversible nature, it is clear
that CF patients require early intervention therapy [17]. Excessive lung inflammation and
tissue remodeling observed in CF may be an inherent property of CFTR deficient lung
mucosa. Therefore, it is important to establish whether alleviation of inflammatory
responses is beneficial in management of CF lung disease [56].

1.2 STRATEGIES OF CF THERAPY

The most prominent cause of death of CF patients is lung malfunction caused by frequent
airway infections, persistent inflammatory responses, mucus plugging and airway
remodeling (bronchiectasis, scarring) [24]. Indirect pharmacological management targets
these different pathophysiological aspects of the disease and mainly focuses on anti-
inflammatory agents [57] [58], antibiotics [59], and mucolytic agents [60] [61] [62]. Direct
pharmacological management of CF disease, which is being developed at this time, intends
to restore the functional expression of mutated CFTR at the plasma membrane by
correcting its folding and gating defect [63] and thus reverse the abnormalities in chloride
transport. Many attempts have been made to define correctors that aim to correct the
folding defect and enable mutant CFTR to reach the apical membrane, and potentiators that
increase the open-probability of the mutant CFTR channel at the plasma membrane,
thereby increasing CFTR conductance [64] [65] [66] [67] [68]. On the basis that patients with
residual CFTR activity have less severe disease [69] [70], it is claimed that for therapeutic
strategies aimed at correcting mutant CFTR function or gene therapy around 10 % of normal
CFTR activity is required to restore chloride transport [71].

So far, a potentiator Ivacaftor (VX-770, trade name KALYDECO®) was tested with excellent
results in G551D CFTR patients [72] [73] and has been approved by the U.S Food and Drug
Administration (FDA) for patients with gating mutations (G551D, G1244E, G1349D, G178R,
G551S, S1251N, S1255P, S549N, or S549R), which together account for 4-5% of all CF alleles
[3]. In clinical trial, the corrector VX-809 (lumacaftor) resulted in significant improvement of
lung disease, albeit only in a subpopulation of homozygous F508del CFTR mutants [68]. In
2015 the FDA approved ORKAMBI® for homozygous F508del CFTR patients, the combination
of CFTR corrector Lumacaftor (VX-809) and potentiator Ivacaftor (VX-770) in one pill. This
therapy improves lung function in patients homozygous for the F508del mutation, although
modestly and not in all patients [10] [74], so further investigations with different
combinations of new correctors and potentiators are in progress to find more effective
therapy [75] [76]. Long-term effects on lung function after treatment with correctors and
potentiators are still not well investigated. Current developments use stem cell based
intestinal organoids as a new test platform for high throughput screening and personalized
evaluation of available compounds and combination therapies [77] [78] [79]. Gene
therapies (viral and non-viral gene transfer, gene editing, mRNA repair) as well as strategies
targeting protein repair other than potentiators and correctors (like premature termination
codon (PTC) read-through drugs or proteostasis regulators) are also under investigation, but
so far with limited success in clinical trials [65] [66] [67] [80] [81]. Editing the CFTR gene
using the CRISPR-Cas9 system in stem cells is a potential next step to improve CF therapy
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[82]. However, this approach has to overcome similar issues of efficiency, delivery and
safety as conventional gene therapy.

Since the 1990s excessive airway inflammation, which positively correlates with the
progression of CF lung malfunction, is recognized as the major factor in the pathogenesis of
CF lung disease [83]. However, so far the effects of correctors and potentiators on infections
and the release of inflammatory mediators have not been broadly investigated in clinical
studies. In vitro studies by Pohl et al. show that Ivacaftor improves extracellular P.aerugnosa
killing by neutrophils isolated from F508/G551D or F508del homozygous patients and
corrects neutrophilic degranulation and Rab27a activation [84]. Rowe et al. showed that
Ivacaftor also reduces P. aeruginosa isolated from CF patients after 6 months treatment.
However, the free neutrophil elastase and other inflammation markers like IL-1B, IL-6 and
IL-8 in sputum samples remained unchanged [73]. Therefore anti-inflammatory, anti-
bacterial and other additional therapies are still important targets of investigation [85].

In summary, recent breakthroughs in the development of small-molecule compounds
targeting the mutant CFTR protein have raised hope to find a cure for CF. However, the
presently available CFTR correctors and potentiators are not sufficiently effective in a
majority of CF patients, and the search for new compounds and additional therapies is still
highly relevant. Targeting the CFTR gene by gene editing in stem cells is a next
development. At this point, anti-inflammatory and anti-bacterial therapies remain
important targets of investigation.

1.3 COPD, ACQUIRED CF?

Chronic obstructive pulmonary disease (COPD), the 5 ranking cause of death worldwide, is
a complex inflammatory lung condition that interferes with normal breathing due to
obstruction of the lung airflow, excessive sputum production and a chronic cough. Usually
COPD is characterized by chronic bronchitis (inflammation of the bronchi and bronchioles)
and emphysema [86]. Similar to CF, bronchiectasis and peripheral airway thickening are also
observed in the lungs of COPD patient [87]. Phenotypic expression of COPD is highly
variable. Some individuals develop lung disease dominated by emphysema, while others
exhibit chronic bronchitis. This heterogeneous phenotype likely reflects the contribution of
multiple pathogenic mechanisms. Once COPD starts to develop, it tends to worsen over
time, and so far its progress cannot be controlled effectively in most patients.

The most prominent etiological factor leading to COPD is cigarette smoke, but also exposure
to fumes, chemicals and dust [88]. Although COPD and CF differ in primary cause, the
spectra of the pathological events overlap considerably (Figure 1). Both diseases are
characterized by excessive mucus production and insufficient clearance, leading to lower
airways obstruction with chronic neutrophilic infiltration. In CF and COPD airway surface
liquid (ASL) dehydratation and viscous mucus secretion impair mucociliary and bacterial
clearance, causing chronic inflammation and facilitating recurrent infections [89].
Furthermore, during chronic CF lung disease, P.aeruginosa clones adapt, resulting in a highly
diverse bacterial community that is extremely difficult to eradicate therapeutically. This is
also observed in severe COPD, but not in mild disease [90] [91]. Recent publications show
the involvement of a wide variety of inflammatory mediators in COPD (like IL8, IL-6, CCL18),
that overlap with CF related mediators [85] [92]. There are also parallels on the cellular level
that include goblet cell metaplasia, hyperplasia of myoblasts, extensive extracellular matrix
production [93].
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CcoPD

- smoke induced

- diagnosed at > 40 yr
- develops slowly

- recently described as
“acquired CF”

CF

- genetic disease

- starts early in childhood

- presently described as
progressive lung disease

COMMON FEATURES
e progress over time, irreversible
e chronic bronchitis
e bronchiectasis
e reduced mucociliary clearance
e mucus plugging
e depletion of the ASL
e bacterial colonization
e recurrent infections
e chronic inflammation
e tissue remodeling
(scars, fibrosis, emphysema)

Figure 1. Common features of CF and COPD. CF and COPD despite the distinct nature of the disease
development share many common clinical manifestations. Mutations in CFTR gene contribute to the
CF outcome. Recently CS has been shown to affect CFTR channel activity and since is recognized as a
factor that may contribute to a CF-like phenotype in COPD. Thus COPD has been recently described
as acquired CF.

The broad spectrum of common features and events observed in CF and COPD encouraged
researchers to seek for the common factors for both diseases. Studies showed that cigarette
smoke decreases CFTR mRNA expression, and reduced CFTR protein level through
accelerated degradation and altered channel activity [94] [95] [96] [97]. CFTR dysfunction
and a clinical phenotype similar to mild CF developed by COPD patients has made
researchers to describe COPD as an “acquired CF” [89] [93] [98] [99]. Nasal potential
differences (NPD) in patients with no detectable CFTR gene mutation reflected a pattern
typical of CFTR deficiency [100]. As a result of CS exposure, CFTR rapidly internalizes leading
to its decreased activity, diminished CFTR-mediated anion transport, impaired mucociliary
clearance and depleted ASL in vitro and in vivo [94] [95]. However, the effect presented in
these papers is transient, so whether CS-induced inhibition of CFTR contributes to the
chronic COPD in ex-smokers remains to be investigated.

1.4 STRATEGIES OF THERAPIES IN COPD

The CF-like symptoms of COPD, impaired CFTR function observed in COPD patients, and the
direct evidence that CS exposure inhibits CFTR activity have led to a trial in which smokers
were treated with a CFTR potentiator. Sloane et al. showed that Ivacaftor (VX-770) activated
CFTR-dependent chloride transport in non-CF patients, increased ASL height and mucociliary
transport [95]. These findings contrasted with the results of Cholon et al showing that
chronic treatment with VX-770 reduced non-CF CFTR function and the amount of mature
CFTR [101]. These results thus discredit the possibility to use VX-770 as an additional
therapy to enhance CFTR function in COPD.
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Inflammation is recognized as the major pathophysiological mechanism of COPD
progression, with molecular targets overlapping those of CF (IL-6, IL8, CCL18) [85]. It is also
chronic and persists even after cessation of smoking, suggesting that apart from the role of
CFTR also epigenetic changes may play a role [102] [103]. Thus airway inflammation remains
an important therapeutic target in COPD management. Presently, several compounds
targeting inflammatory responses in COPD are under investigation [104] [105] [106] [107],
though none of these have been shown to be beneficial in COPD patients as yet.

COPD is a complex multifactorial disease, with large variation in the patient population due
to undefined genetic and environmental factors. Therefore, a personalised approach using
multiple treatments will likely be required, but a robust trial strategy is elusive. This also
applies to CF anti-inflammatory treatment, though this disease is considered monogenetic,
the downstream responses to CFTR deficiency, and responses to therapeutic intervention
are highly variable in the population. The perfect corrector and potentiator combination
tailored to the individual patient, supported by additional anti-inflammatory medication,
would likely be the best solution.

1.5 EPITHELIAL EGFR/ADAM17 AXIS, A POTENTIAL THERAPEUTIC TARGET IN CF AND COPD
LUNG DISEASE

For decades the design of anti-inflammatory agents aimed mainly to decrease the
neutrophil influx into the lung and concomitant inflammatory responses mediated by
eosinophils, macrophages, basophils, mast cells, NK, dendritic cells, B cells and T cells [108].
Recently the importance of airway epithelial cells in inflammatory responses has been also
recognised [109]. Airway epithelium serves as a first barrier and acts as defence against
daily inhaled air pollutants and microbes by mucociliary clearance and secretion of a range
of cytokines, cytokines receptors, growth factors, growth factor receptors and antimicrobial
peptides [110] [109]. Airway epithelial cells not only release inflammatory mediators to ASL,
but they also signal to the underlying tissues (myocytes or fibroblasts).

A disintegrin and metalloproteinase 17 (ADAM17) is involved in the immune defence
mechanisms mediated by epithelial cells. ADAM17, also known as a Tumor Necrosis Factor-
a Converting Enzyme (TACE), is an enzyme with proteolytic activity that releases
extracellular domains of transmembrane proteins to produce soluble bioactive signaling
proteins.

Mature ADAM17 consists of metalloprotease domain (catalytic), a disintegrin domain,
membrane proximal domain (MPD) rich in cysteine residues comprising 5 disulfide bonds
(this cysteine-rich segment is shorter in comparison to other ADAMs), “Conserved ADAM-
seventeeN Dynamic Interaction Sequence” (CANDIS), unlike other ADAM family members it
lacks EGF-like domain [111] [112] [113] [114] [115]. These extracellular domains are
followed by transmembrane region and cytoplasmic tail with phosphorylation sites that
potentially are involved in ADAM17 activation (Figure 2).

Ectodomain shedding mediated by the metalloprotease domain of ADAM17 provides a
mechanism for both membrane protein downregulation and subsequent initiation or
inhibition of autocrine/paracrine signaling. So far 76 proteins have been identified as
substrates of ADAM17 [116]. They encompass membrane bound cytokines (TNF-a),
cytokine receptors (IL-6R, TNF-R), growth factors (AREG), ligands of EGFR (TGF-a, AREG,
EREG, HB-EGF, Epigen), adhesion proteins (L-selectin, ICAM-1) and transmembrane mucins
(MUC-1). The shed soluble forms of these proteins are bioactive transducers of cell signaling
via activation of cellular receptors on underlying cells (transactivation/paracrine activation),
but they also are involved in activation of the shedding cells and neighbouring cells
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(autocrine activation) (Figure 3).

disintegrin domain

metalloprotease (catalytic)
domain

/ \ cytoplasmic tail

membrane-proximal
domain

CANDIS

transmembrane region

Thr735

Ser819 Ser791

Figure 2. ADAM17 domain structure.

ADAM17 (and its close relative ADAM10) is an atypical member of the ADAM family. It has additional
disulfide bonds in the metalloprotease domain, it lacks two calcium binding sites in disintegrin
domain. The Membrane Proximal Domain (MPD), replacing the cysteine-rich and EGF-like domains,
with a novel alpha/beta fold has a shorter cysteine-rich segment [111] [113] [114]. The MPD has
cysteine residues determining the ADAM17 conformation (open/closed) and ADAM17 protease
activity (active/inactive switch). The MPD is in close proximity to the active site likely due to a C-
shaped conformation of the extracellular part of mature ADAM17 [111] [112]. ADAM17 lacks an EGF-
like domain, so the MPD is followed by the juxtamembrane region “Conserved ADAM17 Dynamic
Interaction Sequence” (CANDIS) involved in some substrate recognition (IL-6R, but not TNFa) [117],
transmembrane region and a cytoplasmic tail [111] [112] [113] [114] [115] with phosphorylation
sites, which are likely important for ADAM17 activity.

Because most of the epidermal growth factor receptor (EGFR) ligands are cleaved by
ADAM17, this sheddase has emerged as an important transducer of the airway epithelial
autocrine and paracrine signaling (Figure 3). EGFR and ADAM17 are both involved in the
broad spectrum of events that is characteristic of both CF and COPD lung disease, like
excessive mucus expression [118] [119] [120], cytokine secretion [121], airway epithelial cell
wound healing [122] [123], abnormal airway proliferation [124], maintenance of barrier
integrity and progressive lung tissue scarring [125]. They both are activated upon bacterial
or viral infection and during inflammation [126] [127] [128]. While this is an effective and
necessary response, it is suggested that exaggerated airway epithelial signaling in the
chronic state may enhance inflammation and may lead to damage of the lung structure.

EGFR functions as a sensor of airway epithelial integrity [129]. When cells have intact tight
junctions EGFR is not activated. But disruption of the epithelial cell integrity, either by
mechanical injury or cytokine treatment (TNF-a/IFN-y), leads to EGFR phosphorylation and
concomitant inhibition of protein phosphatase 2A activity [130]. Cigarette smoke exposure
of differentiated HBEC also leads to damage of the lung tissue observed as destruction of
epithelial cell integrity, loss of E-cadherin/B-catenin complex and disappearance of cilia [42].
This coincides with phosphorylation and peri-nuclear trafficking of EGFR [42] suggesting the
importance of EGFR in maintenance of epithelial cell barrier integrity. The response of
ADAM17 to loss of pulmonary epithelial cell integrity has been also shown by neuregulin-1
(NRG-1) shedding and concomitant activation of human epidermal growth factor receptor-2
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(HER2) [131]. This raises the question whether and how EGFR and ADAM17 co-operate in
sensing responses to airway injury.

Taken together, EGFR and ADAM17, expressed by airway epithelial cells, have emerged as
potential therapeutic targets in COPD and CF lung disease [125] [132]. Therefore, we aimed
to understand the mechanism that provides a link between the loss of functional CFTR
expression and the EGFR/ADAM17 axis. In order to do this, we studied the involvement of
EGFR and ADAM17 in models of COPD and CF disease together, since it seems likely that
they share molecular mechanisms and therapeutic options.
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Figure 3. ADAM17 dependent paracrine and autocrine signaling.

A Disintegrin and Metalloproteinase 17 (ADAM17), also known as a Tumor Necrosis Factor-a
converting enzyme (TACE), is involved in the immune defense mechanisms mediated by the epithelial
cells. ADAM17 releases extracellular domains of transmembrane proteins to produce soluble
bioactive signaling proteins taking part in autocrine (activation of receptors within the same
epithelial cell layer) and paracrine signaling (activation of cellular receptors on underlying
neighbouring cells, also termed trans-activation). Among ADAM17 substrates there are (1) adhesion
proteins (L-selectin, ICAM) (2) transmembrane mucins (MUC-1), (3) membrane bound cytokines
(TNF-a), (4) growth factors (AREG) and other ligands of EGFR (TGF-a, EREG, HB-EGF, Epigen), (5)
cytokine receptors (IL-6R, TNF-R); in this picture the examples of these proteins are presented.
Ectodomain shedding provides the mechanism for membrane protein downregulation and
subsequent initiation or inhibition of autocrine/paracrine signaling. For instance, shed IL-6R from
epithelial cells transactivate gp130 on the underlying myofibroblasts, whereas shed AREG from
epithelial cells autocrinally activate EGFR on the neighboring epithelial cells or paracrinally on the
underlying fibroblasts. ADAM17 natural inhibitor TIMP-3 inhibits ADAM17 proteolytic activity.
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EGFR and ADAM17 are important in developmental processes

ADAM17 knockout mice survive between 17.5 embryonic days up to a few days after birth,
underlining the need of the ectodomain shedding in development. The few survivors have
defects in epithelium and lung and also in vascular system, eye, hair, heart, and skin [133].
Tissue specific deletions of ADAM17 or hypomorphic ADAM17 knock-in demonstrate an in
vivo role of ADAM17 in controlling inflammation and regeneration [134] [135]. Similar to
ADAM17-KO mice, EGFR-KO mice survive for up to 8 days after birth and suffer from
impaired epithelial development in several organs, including lung, indicating the need of a
functional ADAM17/EGFR axis for proper functioning and development of lung epithelium
[136].

ADAM17 and EGFR crosstalk

ADAM17 works in association with a tyrosine kinase receptor EGFR by shedding most of its
ligands (e.g. AREG, HB-EGF, TNF-a, EPGN (Epigen), Epiregulin) [116]. Only two EGFR ligands,
EGF and betacellulin are shed by ADAM10 [137] [138], a close relative of ADAM17 [116].
Crosstalk of ADAM17 and EGFR in inflammatory signaling transduction is also defined by the
establishment of a positive ADAM17/EGFR feedback loop likely involving activation of
ADAM17 via the EGFR/MAPK pathway [126] [139] (Figure 4). The exact molecular
mechanism of this feedback signaling has not been firmly established.
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Figure 4. A positive ADAM17/EGFR feedback loop. ADAM17/EGFR positive feedback loop likely
involves activation of ADAM17 via the EGFR/MAPK pathway and direct interaction of ERK1/2 with
ADAM17. Additionally, by cleavage of Notchl from a non-small lung carcinoma cell line ADAM17
regulates transcription of EGFR mRNA and increases EGFR expression on the cell surface, providing
other mechanism contributing to positive feedback regulation of the ADAM17/EGFR axis.

ADAM17 regulates transcription of EGFR mRNA by cleavage of Notchl and increases EGFR
expression on the cell surface, as shown in a non-small lung carcinoma cell line [140],
providing another positive feedback mechanism of the ADAM17/EGFR axis. In our studies
we aimed to understand the mechanism of cigarette smoke induced activation of the
EGFR/ADAM17 cascade (Chapter 2), and the role of CFTR in this process (Chapter 3).

23



The role of ADAM17 and EGFR in balanced regulation of lung inflammation and
regeneration

ADAM17, expressed in human bronchial epithelial cells from the large and small bronchi, in
lung smooth muscle cells, lung muscular vessels, alveolar macrophages, perivascular
leukocytes and lung endothelial cells, is an important regulator of lung tissue homeostasis
[132] [141] [142] and development [133], pro- and anti-inflammatory responses [116] and is
involved in tissue regeneration [139] [143] [144].

The anti- and pro-inflammatory properties of the EGFR/ADAM17 signhaling pathway are very
much context dependent [116]. For instance, in vitro in airway epithelial cells ADAM17
together with EGFR induces mRNA expression and protein release of IL8, a neutrophil
chemotactic factor that promotes inflammation [121] [145]. Whereas, by shedding TNF
receptor type 2 (TNFR2) [146], which antagonises TNF-a, ADAM17 exhibits also anti-
inflammatory properties [147]. Thus it is likely that the type of stimulus and substrate
selection determine the nature of the EGFR and ADAM17 activity [148] [149] [150].

The involvement of EGFR/ADAM17 signaling in tissue regeneration encompasses wound
healing [139], proliferation [143] [144], differentiation [151] [152] and cell migration [153].
However, when pathogenic stimuli or cell stress induces ADAM17 and EGFR activity, this
contributes to cancer development [116] [154] [155] [156] and cardiac tissue remodeling
after an infarct [157].

Due to the involvement of ADAM17/EGFR paracrine and autocrine signaling in several lung
disorders [125] [132], modulation of ADAM17 and EGFR activation in COPD and CF is
important, to keep the balance between anti-inflammatory processes and promotion of
inflammation, and also between regeneration and excessive tissue remodeling. However,
the mechanism of this modulation is still not fully understood.

Does CFTR deficiency affect the ADAM17/EGFR axis?

EGFR activation has been observed in NCI-H292 cells after inhibition of CFTR (inh-172) [49].
This CFTR-dependent induction of EGFR activity was likely ADAM17 dependent [49]. In CFTR
deficient IB3 cells EGFR phosphorylation was markedly diminished by inhibition of ADAM17
(siRNA knockdown and broad spectrum MMPs inhibitor TAPI-1), plausibly due to reduced
shedding of EGFR substrates. Interestingly, the inhibitory effect was much lower in C38 cells
with corrected CFTR expression [49], suggesting that aberrant ADAM17 activity may
contribute to induced activation of EGFR in CFTR deficiency. However, the relationship
between ADAM17/EGFR signaling and CFTR deficiency is still poorly understood [158] and
may involve a variety of actions. As a consequence of ADAM17-mediated release of EGFR
ligands, the activation of downstream signaling occurs (i.e. MEK/ERK, PI3K/AKT, STAT3 or
mTOR), which suggest that EGFR/ADAM17 pathway may be also abnormal in CF and COPD
lung diseases [125] [132].

In our laboratory it was observed that F508del CFTR mutant mice compared to normal mice
develop spontaneous and progressive chronic lung inflammation [25] (Chapter 4, Appendix).
Additionally, naphthalene provoked injury induced abnormal responses in mutant mice
compared to normal [159] with stronger expression of AREG, IL-6, elastin and collagen
mRNA levels seven days after injury. Exaggerated responses mediated by the
EGFR/ADAM17/ERK1/2/MAPK pathway have also been reported in CFTR deficient cells.
Martel et al. showed that CFTR deficient cell line (CuFi-1) in response to heat-inactivated P.
aeruginosa produce more IL-8 than non-CFTR deficient cell line (NulLi-1) and this involves
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EGFR phosphorylation and ERK1/2 activation [160]. However, CuFi and Nuli are
independent subclones and genetically different, and therefore not comparable models.
Further studies by Kim et al. showed that inhibition of CFTR with CFTR-inh172 induces IL-8
production in ADAM17 and EGFR dependent manner and involves binding of IL-1a to IL-1R
[49]. These observations led to the hypothesis that ADAM17 dependent IL-6/IL.-6R/gp130
and AREG/EGFR pathways contribute to abnormal resolution of injury and inflammation in
CF lung disease.

These data together suggest altered responses of the ADAM17-EGFR signaling pathway in
CFTR deficiency. However, most of the studies cited here use undifferentiated, submerged
immortalized cell lines [161], compare different cell lines (like CuFi and Nuli or IB3 and C38
cells) [49] [160] [162] [163] or use a CFTR inhibitor [49] with reported off-target effects
[164]. Therefore, we addressed the mechanism by which CFTR deficiency activates the
EGFR/ADAM17 axis in differentiated CFBE cells with inducible CFTR expression (Chapter 3),
thereby overcoming both the high donor variation observed in primary airway cell culture,
and the genetic and epigenetic variability of distinct immortalized cell lines.

Release of cytokines, growth factors and mucins depends on ADAM17/EGFR signaling
External stress factors like oxidative stress, viral and bacterial toxins, and CS exposure
activate the EGFR/ADAM17 signaling pathway. Several studies showed that pathogens
inhaled into the airways, or exposure of airway epithelial cells to other external stimuli
activate toll-like receptors (TLR) [165] [166] [167] and G-coupled receptors (GPCR) [168]
that cross talk with downstream EGFR/ADAM17 signaling. As a result of cigarette smoke
extract exposure, secretion of downstream proinflammatory cytokines (including IL8) [121]
[169] [145], growth factors (TGFa, AREG, HB-EGF) [121], mucins (MUC5AC) and
phosphorylated MUC1 is induced in an ADAM17/EGFR dependent manner [119] [170] [171]
[42]. Rhinovirus infection of airway epithelial cells showed that this cascade of events
involves ERK1/2, MAPK and p38 MAP kinase [127] [172]. Particular matter exposure also
induces IL-8 secretion in an EGFR/ERK1/2/MAPK dependent manner, but does not involve
p38 MAP kinase [173]. Upon activation of the ERK or p38 MAPK pathway, ADAM17
dissociates from an endogenous extracellular tissue inhibitor of metalloproteinase-3 (TIMP-
3) [174] [175] [176] [177], accumulates on the cell surface [157] [178] and induces release
of TGF-a [157] [178]. Acrolein, an active component of cigarette smoke, which induces
MUC5AC mRNA in an ADAM17 and EGFR dependent manner, also decreases TIMP-3
transcript levels, suggesting a role of TIMP-3 in ADAM17 activation. However in TIMP3-KO
cells PMA-stimulated shedding of ADAM17 is not affected, which contradicts the model in
which pre-bound TIMP3 needs to be removed for ADAM17 activation [138] and supporting
that ADAM17 can be rapidly activated by conformational changes [138] [179] [180]. Thus,
the role of TIMP-3 in HBEC signaling is still unclear.

Is Redox potential a link between CFTR deficiency and ADAM17/EGFR signaling?

The intra and extracellular redox potential changes in response to physiological processes
and in pathophysiological conditions [181]. Reactive oxygen species (ROS), produced during
cellular stress [85], is an important regulator of redox state and is also involved in activation
of the EGFR/ADAM17 signaling pathway, affecting TGF-a and AREG release and mucin
expression [119] [120] [165] [173]. Some studies point towards the role of NADPH oxidases
(NOX), in particular dual oxidase 1 (DUOX1) [120] [165] [182] or dual oxidase 2 (DUOX2)
[166], which produce ROS at an extracellular or possibly intra-vesicular domain. ATP-
mediated DUOX1 activation has been shown to involve a TGF-a/ADAM17/ERK1/2/EGFR
signaling pathway [182]. Other studies point towards intracellular NOX/ROS dependent SRC
activity in EGFR/ADAM17 activation [139]. Recent studies indicated the involvement of
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DUOX1 in allergen dependent SRC/EGFR activation in airway cells [183]. However, the
mechanism by which ROS affects the EGFR/ADAM17 signaling pathway in intact airway cells
is likely highly complex and still remains not well understood.

ROS not only affects signaling molecules in the EGFR/ADAM17 pathway, but it has been
shown that ADAM17 [180] and EGFR [184] are redox sensitive proteins. EGFR has
intracellular cysteine residues in the active site that are direct targets of ROS and determine
EGFR kinase activity, likely through association of EGFR with NADPH oxidase, NOX2 [184].
ADAM17 activity, however, is regulated by thiol-disulfide isomerisation in the extracellular
MPD domain mediated by protein disulfide isomerase (PDI), an oxidoreductase sensitive to
redox changes [179]. PDI, by direct interaction with the membrane proximal domain (MPD)
[180], changes the disulfide bridge pattern and thus the conformation of the extracellular
protease domain from open, active to closed, inactive state, leading to the inhibition of
ADAM17 proteolytic activity (Figure 5) [111] [112] [113] [114] [115] [117] [179] [180]. Redox
dependent conformational changes likely make ADAM17 sensitive to the extracellular redox
potential [180]. These findings are in line with previous observations showing that ADAM17
activity is redox sensitive [185] and blocking PDI induces ADAM17-mediated L- selectin
shedding [186].
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Figure 5. ADAM17 is a redox sensitive protein.

The ADAM17 membrane proximal domain (MPD), which is in close proximity to the active site, is
sensitive to extracellular redox changes. This redox-sensitive ADAM17 activity is regulated by thiol-
disulfide isomerisation mediated by protein disulphide isomerase (PDI), an oxidoreductase sensitive
to redox changes. PDI by direct interaction with membrane proximal domain (MPD) changes the
disulfide bridge pattern and thus the conformation of the extracellular protease domain from open,
active to closed, inactive state, leading to the inhibition of ADAM17 proteolytic activity. Redox
sensitive conformational changes likely make ADAM17 sensitive to the extracellular redox potential.

Since CFTR deficiency is thought to increase ROS levels [187], which in turn may activate
ADAM17 and EGFR [139] and inactivate protein phosphatases [188], we propose that it is a
link between EGFR/ADAM17 signaling and CFTR deficiency. CFTR deficiency may also affect
the redox potential of ASL, due to CFTR mediated trans-epithelial glutathione transport at
the apical membrane, which serves as a natural antioxidant [8]. Thus, by using the
ratiometric fluorescence measurements [181], we questioned whether extracellular or
intracellular redox potential is affected by CFTR and takes part in CFTR-mediated activation
of EGFR/ADAM17 pathway (Chapter 2).
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All in all, these studies show the involvement of different regulatory molecules leading to
activation of EGFR/ADAM17 signaling, however, the exact cascade of events is still not well
defined. In order to understand the regulation of EGFR/ADAM17 signaling, we aimed to
define the molecules regulating ADAM17 shedding activity in CF and COPD. SRC [139], ROS
[139], P38MAP [143] and ERK1/2 [189] appear to be the most important modulators of the
ADAM17/EGFR pathway. Therefore, this thesis focuses on the role of these molecules in
EGFR/ADAM17 signaling cascade in advanced COPD and CF cellular models (Chapter 2 and
Chapter 3).

1.6 ROLE OF AREG IN EGFR/ADAM17 DEPENDENT MUCUS AN