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Abstract

Abstract

Airways muco-obstruction and irreversible neutrophil-driven inflammation cause
bronchiectasis in lung diseases such as cystic fibrosis (CF) and chronic obstructive pulmonary
diseases (COPD).

To enter the airway lumen, neutrophils secrete their proteases, namely cathepsin G (CG),
neutrophil elastase (NE), proteinase 3 (PR3) and neutrophil serine protease 4 (NSP4). The
released neutrophil serine proteases (NSPs) contribute directly and indirectly to the innate
immunity. Released NSPs0 action is usually counteracted by endogenous antiproteases.
However, the delicate balance between these two components is broken in chronic
inflammation. Strikingly, NSPs greedily associate to the surface of the secreting neutrophil, to
the myriad of extracellular vesicles filling the airway fluid and to the tangled DNA webs made
of neutrophil extracellular traps (NETs). When fastened to such structures, NSPs seem to be
less accessible to antiproteases and their persisting activity damages the connective tissue.
As a result, more proinflammatory stimuli are released and the outcome is a vicious cycle

leading to non-resolving airway neutrophilia.

In order to expand our palette of fluorescent tools and to propose an alternative drug target
and inflammatory biomarker, we developed of a new series of Forster resonance energy
transfer (FRET)-based reporters, which revealed high cathepsin G activity in CF and COPD
airways. Also, we were inspired by the demand of novel advanced diagnostic technologies to
examine sputum samples in a hospital environment. Therefore, we established a new assay
based on the combination of spatially localized FRET probes and flow cytometry. This
combination was shown to be a valuable diagnostic technique applicable in a basic and
translational biomedical context. The simplicity and throughput of the new method opened the

doors to two novel biomedically relevant projects.

First, to identify new inflammatory markers, we investigated the discriminants and common
traits of inflammation in CF and COPD airways. We carried out a comprehensive
characterization of sputum samples via analysis of protease activities, cytokines and
antiprotease levels. We found that COPD airways appear to be characterized by less severe
inflammation featuring elevated but not uttermost marker levels, compared to CF airways. As
a key marker, high membrane-bound protease activity was the most significant indicator for

COPD, suggesting this trait as a highly relevant early-inflammation biomarker.

Second, we wondered if in addition to the neutrophil surface, CF- and COPD-derived

exosomes carry active NE and how to measure such activity at a single nanoparticle level.




Abstract

Therefore, we adapted our cytometric assay to monitor protease activity on human sputum
particles as small as 100 nm in diameter. We showed that CF exosomes acquired NE at their

surface in the inflamed airways and exported it to surrounding cells.

Finally, we synthesized small-molecule probes designed to attach to DNA with the help of a
DNA minor groove binder (Hoechst). The respective reporters were able to detect and quantify
NE and CG activity on NETs, making them valuable tools to study the eclectic effect these
enzymes have when embedded in DNA webs. Our reporters revealed that DNA-bound NE
retained its catalytical activity. When applied to 5 um mouse lung slices, the probe allowed to

both distinguish single cell nuclei and to quantify cell-specific NE activity within the section.

In conclusion, the activity of enzymes like CG and NE can now be studied with unprecedented
spatial resolution. Furthermore, this work brings a flow cytometric assay into biomedical
research which, in combination with an expanding palette of FRET-based tools, bears the
potential to allow for rapid and detailed diagnosis and treatment evaluation for lung disease

patients, ideally at the early stage of the disease.
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Schleimobstruktion und irreversible neutrophile Entziindung verursachen eine ausgedehnte
Bronchiektasie bei Lungenerkrankungen wie Mukoviszidose (CF) und Chronisch Obstruktiven

Lungenerkrankungen (COPD).

Um in das Atemwegslumen zu gelangen, sezernieren Neutrophile ihre Proteasen, namlich
Cathepsin G (CG), Neutrophile elastase (NE), Proteinase 3 (PR3) und Neutrophil Serin
Protease 4 (NSP4). Die freigesetzten neutrophilen Serinproteasen (NSPs) tragen direkt und
indirekt zur angeborenen Immunitat bei. Der Wirkung von freigesetzten NSPs wird
normalerweise durch endogene Antiproteasen entgegengewirkt. Das empfindliche
Gleichgewicht zwischen diesen beiden Komponenten fehlt jedoch bei chronischen
Entziindungen vollig. Uberraschenderweise, verbinden sich NSPs gierig mit der Oberflache
des sekretierenden Neutrophilen, mit der Vielzahl extrazellularer Vesikel, die die
Atemwegsflissigkeit flllen, und mit den verwickelten Netzen aus neutrophil extracellular traps
(NETs). Wenn NSPs an solchen Strukturen befestigt sind, scheinen sie fiir Antiproteasen
weniger zuganglich zu sein, und ihre anhaltende Aktivitat fihrt zu einer Schadigung des
Bindegewebes. Infolgedessen werden mehr proinflammatorische Stimuli freigesetzt und das

Ergebnis ist ein Teufelskreis, der zu einer nicht auflosenden Neutrophilie der Atemwege flhrt.

Um unsere Palette an fluoreszierenden Reportern zu erweitern und ein alternatives
Wirkstoffziel und einen entzindlichen Biomarker vorzuschlagen, haben wir eine neue Serie
von Reportern auf der Basis des Forster resonance energy transfer (FRET) entwickelt, die
eine hohe Cathepsin-G-Aktivitat in CF- und COPD-Atemwegen zeigten. Wir waren auch
bewegt von der Nachfrage nach neuartigen fortschrittichen Diagnosetechnologien zur
Untersuchung von Sputumproben. Daher haben wir einen neuen Assay etabliert, der auf der
Kombination einer lokalisierten FRET-Sonde basiert, die fir die Flow Cytometry verwendet
wird. Es wurde gezeigt, dass diese Kombination eine wertvolle diagnostische Technik ist, die
in grundlegenden und translationalen biomedizinischen Kontexten anwendbar ist. Die
Einfachheit und der Throughput der neuen Methode 6ffneten die Tiren zu zwei neuartigen

biomedizinisch relevanten Projekten.

Um neue Entziindungsmarker zu identifizieren, untersuchten wir zunachst die Diskriminanten
und haufigen Merkmale von Entzindungen in CF- und COPD-Atemwegen. Wir fuhrten eine
umfassende Charakterisierung von Sputumproben durch Analyse der Proteaseaktivitéten,
Zytokine und Antiprotease-Schutz durch. Wir fanden heraus, dass COPD-Atemwege im

Vergleich zu CF-Atemwegen durch eine Situation weniger schwerer Entziindungen

Xl
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gekennzeichnet zu sein scheinen, die erhdhte, aber nicht duRRerste Markerwerte aufweisen.
Als key Marker war eine hohe membrangebundene Proteaseaktivitat der signifikanteste
Indikator fur den Krankheitstyp, was darauf hindeutet, dass dieses Merkmal ein hoch

relevanter Biomarker fUr friihe Entziindungen ist.

Zweitens fragten wir uns, ob CF- und COPD-Exosomen zusatzlich zur Neutrophilenoberflache
aktives NE tragen und wie diese Aktivitat auf einer einzelnen Nanopartikelebene gemessen
werden kann. Daher haben wir einen zytometrischen Assay entwickelt, um die
Proteaseaktivitat auf menschlichen Sputumpartikeln mit einem Durchmesser von nur 100 nm
zu Uberwachen. Wir haben gezeigt, dass CF-Exosomen NE an ihrer Oberflache in den

entziindeten Atemwegen aufnehmen und in die umgebenden Zellen exportieren.

Schlief3lich synthetisierten wir small molecule probes, die mit Hilfe einer Hoechst-Einheit
(DNA-Minor-Groove-Binder) an DNA binden sollen. Die jeweiligen Reporter konnten die NE-
und CG-Aktivitat auf NETs nachweisen und quantifizieren, was sie zu wertvollen Werkzeugen
machte, um den eklektischen Effekt dieser Enzyme zu untersuchen, wenn sie in DNA-Netze
eingebettet sind. Im Gegensatz zu friheren Befunden zeigten unsere Reporter, dass DNA-
gebundenes NE, jedoch nicht CG, seine katalytische Aktivitat beibehalt. Bei Anwendung auf
ganze Maus-Lungenschnitte konnte die Sonde sowohl einzelne Zellkerne unterscheiden als

auch die zellspezifische NE-Aktivitat quantifizieren.

Zusammenfassend kann die Aktivitat von Enzymen wie CG und NE nun mit beispielloser
raumlicher Auflésung untersucht werden. Darlber hinaus bringt diese Arbeit einen flow
cytometry Assay in die biomedizinische Forschung ein, der in Kombination mit einer
wachsenden Palette von FRET-basierten Werkzeugen das Potenzial bietet, eine schnelle und
detaillierte Diagnose und Bewertung der Behandlung von Patienten mit Lungenerkrankungen

zu ermdglichen.

Xl
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1. Introduction

1.1 Lungs as protective barrier

The respiratory tract is one of the most recent yet exquisitely complex systems evolved to allow

gas exchange in most terrestrial animals?.

Inevitably, lungs turn out to be also the first site of contact for most pathogens and noxious
agents?. Th e l ungos innate and a dvaapcontinuals infommation
exchange (i.e. cytokine), providing a solid defense platform to such external cues?. Inside the
airways, a mucus gel layer, 0.5 to 5 pum thick, covers the cilia and the epithelium forming a
mesh of about 500 nm? pore size. Inhaled agents which escape the mucin trap come in contact
with a mosaic of secretory, basal and multiciliated cells (coating the proximal airways) and
pneumocytes (coating the alveoli) composing the lung epithelium®®. Such cells are capable
of orchestrating an effective immune response via secreting antibacterial compounds
(lactoferrins, defensins and ROS), antiproteases (elafin and SLPI) and surfactants (SP-A and
SP-D), via tightening the transepithelial resistance through junctions and remodeling the
cytoskeleton®’. Also, in response to bacterial (TLRs and NODs) or sterile (IL-1) inflammation®
the epithelium releases a plethora of cytokines: IL-8 is the major neutrophil chemoattractant
into the airways while IL-33 initiates a Type 2 inflammatory response’. Importantly, most of

these mechanisms are inducible, therefore can be therapeutically manipulated’.

The lung epithelium is not only the platform where inflammation develops and progresses but
it is also the most affected component for mutations in the CFTR gene (the cause of cystic
fibrosis) and it is the primary site of molecular and histological changes in both cystic fibrosis

(CF) and chronic obstructive pulmonary disease (COPD) lung diseases (Figure 1)°11,

1.2 CF and COPD airways

Lung homeostasis relies on the interplay of physical barriers, epithelium, microbiome and
adaptive and innate immune cells*. Cystic fibrosis (CF) lung disease exemplarily demonstrates
how an irreversible shift from such equilibrium culminates in morbidity and mortality'2. This
genetic autosomal recessive disease is due to mutations in the CFTR gene encoding for a
channel mainly localized at the apical surface of ciliated cells and pulmonary ionocytes!®*4,

Over 1700 mutations have been reported to occur in the CFTR gene. Despite ~15% of them
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do not result in any clinical manifestation, class I, Il and Il type of mutations cause the channel
to be absent from the cell surface or its regulation to be defective. Class IV, V and VI type of
mutations leave the CFTR channel with some residual function, hence the patients show a

milder disease phenotype?®®.

The mutated CFTR protein is responsible for impaired chloride secretion, for sodium
hyperabsorption and defective bicarbonate secretion into the airways®'®1¢ (Figure 1). The
resulting pathological environment features i) mucus dehydration and stasis ii) altered pH
which affects the function of antibacterial molecules, iii) promotion of anaerobic bacterial
growth (such as the opportunistic pathogen P. aeruginosa), which altogether initiate and fuel
airway inflammation (Figure 1). However, it was recently proposed that hypoxic necrosis of
epithelial cells due to mucus thickening could be sufficient to trigger inflammation even in a

sterile environment 1718,

COPD is a general term referring to all conditions featuring irreversible and deteriorating long
term poor airflow into the airways. COPD is the third leading and unopposed cause of death
world-wide: in contrast to deaths due to cardiac diseases which decreased steadily in the last

decades, the number of COPD cases has doubled®®.

The main cause of COPD is tobacco smoke, but a complex network of genetic ( such as alpha-
l-antitrypsin deficiency) and environmental cues contributes importantly to its onset and
progression®®. Even though COPD and CF diseases have distinct etiogenesis, they both
converge to strikingly similar molecular phenotypes and disease manifestations. Indeed,
proinflammatory and noxious agents contained in tobacco smoke and polluted breathing air
induce CFTR misfunction directly, via inhibiting the channel activity, or indirectly, by inducing
mucus thickening, dehydration and epithelium death (Figure 1). These result mainly in
neutrophil infiltration, whose prominent mediators, the neutrophil serine proteases, cleave and
activate the epithelial sodium channel (ENaC) and inhibit CFTR, thereby generating close
similarity to CFO0X(Figwdlpcul ar | andscape

1.3 Neutrophils shape the CF and COPD inflammatory
microenvironment

Neutrophils are indispensable soldiers recruited to fight invading pathogens. They differentiate
in the bone marrow from myeloid progenitors?:. During the course of their maturation,
neutrophils sequentially produce four different types of granules: primary, secondary, tertiary

and secretory ones. These compartments serve as reservoirs of proinflammatory and
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bactericidal substances (NADPH oxidase, myeloperoxidase, NSPs, lactoferrin) which are
released upon specific signals via a process known as neutrophil degranulation??. Chronically
inflamed airways experience continuous neutrophilic infiltration. Also known as
polymorphonuclear cells (PMNs), neutrophils sense IL-8 and are polarized by signal-relay

leukotriene B4 (LTB4) gradients to migrate to the site of inflammation?3.

Once having reached their destination (i.e. the inflamed lungs), neutrophils release their
granular content, phagocytose and kill bacteria intracellularly. They also establish a continuous
crosstalk with the surrounding epithelium, immune cells and the microbiome?®* (Figure 1). As
a result, neutrophils actively contribute to the transformation of diseased airways into a poorly
characterized microenvironment full of static mucus, a plethora of mediators of inflammation,

bacteria, proinflammatory cytokines, filled up with extracellular DNA and vesicles (Figure 1)
25

In such a context, a paradox unfolds: despite the large increase in neutrophil density, control
of bacterial growth and virulence is far less efficient than expected. This contradiction may
originate from altered local pH, defects in neutrophil secondary and tertiary granules release
and Ai mmunol ogipawnd thewayht@tivesntin pathogyens colonizing CF airways
(P. aeruginosa and S. aureus) and COPD ones (H. influenzae), as well as fungi such as A.

fumigatus 2627,

This apparent inability of neutrophils to dampen infection suggests that they might not be mere
effectors of bacterial clearance, but could play additional distinct roles, raising questions about

the unexplored concept of neutrophil plasticity.

The translocation of neutrophils to the inflamed airways has been linked to their general
activation via degranulation (overexpression of CD63), loss of phagocytosis activity (sharp
decrease in CD16 expression) and metabolic reprogramming (MTOR and NALP3 signaling
mediated)?®' %, However, it is unknown whether such activation is followed by a ramification in
distinct subpopulations that would exert tailored functionalities and may underline diverse

disease phenotypes or outcomes.

So far, the identification of putative subpopulations relied on analysis of individual marker
genes, while a comprehensive picture of the covariance of multiple markers characterizing
neutrophils in the bloodstream and upon translocation in the airways is missing*!*2. Portraying

neutrophil plasticity could have great value as a prognostic and diagnostic marker.
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Figure 1 From healthy, CF and COPD airways to disease molecular biomarkers.
Genetic (i.e. CFTR defects) and/or environmental factors (i.e. tobacco smoke) cause non-
resolving inflammation in the airways promoting mucostasis, continuous bacterial infections and
substantial neutrophil infiltration. In turn, neutrophils propagate inflammation even further via
secreting several mediators such as proteases. These enzymes, in addition to ECM remodeling,
associate to the cell surface, to exosomes and to extracellular DNA where they function in a
context dependent and poorly understood fashion. PCL = periciliary layer; ASL = air surface
liquid, ENaC = epithelial sodium channel.
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1.4 Protease classes and substrate specificity

Proteases catalyze the hydrolysis of peptide bonds. The human genome encodes for 569
different proteases, which can be grouped in at least seven different classes according to the
key residues involved in the catalytic action®3*34, Most proteases belong to either the serine,
cysteine, aspartyl or metalloproteinase class (Figure 2 a). Threonine, glutamic and asparagine
ones are found less frequently, yet the proteasome catalytic subunits possess a threonine-type
endopeptidase activity®®. Proteases recognize their target substrate via an array of
complementary interactions between the protease specificity pockets (S») and the
corresponding substrate residues (Pn) (Figure 2 b). Generally, the shape and chemical space
of the S1 pocket and the substrate residue N-terminal to the cleavage site (P1) mainly tune the
specificity of serine proteases. For example, cathepsin G, which shows a chymotrypsin-like
substrate specificity, accommodates large, hydrophobic aminoacids in its ample S1 pocket

a
Serine protease Cysteine protease Aspartyl protease

/ Y 02 \N-ég) m /

target i ¢ Ne-N
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g " o~ et
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Figure 2 Protease classes, mechanisms of action and substrate specificities. a) Schematic of
the active site of serine, cysteine, aspartyl and metallo proteases. Serine and cysteine
proteases catalyze the hydrolysis of the peptide bond via nucleophilic attack of the eponymous
group. While in the serine and cysteine proteases the activation of the catalytic residue is
mediated by a proton-withdrawing group, in aspartyl proteases and metalloproteases a water
molecule becomes activated and functions as a nucleophile. b) According to the Schechter
and Berger nomenclature, S pockets on the enzyme bind P residues at the N terminus of the
scissil e bonpocketsnthiemrde aB6 Sbesi dues after th
terminus of the peptide. The presence of potential exosites which may contribute to protease
specificity beyond the S6 pockets is highl
cathepsin G which accommodate the synthetic substrate EPFWEDQ (N- to C- terminal)
derived from the physiological cathepsin G substrate PAR-1. d) Schematic of the S2 and S1
pockets of neutrophil el astase and the S
substrate APEEIMRRQ (N- to C- terminal) derived from the physiological neutrophil elastase
substrate PAI-1. The differences in the chemical environment of each pocket are exploited to
develop specific substrates which can then be turned into protease reporters.

(Figure 2 c). Inversely, neutrophil elastase and proteinase 3 (showing trypsin-like specificity)
S1 pockets are narrow and packed with two phenylalanine and two valine residues (Figure 2
d). Therefore, only substrates featuring small hydrophobic residues at P1 will be recognized
by NE and PR3 (Figure2d) . I n addition, t he iS@dtvelychargest on pr
while it is flat and hydrophobic in neutrophil elastase®®. These differences have been
characterized, studied and exploited to generate more and more specific protease substrates
and inhibitors. It should be highlighted that often proteases present exosites, defined as
surface pockets different from the active site which contribute significantly to the protease
specificity (Figure 2 b). Since exosites are poorly characterized and understood, their
existence renders the design of protease specific substrates and inhibitors a more challenging

tasks.

1.5 Neutrophil serine proteases (NSPs) pathobiology

NSPs are versatile tools in the neutrophil repertoire. Neutrophil elastase (NE), cathepsin G
(CG), proteinase 3 (PR3) and neutrophil serine proteinase 4 (NSP4) are members of the
chymotrypsin family of serine proteases®. NSPs proteolytic action relies on a so-called
catalytic triad: an evolutionary conserved motif comprising a serine, an histidine and an

aspartate residue®(Figure 2 a).

NSPs are synthetized as pre-proforms which undergo four post-translational modifications to
become fully active and targeted to neutrophil primary granules. Such post-translational
modifications are carried out by two proteases: dipeptidyl peptidase | (DPPI) and cathepsin C.

The evidence that cathepsin C activity is required for the correct activation and localization of
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the four NSPs makes it an attractive yet unexplored anti-inflammatory drug target®’. Primary
or azurophilic granules bear a highly destructive arsenal of NSPs and myeloperoxidase.
Therefore, they are used as last resort weapons. Indeed, neutrophils need to be sequentially
challenged with priming (TNFU) and activating (FMLP or LPS) stimuli to secrete their primary
granule content®®3°, Furthermore, it has been recently proposed that different types of primary
granules exist, each hosting a single NSP. However, the underlying molecular mechanism and

functional consequences of such discriminatory packaging system remain obscure®.

NSPs are deeply involved in starting and propagating inflammation. They act as potent
bactericidal compounds inside the phagolysosome: neutrophil elastase has a primary noxious
effect on Gram-negative bacteria, while cathepsin G is responsible for Gram-positive (e.g. S.
aureus) infection clearance. In addition, they act as potent mediators of inflammation in the

extracellular environment, by cleaving and activating cytokines and surface receptors 2242,

Moreover, NSPs evolved different substrate specificities which result in the activation of distinct
parallel proinflammatory pathways, creating a network of complex protease relationships far
from being understood®*4. A key factor in the regulation of protease networks is the action of
the endogenous antiprotease shield. During the course of lasting airway inflammation
development, for instance in CF, the continuous secretion of proteases overcomes the

stoichiometric ratio of proteases/antiproteases, setting the stage for chronicity*?.

So far, monitoring of the protease/antiprotease balance as a clinical parameter focused on
measuring NE concentration and activity in soluble fractions of patient airways*:. However,
NSPs also bind to the plasma membrane via a combination of electrostatic and hydrophobic
interactions®. Such association has a strong impact on the way NSPs and neutrophils
propagate inflammation: at the cell surface NSPs become inaccessible to antiproteases and
this masking effect increases with the size of the inhibitor®®. From the clinical standpoint, it
therefore becomes crucial to monitor membrane-bound protease activity to catch the earliest

stage of inflammation, when the protease/antiprotease balance is still unbroken*.

Finally, mutations in genes encoding for NSPs or for proteins responsible for their correct
maturation (i.e. dipeptidyl peptidase I, DPPI) cause several hereditary diseases, such as
Papilloni Lefévre syndrome, acute promyelocytic leukaemia and We g e n grandlematosis?.
Therefore, advancing the knowledge of NSPs biology will become fundamental in the fight

against these conditions.
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1.5.1 Neutrophil elastase (NE)

Among NSPs, neutrophil elastase has been the most studied so far. At the pathophysiological
level, increased and uncontrolled NE secretion in response to inflammation causes goblet cells
metaplasia, mucus hypersecretion, CFTR inactivation and extracellular matrix remodeling into
the ariways?®. In addition, neutrophil elastase turned out to be an extremely valuable biomarker
and predictor for CF lung disease severity and outcome. In fact, CF infants whose
bronchoalveolar lavage (BAL) show elevated NE activity are more likely to develop
bronchiectasis*®. These studies laid the foundations for the detailed explorations of neutrophil
elastase in CF.

First, the NEmo series of FRET probes was developed to allow real time quantification of NE
activity in a spatially localized fashion®. Importantly, NEmo-2 is a FRET reporter which is
equipped with a palmitic acid anchor that renders the visualization and quantification of NE at
the neutrophil surface possible. Next, the b-ENaC overexpressing cystic fibrosis-like mouse
model*® was crossed with a mouse lacking for the NE-encoding gene (ELA2). The b-ENaC
model overexpresses the ENaC sodium channel (Figure 1) and phenocopies ion transport
defects observed in human CF lungs. As a result, airway surface liquid (ASL) depletion,
reduced mucus transport, mucus obstruction and neutrophil-driven inflammation are common
features of b-ENaC-Tg mice*s. The phenotypic characterization of b-ENaC-Tg/NE™ mice led
to the discovery that NE absence reduced emphysema development, mucus plugs and
neutrophilic infiltration into the airways*’. Applied to this model, NEmo FRET probes showed
undetectable NE activity in the soluble fractions of mouse lungs, but elevated activity on the
neutrophil surface. These results indicated that despite free NE activity was shielded by BAL
fluid antiproteases, membrane-bound NE was active, masked from inhibitors and therefore
contributing to ECM remodeling and tissue damage*’. Last, a human study involving adult CF
patients demonstrated that membrane-bound NE activity negatively correlated with pulmonary
function*.

Despite the significant advancement of knowledge fueled by these studies, targeting NE via

small molecule inhibitors never resulted in marketed therapeutics*®.

Similarly to CF, COPD airways feature elevated NE activity and a COPD-like mouse model
lacking NE is protected from emphysema development*. However, NE activity on the cell

surface was never investigated in the context of COPD airways.
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1.5.2 Cathepsin G (CG)

Cathepsin G is the most phylogenetically distant among neutrophil serine proteases®¢4°, Like
other NSPs, it participates in inflammation: it processes cytokines like CXCL5, which in turn
recruit neutrophils. In concert with NE, it activates TNF U a nib arld lcleaves protease-
activated receptors (PARS) on the epithelium which in turn activate phospholipase C and NF-
3822'50.

Unlike other NSPs, CG can activate integrins when it localizes to the neutrophil surface,
thereby promoting cytoskeleton rearrangement®!. Furthermore, CG binds to the membrane
receptor formyl peptide receptor (FPR). This association leads to calcium ion influx, mitogen-
activated protein kinase activation and protein kinase C translocation, promoting cathepsin G-
induced chemotactic activity in neutrophils®®°. Extracellularly, CG specifically modulates
inflammation, given its unique role in activating two members of the IL-1 family, IL-36U0 an-d | L
36

The variety of unique and shared functionalities of CG is nested into the intricate and poorly
understood protease social network. The existence of such complex relationships might
explain why targeting NE alone proved insufficient and highlights the need for tools to untangle
the protease network*?®2, Finally, we lack any information on the possible correlation of CG
activity with CF and COPD disease progression. Indeed, its utility as a clinical biomarker could

not be explored so far, caused by the lack of appropriate tools and animal models.

1.5.3 Proteinase 3 (PR3)

Neutrophils secrete also proteinase 3. Its bactericidal activity consists mainly of indirect effects
such as processing of human cathelicidin (hnCAP18) to its active LL-37 form. Due to its different
substrate specificity, PR3 but not NE cleaves and activates IL-18%. Also, PR3 uniquely
processes IL-3 6 ond iaactivates IL-33%. In addition, PR3 is a strong inducer of apoptosis in
endothelial cells. Even though the mechanism of PR3 translocation into the endothelium and
its molecular targets have not been clearly defined, cell clearance by apoptosis plays an

important role in inflammation resolution?233,

Interestingly, PR3 plasma membrane association seems to be genetically determined: only a
particular subset of neutrophils which express the membrane receptor CD177 will carry PR3
at their surface®. In fact, the interaction between CD177 and PR3 has been recently

described®. Importantly, membrane-bound PR3 is then recognized by the anti-neutrophil
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cytoplasmic autoantibodies (c-ANCA) which activate neutrophils in the bloodstream causing
necrotizing vasculitis which results in the fatal autoimmune disease known as Wegener 0s
granulomatosis (WG). A strong correlation between CD177/PR3 expression and WG disease
severity has been found. On the other hand, a possible link between PR3 expression, secretion

and membrane association and CF and COPD disease severity has not been explored yet.

1.6 Macrophage proteases contribute to chronic airway
inflammation

Neutrophils dominate the cellular composition of inflamed CF airways. However, the role of
other innate immune cells and their secreted products should not be underestimated in such
context. In fact, despite the b E N aTQ/NE'/ " model clearly demonstrated NE involvement in
the in vivo pathogenesis of CF-like lung disease, the protease activity was found to account
for only about 50% of the observed structural lung damage. To search for additional players
contributing to the alveolar damage, a whole-genome expression profiling study was carried
out by Trojanek JB et al. This work showed that macrophage metalloproteinase 12 (MMP-12)
contributed relevantly to tissue disruption in mice®®*’. Also, the MMP12 gene turned out to be
strongly up-regulated in inflamed mice airways and its expression correlated with emphysema
development. In addition, a link between polymorphism in MMP12 (rs2276109) and the
severity of lung disease was identified®’. Importantly, a series of FRET probes which fueled
and contributed to the aforementioned studies were generated. Similarly to NEmo-2, the MMP
reporter LaRee-1 reporter localizes to macrophage surfaces and reports on MMP-12 activity.
Strikingly, the lipidated LaRee-1 donor moiety is internalized after enzymatic cleavage

gener at i ng efectinsite oellsrogaong active MMP-12 at their surface®®.

Cathepsin S (CatS) is a cysteine protease which is secreted in large amounts by tumor
associated macrophages. Therefore, its activity has been largely exploited as tumor marker
and to develop new contrast agents and imaging technologies for accurate tumor surgical
resection®>®, Cathepsin S gene has been found to be overexpressed in adult CF patient
airways as well®l. Recently, b E N aTg mice were crossed with CatS deficient ones. The
resulting b E N aTg@/CatS “- model showed reduced lung damage and mucus obstruction
compared to the b E N aTg@ mouse. In addition, direct or indirect inhibition of CatS reduced
airway inflammation and mucin production, indicating the strict involvement of cathepsin S in

the pathogenesis of CF-like lung disease®.
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MMP-9 or gelatinase B is a matrix metalloprotease expressed by many cell types (epithelium,
macrophages and neutrophils) whose activity has been found to be elevated in CF airways
and serum. Also, a strong correlation (rho =-0.78) between CF adult patients lung functionality

and MMP-9 was demonstrated®? .

While fluorescent reporters to monitor MMP-12 and CatS activity were generated®®%%3, the
development of MMP-9 probes featuring excellent specificity and allowing for satisfactory
spatiotemporal resolution has so far been hampered by several factors, including the
proteased slose similarity to other proteases such as MMP-2 and its broad substrate

recognition ability®*.

1.7 Extracellular DNA and neutrophil extracellular traps in
inflammation

Perhaps the most fascinating way neutrophils modulate inflammation and kill bacteria is the
active release of their nuclear DNA into the extracellular space via a process known as

neutrophil extracellular traps (NET) formation®.

In 2004, Brinkmann and colleagues® noticed that, upon stimulation with phorbol myristate
acetate (PMA) or LPS, neutrophils reacted by flattening their surface, forming membrane
protrusions and secreting thin and fragile filaments in the extracellular space. Such
membraneless fibers were composed of chromatin shaped in smooth stretches (15 nm in
diameter) alternated to round domains (25 nm). Interestingly, the secreted DNA could
aggregate and form threads hundreds of nanometers in length, in turn tangled into intricate
webs whose function seemed to consist prevalently in hooking and containing bacteria®. The
entire molecular pathway leading to NETs production has not been clearly understood yet®®.
However, the process relies on a strong ROS cytosolic production, generated by NADPH
oxidase following RAF1 and MAP2 kinases activation. Importantly, neutrophil elastase (NE) is
deeply involved in the cellular death pathway causing NETs®¢%”: when neutrophils are
challenged with NETs stimulants, primary granules translocate into the nucleus and NE
cleaves histones causing DNA decompaction together with the epigenetic modifier of histonic
tails PADA4. In parallel, NE cytosolic fraction propagates the cascade of events via proteolysis
of F-actin, hence impairment of cell structural maintenance, culminating in plasma membrane

rupture and DNA secretion 67169,

Since its recent discovery, the presence of neutrophil extracellular DNA has been linked to

many inflammatory processes and not exclusively to bacteria trapping and killing. For example,

11
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the main driver of pathogenesis in atherosclerosis is an uncontrolled secretion of IL-1 bby
macrophages. To become fully active, these cells require to be challenged sequentially by a
priming and an activating stimulus. In atherosclerosis, the macrophage priming is mediated by
cholesterol crystals, yet the activation mechanisms remained elusive. Neutrophil extracellular
traps were found to be the missing link between the two stages: macrophages can phagocyte
the released nucleic acid and become licensed to release proinflammatory cytokines as IL-1 b
which in turn elicit an Th-17 driven inflammatory response™.

In addition, NETsmaypl ay an i mportand caheeili ncébdlamanaakeni
correlation between inflammation and cancer relapse has been observed but was never
explained mechanistically’*. To shed light on the molecular switches responsible for the
reactivation of metastatic cells, Albrengues and colleagues’? injected mice intravenously with
breast cancer stem cells (murine D2.0R and human MCF-7 cell lines). Then, animals were
challenged repeatedly with LPS to simulate a sustained airway inflammation. Such treatment
led to the formation of aggressive lung metastases and to massive neutrophil infiltration.
Importantly, NETosis inhibition or treatment with DNases prevented cancer formation,
revealing that NETs were responsible for the re-entry of dormant cancer cells into the cell
cycle’,

Moreover, Extracellular DNA presence and accumulation turned out to be critical even for
gallstones formation, which remains one of the most prevalent causes for hospitalization in the
world”™. The molecular mechanisms leading to gallstone formation were poorly understood
until last year, when a team of researchers led by Martin Herrmann solved the puzzle and
showed that extracellular DNA is a large component of gallstones and that NETs self-assemble
into larger and larger structures promoting gallstones growth and crystallization”®.

Importantly, due to the enormous number of infiltrating neutrophils, CF and COPD airway
mucus plugs are filled with DNA originated from MNETingQ necroting and apoptotic cells>#. In
fact, the most widely adopted palliative treatment to alleviate CF lung disease symptoms
consists in the inhalation of the DNase Dornase alpha (PULMOZYME®)'*. However, nothing
is known about the clinical and biological relevance of such DNA structures into the airways

and their diagnostic potential remains to be understood.

Strikingly, DNA-bound neutrophil elastase activity was found to be directly responsible for
many of the pathological conditions associated to NETs’2. In fact, a proteome-wide screen of
NETs components revealed that NE and CG are tightly associated to extracellular DNA>76,
Therefore, NETs might act as protease scaffolds: Albrengues and colleagues’? showed that

when bound to DNA, neutrophil elastase processes laminin-111 in the extracellular matrix.

12
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Such remodeling exposes the cleaved product of laminin which is then recognized by an

i nt e g receptor €utninating in the aforementioned cancer cell awakening.

Although it is clear that many of the NETs immunological features are mediated by the
association of proteases to DNA, no spatio-temporal information on the protease activity in this
physiological context has been achievable due to the lack of suitable tools. As a consequence,
possible links among extracellular DNA content, its protease activity, the associated molecular
signatures and disease severity could not be investigated so far. Also, such tools would reveal

novel insights into molecular mechanisms underlying NETs formation.

1.8 Exosomes are active players in remodeling inflamed airways

Novel pathogenic entities in the COPD airwayshavebeen recently discovered:
neutrophil exosomes which carry at their surface active and antiprotease inaccessible NE and

provoke emphysema in COPD patients’”.

Exosomes are lipid enclosed small particles (50-250 nm in diameter) secreted by almost any

cell type in response to different stimuli. They form through the endolysosomal pathway and,

once secreted, participate to cell-to-cell communication by carrying macromolecular messages

(protein, miRNAs and mRNAs)’8. Depending on the delivered molecules, exosomes mediate

different cellular processes: t hey al | ow | mnduinset acneclelds cfotheyn ufnli ocnag
dampen immune responses and promote cellular adhesion and motility in tumors’®. Exosomes

ar e al so being expl oi t etlansporters fomloteehoolodjicalr andc ar g o e ¢

biomedical applications, given their broad biocompatibility and modularity®°.

At the molecular level, exosomes can be distinguished from other extracellular vesicles by the
presence at their surface of tetraspanin receptors (CD9, CD81 and especially CD63), serving

as fAexosomél mar ker so

In the context of chronic airway inflammation, CF neutrophil exosomes are capable of
stimulating airway smooth muscle proliferation® which might in turn cause fibrosis. Further,
exosomes derived from CF patient airways are 700-fold more concentrated compared to
healthy controls®3. This might be explained by the lower pH typical of inflamed airways, known

to favor exosome trafficking among cells®*.

Given the challenges of handling and characterizing such minuscule entities, especially at the

single nanopatrticle level, NSPs activity on exosomes is hardly decipherable to date. Moreover,
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in contrast to COPD, protease activity on CF exosomes has not been investigated so far,

leaving the door open for their involvement in CF bronchiectasis.

1.9 A palette of tools to visualize enzymes and diseases

In the last decade, the combined effort of biologists, chemists and physicians resulted in the
development of a variety of molecules, assays and imaging tools capable of lighting up
protease activity in different settings, from cellular models up to entire living organisms. Many
reached the clinics and are tr anhanfingthenprexgnds ur geo
post- operative planning and diagnostics. In-vivo s ur gi c al gui dance -and fol

making support will also become a reality in the near future®.

Generally, disease- and context- dependent enzymes (esterases, hydrolases and proteases)
are leveraged to visualize tumors, sites of inflammation and to quantify metabolic processes.
A plethora of techniques serve this purpose, from fluorimetric read-outs, to advanced
fluorescence microscopy and in vivo imaging via CT scans, PET and MRI®'®_ Historically,
the first types of protease report er snitrbaniidbe wi de
based substrates®® (Figure 3 a). By tuning the recognition motif of these molecules, which is
flanked by the chromogenic part, more and more specific probes were synthetized. An
increasing number of enzymes, ranging from cathepsins to caspases and bacterial proteins,
can now be specifically studied thanks to the availability of tailored tools®®. Such progresses
were fueled by methods allowing a detailed characterization of the proteasesd substrate

preference at single S, site resolution®2.

Importantly, Forster resonance energy transfer (FRET)-based probes found widespread
applications as optical contrast agents and biomarker reporters due to their ability to measure
the activity of an enzymatic target, their ratiometric read-out and their high signal-to-noise
ratio®®. To function, such molecules need a moiety which is recognized by the target enzyme
and rely on FRET, a photophysical process where a donor fluorophore passes energy in non-
radiative form to an acceptor molecule. To occur efficiently, FRET demands i) an overlap
between the donor emission and acceptor absorption spectra, ii) the close proximity (< 10 nm)
of the two molecules, iii) and the proper orientation of their dipoles. The processing operated
by the target enzyme on the probe, usually the cleavage of the recognition part, results in the
acceptor to diffuse away from the donor: the division of the donor and acceptor emission
intensities over time generates a ratiometric read-out of the protein activity. FRET-based

probes are usually classified in activity-based (ABPs) or substrate-based®®. ABPs are often

14
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Figure 3 General design, chemical structures and features of protease imaging tools.

a) Chromogenic substrates are composed of a short peptide and a chromogenic part. The
protease cleaves the bond between the two and the reaction can be monitored by measuring
the absorbance shift (usually at ~ 400 nm). b) FRET probes can be divided in activity-based
and substrate-based. The addition of chemical anchors confers substrate-based probes a
precise spatial localization. ¢) MRI probes are characterized by a short substrate coupled to a
3-phosphorylated nitroxide moiety. The spectroscopic properties of the probe change upon
enzymatic cleavage becoming detectable in vitro via Electronic Paramagnetic Resonance
(EPR) and in vivo by MRI.
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