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Abstract

A. Abstract

Repeated cycles of infections, caused mainly by Pseudomonas aeruginosa, combined with a robust
host immune response and tissue injury, determine the course and outcome of cystic fibrosis (CF)
lung disease. The initial acute infection disease is kept in check by an excessive neutrophil-
dominated inflammation, while as the disease progresses P. aeruginosa adapts to the airways and
dramatically modifies its phenotype causing permanent chronic infection. The persistent P.
aeruginosa infection escapes the innate immune responses and causes damage to the host. Airways
remodelling is characterized by mucus hypersecretion, degradation of its structural components,
caused by the activity of matrix metalloproteinases, and high level of sulphated
glycosaminoglycans (GAG). However, whether, how and at to what extent bacterial adaptive
variants and their persistence influence the pathogenesis and disease development, and the role
played by GAG in this context remain largely unknown.

Using in vitro and murine models of acute and chronic lung infection, we showed that P.
aeruginosa CF-adaptive variants shaped the innate immune response favoring their persistence.
Next, we refined a murine model of chronic pneumonia extending P. aeruginosa infection up to
three months. In this model we observed that the P. aeruginosa persistence lead to CF hallmarks
of airway structural degeneration and fibrosis, including epithelial hyperplasia, goblet cell
metaplasia, collagen deposition, elastin degradation, GAG remodelling and several additional
markers of tissue damage. This murine model was further exploited to test the effect of a library
of compounds that could compete with GAG present in the lung (GAG mimetics), with attenuated
anticoagulant properties, on host response to P. geruginosa infection. GAG mimetics C3 and C23
demonstrated a remarkable efficacy in reducing inflammation and tissue damage. These
molecules contained also the bacterial load during P. aeruginosa chronic infection, probably acting
on biofilm formation. Overall, the murine model of P. aeruginosa chronic infection, reproducing CF
lung pathology, established in this work has been instrumental to identify novel molecular targets
and to test newly tailored molecules inhibiting chronic inflammation and tissue damage processes
in pre-clinical studies. In addition, the results obtained with GAG mimetics support the
developments of these compounds as novel therapy in CF and potentially for the treatment of

other chronic respiratory pathologies.
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B. State of the Art

B.1. Chronic lung diseases: epidemiology and pathogenesis

Chronic lung disease is the term for a wide variety of persistent lung disorders. Airway diseases are
some of the most common medical conditions in the world but their prevalence is underestimated
according to epidemiological surveys, which further increases the complexity of managing these
diseases. Despite the presentation of similar symptoms (dyspnea, coughing, wheezing and
expectoration) airway diseases have different underlying pathophysiological processes and must
be distinguished to enable the administration of appropriate treatment (Athanazio, 2012). This
section aims to present the main features of the most common chronic respiratory illnesses:
bronchiectasis, chronic obstructive pulmonary disease (COPD), asthma, idiopathic pulmonary
fibrosis (IPF) and cystic fibrosis (CF) (Fig. 1).

Bronchiectasis is a respiratory disease characterized by irreversible widening of thick-walled-
bronchi, periods of acute infective exacerbations (short periods, at least 48 h, of increased cough,
dyspnea, and production of sputum that can become purulent), inflammation, and purulent
sputum-expectoration (Bilton, 2008). Respiratory infections are the leading causes of
bronchiectasis. The main bacterial pathogens that are commonly isolated in bronchiectasis are
Haemophilus influenza, Pseudomonas aeruginosa, Streptococcus pneumoniae, Haemophilus
parainfluenzae, Staphylococcus aureus and Moraxella catarrhalis (Feldman, 2011). About one-
third of the patients with bronchiectasis are chronically colonized with P. aeruginosa and are
known to experience an accelerated decline in lung function and more frequent exacerbations
than those infected with other microorganisms (Chawla et al.,, 2015). However, other pro-
inflammatory attacks can trigger or accelerate bronchiectasis disease, such as a toxin inhalation,
smoking or changes in immune responses (O’'Donnell, 2008). The prevalence and severity of the
non-cystic fibrosis bronchiectasis (NCFB) intensifies with age and when in association with other
diseases or autoimmune symptoms, including COPD or rheumatoid arthritis respectively, the
relative risk of death increases (Bergin et al., 2013).

COPD is a major cause of chronic morbidity and mortality worldwide. COPD is a pulmonary disease
characterized by airflow limitation that is not fully reversible (Cukic et al., 2012). The airflow
limitation is often ascribed to remodeling, which consists of airway wall thickening by fibrosis
and/or emphysema, airway epithelial cell hyperplasia, squamous cell and goblet cells metaplasia,

reticular basement membrane (RBM) thickening and angiogenesis (Hirota and Martin, 2014).
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Despite the morphologic and clinical heterogeneity of COPD, one common feature is inflammation
in the small airways (characterized mainly by infiltration of neutrophils, macrophages, CD8" T-cells
and B-cells), which intensifies with disease progression (Brightling et al., 2000). Approximately 90%
of COPD cases are related to smoking, whereas other less common risk factors include
occupational exposure and biomass burning (Athanazio, 2012). The chronic and progressive course
of COPD is frequently aggravated by exacerbations. H influenzae, S. pneumoniae, M. catarrhalis
and P. aeruginosa are associated with increased bronchial and systemic inflammation and the
development of exacerbations (Sethi et al, 2008). Opportunistic bacteria (approximately 50%) and
also virusis (approximately 30%) can, therefore, accelerate the progression of COPD through an
increase in the frequency of exacerbations and also through direct injury to the lung tissue
(Decramer et al., 2012).

Asthma is a common chronic lung disease characterized by intermittent airway obstruction and
inflammation (in particular characterized by CD4" T cells, eosinophils and mast cells) that affects
more than 300 million people worldwide (Martinez and Vercelli, 2013). In severe cases, the sub-
epithelial basement membrane is thickened, smooth-muscle mass is increased through
hypertrophy and hyperplasia, the airways undergo fibrosis with increased deposition of connective
tissue, and fibroblast and myofibroblast (cells with contractile properties) proliferation occurs
(Wadsworth, 2013). In atopic individuals, the main risk factor for developing asthma is exposure to
allergens. For individuals with non-atopic asthma, several risk factors have been found, including
smoking, advanced age, an unfavorable socio- economic condition and housing in an urban center
(Court et al., 2002). Bacterial infections (S. pneumonia, S. pyogenes, S. aureus, M. catarrhalis and
H. influenzae) may also contribute to airway wall remodeling through the activation of fibrosis by
the release of growth factors such as transforming growth factor B (TGF-B), leading to fibroblast
activation and release of extracellular matrix proteins (Rossol et al., 2011; Zhang 2012).

IPF is a chronic, progressive, irreversible, and usually lethal lung disease of unknown cause. Injury
to the alveolar epithelium followed by aberrant repair is a central pathogenic mechanism in IPF
and this dysregulated repair is characterized by ‘fibroblast foci’, aggregates of activated
myofibroblasts whose extent correlates with poorer prognosis (King Jr et al., 2011). IPF occurs
primarily in older adults, many of whom have been smokers, and polymorphisms in genes related
to epithelial integrity and host defense predispose to the disease (Noth et al, 2013). Although
viruses may play a part in the initiation and progression of disease and may also be responsible for

a proportion of acute exacerbations (Wootton et al., 2011), the role of bacteria in the
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pathogenesis and progression of IPF has not yet been studied in detail. Active infection in IPF is,
however, known to carry a high morbidity and mortality (Molyneaux and Maher, 2013) suggesting
that bacteria may play a role in driving IPF disease progression.

CF disease is caused by mutations in the in the cystic fibrosis transmembrane regulator (cftr) gene
and remains one of the most common fatal hereditary disorders worldwide. Although CF is a
complex multi-organ disease, morbidity and mortality are mainly determined by chronic
obstructive lung disease that evolves from early onset mucus plugging in the small airways,
chronic neutrophilic airway inflammation and bacterial infection (Mall and Hartl, 2014). The
destruction of lung function due to the hyperactive inflammatory response, possibly exacerbated
by bacterial toxins, causes the progressive deterioration of lung function and ultimately makes
these lung infections fatal (Gellatly and Hancock, 2013). The most common bacterial pathogens
isolated from the CF airways are H. influenza, S. aureus and P. aeruginosa. About 80% of adult CF
patients suffer from chronic P. aeruginosa lung infections which are responsible for their short life
expectancy with a median predicted survival of 40.7 years (Cystic fibrosis foundation patient
registry Annual Report 2014). CF disease will be further described in the next paragraph.

Although these diseases present several common characteristics, they have different pathological
origins and may present diverse clinical outcomes. Improved understanding of the
pathophysiological pathways, the role of bacterial pathogens, and airway remodeling are needed

to explore therapies that can be shared by patients affected by diverse respiratory diseases.
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Figure 1. Main features of chronic lung diseases.
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B.2 Cystic fibrosis

B.2.1 Epidemiology of CF and relevant aspects of CF lung pathogenesis

Although classified as a rare disease, CF is the most common life-threatening monogenic condition
in Caucasians. The estimated incidence of CF is 1 in 2500-4000 newborns, with a recognized
heterogeneity in the geographic distribution. CF affects >70,000 individuals worldwide, including
30,000 in Europe. There is a wide clinical variability in organ involvement; the dominant cause of
morbidity and mortality is lung disease, but other CF symptoms include pancreatic insufficiency,
intestinal obstruction, elevated electrolyte levels in sweat (the basis of the most common
diagnostic test) and male infertility (Amaral, 2015).

This inherited condition is caused by the mutation in the cftr gene that encodes a 1480 amino-acid
CFTR protein with a mass of about 170 Kda. The large glycoprotein CFTR (Fig. 2) is a cAMP-
regulated CI" and bicarbonate (HCO3") channel and is expressed primarily in lipid bilayer at the
apical membrane of epithelial cells but also in many other cell types, including immune system

cells ( Gadsby et al., 2006).
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Figure 2. CFTR protein chloride channel expressed in lipid bilayer at the apical membrane of epithelial cells. The CFTR protein is a
member of the ATP-binding cassette (ACB) family of transporters. It contains two nucleotide-binding domains that bind and
hydrolize ATP, two trasmembrane domains that form the channel, and a central regulatory (R) domain. The R domain, unique to
CFTR, is highly charged with numerous phosphorylation sites for protein kinase A or C (Gibson et al., 2003).
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Although CFTR mainly functions as a chloride channel, it has many other regulatory roles, including
inhibition of sodium transport through the epithelial sodium channel (ENaC), regulation of ATP
channels, regulation of intracellular vesicle transport, acidification of intracellular organelles, and
inhibition of endogenous calcium-activated chloride channels. Consequently, CFTR regulates the

hydration of the airways’ surface fluid (O’Sullivan and Freedman, 2009; Sagel and Accurso, 2002).

A defect of CFTR protein impacts on airway physiology and mucociliary clearance. The airway
surface liquid (ASL) is the first line of defense against inhaled or aspirated pathogens providing a
barrier between the epithelium and inspired air and its regulation reflects the balance between
sodium (Na®) absorption and chloride (CI) secretion mediated by EnaC and CFTR channels
respectively. ASL consists of two layers above the epithelial surface — a periciliary liquid layer (PCL)
with a height of the extended cilium (about 7 um) and a thin and hydrated mucus layer. The PCL
volume is tightly regulated to provide a low viscosity solution for ciliary beat and to lubricate gel
forming mucins secreted from cell surface. Within the PCL the rate of epithelial O, consumption is
homogeneous. The mucus layer consists of high molecular weight mucins, produced by surface
goblet cells and submucosal gland epithelia, whose properties are altered by water content, ion
concentrations, and pH. The diversity of the carbohydrate side chains within the mucin gel is
suited for binding a wide variety of particles for ultimate clearance from the airway (Gibson et al.,
2003). In CF, the airway epithelium absorbs the Na* and CI" ions and water from the lumen,

depletes the PCL and slow down or even stop the mucus transport (Fig. 3).
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Figure 3. Effect of CFTR dysfunction on the airway surface liquid (ASL). (a) In healthy airway epithelia, CFTR is intact and plays a

vital role in regulating hydration of the ASL that consists of the periciliary layer (PCL) and the mucus layer. (b) Due to defective CFTR
in CF, CI" secretion is impaired and Na* absorption through ENaC is upregulated resulting in dehydration of the ASL with thick mucus

accumulating and causing the PCL to collapse (Reeves et al., 2012).
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Increased CF epithelial O, consumption, associated with accelerated CF ion transport, generates
steep hypoxic gradients in the thickened mucus layer with zones ranging from aerobic (generally
located at the top) and microaerobic and/or even completely anaerobic (located in the deeper
layers) (Worlitzsch et al., 2002; Hassett et al., 2002; Boucher, 2004). Moreover, an impaired
bicarbonate (HCO;3') secretion leads to a decrease of ASL pH. Of note, mucins become more
viscous at acidic pH, thus probably contributing to the thick hypoxic mucus plaque formation that
characterizes CF airways. The hypoxic gradient in the thickened mucus layer creates a favorable
environment for the opportunistic pathogen P. aeruginosa that is considered the key pathogen in
CF. P. aeruginosa, deposited on the mucus surfaces, penetrates actively (e.g., by inhalation,
flagellum- or pili-dependent motility) and/or passively (due to mucus turbulence) into hypoxic
zones of the mucus masses (Gibson et al., 2003). Subsequent chronic airway infections with P.
aeruginosa, are usually preceded by a period of recurrent, intermittent of the airway. In this
phase the infection can be effectively combated with aggressive antibiotic therapy, and this can
substantially delay the onset of chronic infection (Folkesson et al., 2012). For unknown reasons,
this intermittent colonization phase, which can last for years, sooner or later turns into a chronic
infection (Burns et al., 2001; Doring et al., 2006) that is characterized by the adaptation of the
bacterium to hypoxic niches with increased alginate production and macro-colonies creation (Fig.
4). These macro-colonies are often embedded within a self-produced matrix of extracellular
polymeric substance (known as biofilm mode of growth), becoming resistant to secondary
defenses including neutrophils and antibiotic treatment. These pathogenic events favor the
persistence of P. aeruginosa, setting the stage for the establishment of chronic infection and

increased lung obstruction and destruction (Gibosn et al., 2003; Folkesson et al., 2012).
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Figure 4. Schematic view of the pathogenic events that leads P. aeruginosa to establish chroniic infection in airways of CF
patients. Because of blocked chloride secretion, excessive sodium absorption and water absorption, normal mucociliary clearance
(A) is defective in cystic fibrosis (B). Mucus secretion leads to plug formation (C). Steep hypoxic gradients (blue bar) are sensed by
penetrating bacteria (D) leading to increased alginate (E) and macrocolony formation (F). The macro-colonies are resistant to
secondary defens including neutrophils and antibiotic treatment. (F). (Legend: Blue circles=mucus layer; yellow squares=airway
epithelial cells. For oxygen gradient: red=no gradient; blue=steep, hypoxic gradient) (Ratjen and Doring, 2003).

B.2.3 Microbial infections in CF

CF has a unique set of bacterial pathogens that are frequently acquired in an age-dependent
sequence (Fig. 5)(Cystic Fibrosis Foundation Patient Registry 2013). For many decades, the
microbiology of CF airway infections has been determined by bacterial and fungal culture
methods, focusing on the most commonly isolated organisms including S. aureus, H. influenza and
P. aeruginosa (Hauser et al., 2011). Early infections in CF airways are most frequently caused by H.
influenzae and S. aureus, microorganisms detected also in the airways of other young children
with chronic illnesses and adults with NCFB (Burns et al., 2001). S. aureus is often the first
organism cultured from the respiratory tract of young children with CF (Armstrong et al., 1997)
and remains an important pathogen through adulthood. The CF community is particularly
concerned about methicillin-resistant S. aureus (MRSA). Some data suggest slightly worse clinical
outcomes in patients with chronic MRSA infections than in those with methicillin-sensitive S.
aureus infections (MSSA), as greater airflow obstruction, increased hospital admissions and
extended courses of antibiotics (Ren et al., 2007). P. aeruginosa is the most significant pathogen in
CF (Gibson et al., 2003). Pediatric CF patients with respiratory culture positive for P. aeruginosa
experience higher mortality, increased frequency of infection, hospitalization for acute respiratory

exacerbations, and decreased lung function with a significantly lower percent of predicted forced
8
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expiratory volume 1 (FEV;) when compared to those without P. aeruginosa (Emerson et al., 2002).
The source of P. aeruginosa isolates in patients with CF has not been clearly established. There is a
wide distribution of P. aeruginosa genotypes that have been demonstrated in young children
(Burns et al., 2001), suggesting acquisition from environmental reservoirs, and sometimes do
patients with CF appear to share genotypes (Armstrong et al., 2002; Speert et al., 2002).
Colonization can occur both in paranasal sinuses and in the lungs. Comparison of genotypes from
upper and lower airway sources, collected simultaneously from patients, could indicate the same
genotype. After waves of antibiotic treatment, it was demonstrated that the lung can be
recolonized by the same P. aeruginosa genotype, which has survived the immune and antibiotics
attack in the paranasal sinuses (Folkessons et al., 2012).

Many other opportunistic organisms not commonly recovered from healthy individuals have been
associated with evolution of the airway disease in CF individuals over the last decade. It was
recently demonstrated that Achromobacter xylosoxidans is a clinically important pathogen in CF
patients causing inflammation and clinical deterioration similar to the changes found in CF
patients infected with P. geruginosa (Hansen et al., 2010). The prognosis dramatically becomes
worst after the acquisition of Burkholderia cepacia complex that causes a sepsis-like syndrome
characterized by high fever, bacteremia and rapid progression to severe necrotizing pneumonia
leading to death. Recent studies on fungal colonization/infection of the CF airway show the
presence of Aspergillus fumigatus in up 50% of subjects and its association with a lower FEV; and
an increased exacerbations requiring hospitalization (Amin et al., 2010).

More recently, non-culture based methods have contributed to our understanding of the
polymicrobial nature of CF airway infections. Many organisms not previously recovered from the
CF airway have been reported from patient samples using polymerase chain reaction (PCR) and
deep sequencing (Bittar et al.,, 2010; Salipante et al., 2013) including viridans streptococcus,
Prevotella spp., Veillonella spp. and other anaerobic organisms. While Streptococcus milleri has
been reported to be a clinically relevant pathogen in CF because of its association with pulmonary
exacerbations (Sibley et al., 2010), studies by Zemanick and others have reported that anaerobes
identified from sputum by sequencing are associated with less inflammation and higher lung

function than P. aeruginosa (Sibley et al., 2010; Zemanick et al., 2013).
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Figure 5. Prevalence of respiratory microorganisms in patients with CF as a function of age. The prevalence of multi-drug resistant
P. aeruginosa (MDR-PA) and methicillin-resistant S. aureus (MRSA) are also included in the graph (Cystic Fibrosis Foundation Patient
Registry 2013).

B.2.4 Adaptation of P. aeruginosa to CF airways

Several studies have followed the progression of Pseudomonas infections in patients with CF over
the course of many years. The capacity of P. aeruginosa to cause infections in CF patients and
other hosts can be traced back to its considerable adaptability to specific environment conditions,
such as micro-anaerobic condition of CF airways, and the production of numerous virulence

factors (Lee et al., 2006) (Fig. 6).
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Figure 6. Virulence factors produced by P. aeruginosa. Flagella and type 4 pili are the main adhesins, capable of binding to host
epithelial gangliosides, asialoGM1 and asialoGM2. Along with lipopolysaccharide (LPS), these surface appendages are also highly
inflammatory. Once contact with host epithelia has occurred, the T3SS can be activated, which is able to inject cytotoxins directly
into the host cell. Several virulence factors are secreted by P. aeruginosa and have varying effects on the host. Several proteases
are produced, which can degrade host complement factors, mucins, and disrupt tight junctions between epithelial leading to
dissemination of the bacteria. Lipases and phospholipases can target lipids in the surfactant as well as host cell membranes.
Pyocyanin, a blue-green pigment, can interfere with host cell electron transport pathways and redox cycling. Pyoverdine captures
Fe3" to allow for a competitive edge in an environment in which free iron is scarce (Gellatly SL and Hancock RE, 2013).
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P. aeruginosa possesses a 6,3 Mb genome encoding 5,570 predicted ORFs and 521 putative
regulatory genes suggesting that its adaptability is linked to a highly complex gene regulation
(Stover et al., 2000). The accessory genome, that can be horizontally transferred among strains,
represents the flexible gene pool (e.g. bacteriophages, plasmids, insertion elements, transposons,
conjugative transposons, integrons and genomic islands) that frequently undergoes acquisition
and loss of genetic information. Therefore the flexible gene pool plays an important role in the
adaptive evolution of bacteria (Klockgether et al., 2007; Wiehlmann et al., 2007).

CF lung disease follows a characteristic patter. Chronic CF airway infection with P. geruginosa is
usually preceded by a period of recurrent, intermittent colonization of the airway. In this phase,
which can lasts from birth until the patients acquires a chronic infection, the infection can be
effectively combatted with aggressive antibiotic therapy, and this can substantially delay the onset
of subsequent chronic infection (Hoiby et al., 2005). The patient is often re-infected at later time
points with other P. aeruginosa strains of different genotypes, but in approximately 25% of cases
re-colonization occurs with the same genotypes (Doring et al., 2006; Gibson et al., 2003; Munck et
al., 2001). Given the plasticity of P. aeruginosa and the prolonged infections characteristic of CF, it
is not surprising that this pathogen undergoes significant adaptation within the CF lung. Although
initial infection may be facilitated by the large genome of P. aeruginosa and its superior ability to
sense and respond to a broad variety of environmental conditions (Stover et al., 2000), later
adaptation results at least in part from the selection of clonal lineages containing spontaneously
arising mutations. Mutations result in the generation of a diverse array of P. aeruginosa lineages,
many of which exhibit altered phenotypes (Smith et al., 2006). Then, conditions within the CF
airways favor the growth and selection of strains with phenotypic traits that confer an adaptive
advantage. Such selection is relatively common in CF but apparently differs in its nature from one
portion of the respiratory tract to another, resulting in heterogeneous populations of bacteria that
are closely related but possess unique sets of mutated genes (Hogardt et al., 2004; Nguyen and
Singh, 2006; Smith et al., 2006).

Single, motile P. aeruginosa cells expressing high amounts of toxins are characteristic for acute
and generalized types of infections. Whereas, various morphotypes, that are not normally present
in environmental P. aeruginosa strains, have been described in strains isolated from chronically
infected CF patients, including strains that are mucoid, smooth, rough, dwarf, colorless or present
as small colony variants (SCV) (Lory et al., 2009; Starkey et al., 2009). Studies in the agar beads

murine model by using the P. aeruginosa isolates from patients with CF demonstrated that the risk
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of chronic infection is increased by the absence of pili and flagella (Bragonzi et al., 2009). These
studies provide an explanation for the clinical observation that P. aeruginosa isolates obtained
from CF hosts often exhibit a non-motile phenotype (Luzar et al., 1985; Rau et al., 2010) and
explain how this phenotype can confer a survival advantage for bacteria during chronic infection.
A consistent finding in CF airways is the presence of mucoid P. aeruginosa strains that
overproduce the exopolysaccharide alginate, a negatively charged polymer of b-1-4-linked D-
mannuronate, and its C5 epimer, L-guluronate (Deretic et al., 1995; Boucher et al., 1997). Alginate
expression is upregulated by microaerobic environmental conditions that are present in the
viscous mucus of CF patients (Worlitzsch et al., 2002). Alginate expression is considered to be an
important factor for the persistence of P. aeruginosa in the airways of CF patients as alginate
protects the pathogen not only against innate immune functions but also against
opsonophagocytosis involving specific antibodies, produced by the adaptive immune system.
Other phenotypic changes of P. aeruginosa strains occurring during the course of chronic CF lung
infection include decreased exotoxin A expression (Suh et al., 1999), lipolysaccharide (LPS) and
peptidoglycan (PGN) modifications (Hancock et al.,, 1983; Cigana et al., 2009) and altered lipid
moieties (Sabra et al., 2003). Furthermore, increased auxotrophy (Thomas et al., 2000), defects in
type Il (Woods et al., 1986) and Ill secretion (Jain et al., 2004; Lee et al., 2005; Hogardt et al., 2007;
Rau et al., 2010), reduced production of proteases and phospholipase C, loss of pyoverdine,
pyocins and elastase expression (Hogardt et al., 2007), altered metabolic activities (Silo-Suh et al.,
2005) and antibiotic resistance (Smith et al., 2006; Hogardt et al., 2007) have been described in P.
aeruginosa strains from CF patients. Thus, chronic exposure to the CF environment selects for a

variety of adapted phenotypes in P. aeruginosa strains (Fig. 7).
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Figure 7. Evolution of P. aeruginosa acute and chronic lung infection in CF disease. The factors needed for acute infections are
generally well understood, whereas those needed for chronic infection are not. Bacterial functions needed for acute infection are

usually selected against in chronic CF infections (Nguyen and Singh, 2006).
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So far, also whole-genome analysis indicates that P. aeruginosa adapts genetically to CF airways,
suggesting that most phenotypic varieties of chronic P. aeruginosa isolates are genetically
determined by mutation and selection. When a P. ageruginosa isolate was compared with its clonal
variants, isolated 90 months later from a single CF patient, revealing 68 mutations, the analysis
suggested a reduced virulence of the latter strains with regard to their ability to induce acute
infections, based on mutations in many virulence genes including type Il secretion, quorum
sensing and motility (Smith et al., 2006).

Thus the long-term persistence of P. aeruginosa in CF lung, known as adaptive radiation, has been
interpreted as an in vivo selection process, resulting in less virulent variants that consequently do

less harm to their host than the original colonizing strain (Smith et al., 2006).

B.3 Host-pathogen interplay in CF lung disease pathogenesis

B.3.1 Innate immunity

Respiratory failure resulting from chronic infection and inflammation of the airways still represent
the primary cause of death for most individuals with CF (Gibson et al., 2003). Respiratory tract
infection contributes to a dysregulated host immune response in CF, impacting on both innate and
adaptive immunity and perpetuating inflammation (Fig. 8), finally leading to progressive
pulmonary damage with bronchiectasis and emphysema (Pillarisetti et al., 2011). Innate immunity
operating in the lung pairs physical barriers to infection with the ability of resident cells to sense
and respond to infection inducing the mucosal recruitment of effector cells that facilitate rapid
clearance (Yonker et al., 2015). Since mucous barrier and mucociliary clearance act as an
important integral part of the innate pulmonary defense system, the mucociliary dysfunction due
to airway surface dehydration constitutes a disease-causing mechanism that links the basic CF
defect to impaired airway defense and CF lung disease (Hartl et al., 2012).

In healthy airways, epithelial cells, macrophages, and dendritic cells recognize pathogen-
associated molecular patterns (PAMPs) that evade mucociliary clearance. Pattern recognition
receptors (PRRs), including toll like receptors (TLRs) and intracellular nod like receptors (NLRs),
recognize PAMPs, such as cell wall lipoproteins (typically recognized by TLR2), LPS (recognized by
TLR4 although some LPS species can be recognized by TLR2), and flagellin (recognized by TLR5),
facilitating pathogen identification. NLR Nod1 exhibits specificity for Gram-negative bacterial PGN,

while NLR Nod2 binds muramyl dipeptide (MDP) motif that is common to Gram-positive and
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Gram-negative bacteria (Akira et al., 2006; Cigana et al., 2011). These interactions result in
immune signaling through the adapter proteins myeloid differentiation factor 88 (MyD88) or
apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), triggering
cascades resulting in activation of transcription factors, including the nuclear factor kB (NF-kB),
and ultimately in the production of pro-inflammatory mediators, such as tumor necrosis factor a
(TNFa), interleukin (IL)-8, and IL-1B (Skerrett et al., 2007). In CF, many aspects of this process
appear to be dysregulated. For example, CF bronchial epithelial cell lines display aberrant PRR
signaling and constitutively elevated NF-kB activity. Sputum and brochoalveolar lavage fluid (BALF)
from CF patients reveal increased level of pro-inflammatory cytokines, such as TNF-a, IL-6 and IL-
1B, and decreased levels of anti-inflammatory cytokines, such as IL-10 (Yonker et al., 2015).

As a consequence of epithelial dysfunction and pathogen sensing, a pro-inflammatory cascade is
initiated in CF airways leading to the recruitment of neutrophils from the bone-marrow niche via
the circulation into the airways. Tissue-released chemokines, mainly released by epithelial cells
and macrophages, attract neutrophils via chemokine gradients to the site of inflammation, putting
chemokines and their G-protein coupled receptors in the spotlight of targeted anti-inflammatory
strategies (Owen, 2001; Charo et al., 2006). The best studied chemokine in CF lung disease is IL-8.
Many groups have reported elevated levels of this chemokine in the BALF and sputum of both CF
adults and children (Sagel, 2003; Hartl et al., 2007). This chemokine exhibits pleotropic effects on
neutrophils, acting as a potent chemoattractant and inducing degranulation and superoxide
production (Winkler, 2003). Furthermore adult mice that overexpress the sodium channel ENaC
showed a sustained neutrophilic airway inflammation and the neutrophil-attracting chemokines
macrophage inflammatory protein-2 (MIP-2) and KC (functionally similar to the human IL-8
chemokine) were significantly increased in BALF and lung homogenates (Mall et al., 2004). Beyond
this canonical pathways of preformed cytokines/chemokines regulating inflammatory response in
CF, evidence suggests significant non-canonical pathways responsible of neutrophil influx. A
recently identified collagen breakdown product, proline-glycine-proline (PGP), has been
established as a neutrophil chemoattractant, producing superoxide, and inducing the release of
proteases from neutrophils (Weathington et al., 2006). Additional intercellular signaling among
neutrophils occurs via leukotriene B4 (LTB4), an arachidonic acid metabolite generated by 5-
lipoxygenase that serves as a potent neutrophil chemoattractant capable of amplifying

recruitment (Lammermann et al., 2013; Pazos et al., 2015). CF patients display abnormalities in
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levels of PGP peptides (Gaggar et al., 2008) and LTB4 (Bodini et al., 2005), although the effect of

these alterations are not fully appreciated.

B3.1.2 Neutrophils

Upon entering the airspace of the CF lung, neutrophils seek to eradicate the inciting infection. In
general, the pathophysiological role of airway neutrophils in CF and other chronic neutrophilic
lung diseases is two-faced: on the one hand they are required for antibacterial and antifungal host
defense, on the other hand they can cause significant parenchymal lung tissue damage when they
accumulate over longer time periods and liberate their toxic granule contents, mainly serine and
metalloproteases (MMPs) (e.g. neutrophil elastase and MMP-9) as well as oxidants, in an
uncontrolled fashion (Mantovani et al., 2011). Animal models and in vivo human studies have also
demonstrated an important role for the neutrophil in mediating lung damage in CF, but have not
established whether this is a primary or secondary phenomenon (McKeon et al., 2010).

In the airway microenvironment of chronic P. aeruginosa infections, infiltrated neutrophils are
faced with quorum sensing-induced bacterial biofilms (Donlan et al., 2002) and this interaction
substantially modulates the phagocyte's behavior. Biofilms are organized by microorganisms and
contain a matrix extracellular DNA, proteins and polysaccharides. Biofilms factors, such as 30C12-
HSL N-(3oxododecanoyl)-L-homoserine lactone (Zimmermann et al., 2006), and extracellular DNA
from microorganisms induce neutrophil migration and further activate neutrophils (Trevani et al.,
2003). Recruited neutrophils associated with biofilm are less effective at eradicating bacteria:
indeed, biofilm-entrapped neutrophils have decreased mobility, decreased enzyme production
and ineffective oxidative burst (Jesatis et al., 2003). An important part of the immune response
includes the ability of neutrophils to form antimicrobial neutrophils extracellular traps (NETSs).
NETs are made up of neutrophil DNA, histones, and proteolytic enzymes, actively released by the
neutrophil as a means to ensnare nearby microbes including those that are predominant in the CF
airspace, such as P. aeruginosa, H. influenzae and S. aureus, as well as fungal pathogen A.
fumigatus and Candida albicans (Brinkmann et al., 2004). However, in CF, NETs are detrimental
and contribute to thick tenacious airway secretions that lead to progressive lung disease,
entangling, rather than clearing airway infection. Thus, in CF, NETs formation most likely fails to
destroy the plethora of pathogens encountered in the airspace and may only contribute to

neutrophil-mediated damage of lung tissue. Furthermore, the formation of NETs likely reinforces
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microbial biofilms in CF, facilitating microbial persistence and contributing to the dysregulation of
the innate immune system (Langereis et al., 2013).

Therefore, despite the pronounced recruitment of neutrophils into the CF airway, these
phagocytes are ineffective in clearing the inciting infection and ultimately serve to the detriment

of the lung by contributing to biofilm formation and host tissue destruction.

B3.1.3 Macrophages

Macrophages, together with the epithelium, are part of the lung's innate cellular surveillance
system. They efficiently phagocytize bacteria, dead cells and debris. In addition, their activation by
external triggers (viruses, bacteria, bacterial products, etc.) leads to a cascade of events that
contribute to the migration of neutrophils into the alveolar space and, eventually, to the activation
of dendritic cells and T cells, initiating the adaptive arm of immune response. In CF, macrophages
likely play a significant yet underappreciated role, via aberrant scavenger signaling cascades,
resulting in chronic inflammation yet ineffective clearance of infection. In addition, CFTR
mutations result in impaired bacterial killing in murine and human macrophages with dysregulated
cytokine production (Hartl et al., 2012; Del Porto et al., 2011) including high concentrations of pro-
inflammatory cytokines released by macrophages, such as IL-1a, IL-6, granulocyte-colony
stimulating factor (G-CSF), and IL-8. Elevated production of these cytokines was also confirmed in
bone marrow and alveolar macrophages from cftr-deficient mice after in vitro stimulation with LPS
from P. aeruginosa. There is also evidence that virulence factors released from P. aeruginosa, as
pyocyanin, compromise macrophage efferocytosis of apoptotic neutrophils indicating that the
microbial environment could further suppress phagocytic functions (Bianchi et al., 2008). These

data suggest that CFTR directly contributes to microbicidal dysfunction of macrophages.
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B.3.2 Adaptive immunity

While neutrophils are the dominant cell population in the broncho-alveolar compartment of CF
patients, recent studies indicate that T lymphocytes accumulate within the subepithelial bronchial
tissue, while the bronchial space is almost devoid of T cells, supporting the notion that the
pulmonary immune system is compartmentalized and the role of T cells has probably been under-
appreciated in CF lung disease due to their paucity in sputum or BALF (Tschernig et al., 1997;
Schuster et al., 2000). T cell function is also affected by defects in CFTR, although the specific
mechanisms involved in this effect have not been defined. Historically, the predilection to mount a
Th2 response appeared to be central to the CF T-cell phenotype. A Th2-dominated immune
response in CF patients with chronic P. aeruginosa lung infection as compared with CF patients
without chronic infection was observed, whereas Thl responses were accompanied by a better
pulmonary outcome (Hartl et al., 2006; Moser et al., 2000). Although there is growing evidence
that a Thl-dominated immune response might improve the prognosis of CF patients with chronic
P. aeruginosa lung infection, the host would presumably benefit also of a Th17 response. Recently,
the potential key role of Th17 signaling in the host response to this extracellular pathogen is
increasingly emerging. Higher levels of IL-17 and IL-23 cytokines were described in patients
chronically infected with P. aeruginosa as compared to those who were not chronically infected
with P. aeruginosa (Decraene et al., 2010). Furthermore, increased levels of IL-17 in BALF during
exacerbations were found associated with positive Pseudomonas species sputum cultures (Chan et
al., 2013). In addition, a crucial role has been proposed for IL-17 producing cells in inflammation in
the lung of patients with CF promoting inflammation-related destruction of lung tissue, supporting
neutrophil recruitment, and defined IL-17A to be a marker preceding infection with P. aeruginosa
(Tiringer et al., 2013). How different Th cell subtypes respond to different and emerging pathogens
is still unknown. Novel insight in new T-cell subsets (Th17-Th2, Th17-Th1) and the capacity of Th17
cells to produce Th2-type cytokines strengthen the complexity and plasticity of the adaptive
immune system (Tiringer et al.,, 2013). Moreover, the presence of a complex microbiota and
multiple pathogens, which vary among CF patients, combined with a lack of comprehensive clinical
studies on adaptive immune responses, aligns to complicate characterization of the adaptive

immune response in CF.
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Figure 8. Innate and adaptive immune response to infections in CF. Infection by several different pathogens triggers perpetual
bouts of neutrophil recruitment and breach of the airway epithelium. In the airspace, neutrophils encounter persistent microbial
biofilms and release neutrophil extracellular traps (NETs) that are ineffective and ultimately repurposed for the benefit of the
microbial biofilms. Following continuous cycles of acute infection or once chronic infection is established, T lymphocytes are
recruited and polarized to Th1, Th2 and/or Th17 cells. IL-17A and related cytokines as well as interferon y (IFN-y) play an important
role in the excessive recruitment of neutrophils. The effector phase of allergic bronchopulmonary aspergillosis (ABPA), associated
to Aspergillus fumigatus infections, is determined by Th2-mediated allergic responses, including eosinophilia, mucus production,
and airway hyperresponsiveness. The relevance of other emerging pathogens in CF lung disease progression still remains to be fully
elucidated. N, neutrophils; Mg, macrophages; D, dendritic cells; B, B cells (Yonker et al, 2015).

B.4 CF airway remodeling

Most patients with CF die from respiratory failure with extensive airway destruction. Repeated
cycles of infection and inflammation are traditionally been thought as the cause of tissue lung
damage. Pulmonary disease in CF is characterized by extensive structural airway changes including
bronchiectasis, bronchiectatic pus-filled cystis, mucoid impaction, atelectasis (collapse or closure
of a lung resulting in reduced or absent gas exchange), RBM thickening, fibrosis and vascular
changes. These structural changes in the airway wall are referred to as remodeling which, in this
context has been defined as an alteration in size, mass or number of tissue structural components
inappropriate to the maintenance of normal function (Hirota and Marin, 2014). All of these
pathologic changes involve extensive alterations of lung extracellular matrix (ECM), that plays a
key role in tissue architecture and homeostasis (Atkinson and Senior, 2003). The ECM is a complex
network within the airway wall consisting of fibrous (collagen and elastin) and adhesive
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(fibronectin and laminin) proteins embedded in a hydrated polysaccharide gel containing GAG
which provide rigidity to the airway wall (Bousquest J et al., 2000). GAG are long linear structures
composed of heterogeneous polysaccharides (PS) and are formed by long disaccharide units with
varying degrees of linkage, acetylation and sulphation. GAG act by binding selectively to a variety
of proteins and pathogens and are crucially relevant to many disease processes, such as
inflammation (Lever and Page, 2002; Young, 2008; Rek et al., 2009), cancer (Yip et al., 2006) and
infectious diseases (Rostand and Esko, 1997; Wadstrom and Ljungh, 1999). Heparin and heparan
sulphate (HS) are GAG consisting of 1-4 linked uronic acid and glucosamine and encompassing
varying degrees of sulphation, and they are involved in many of these activities (Gandhi and
Macera, 2010). In particular it was described that HS chains play key roles at different stages
during the entry of leukocytes into sites of inflammation: they facilitate L-selectin-dependent cell
rolling, promote chemokine transport across the endothelium, and assist chemokine presentation
to leukocytes, which results in integrin activation (Wang et al., 2005; Borsing, 2004).

Recent studies suggest that GAG remodeling may be an important mechanism leading to CF
airways tissue damage and destruction. Increased concentration and sulphation of GAG have been
found in BALF from children with CF, and secretion of GAG, such as HS (Solic et al., 2005),
chondroitin sulphate (CS) (Khatri et al., 2003), and hyaluronic acid (HA) (Wyatt et al., 2002), is
markedly increased in bronchial cells and CF tissues (Fig 9). Furthermore, it has been shown that
binding to GAG renders IL-8 impervious to proteolysis, thus increasing the half-life and activity of
the chemokine at the site of inflammation and sustaining neutrophil recruitment in CF airways
(Solic et al, 2005). GAG could also bind and stabilize other cytokine like monocyte chemoattractant
protein 1 (MCP-1), RANTES and MIP-1B, thus amplifying chronic neutrophil recruitment and

inflammation (Lau et al., 2004).
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Figure 9. Structural formulas of GAGs up-regulated in CF. Structures represent the repeating units of CS B (A), HA (B), and HS (C)
(Reeves et al, 2011).
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The presence of GAG and desmosine in sputum, raised levels of urinary desmosines and collagen
metabolites, and ultrastructural evidence of lysis of elastic and collagen fibers in endobronchial
biopsies (Laguna et al., 2009) reflect the degradation of the ECM in the CF lung. This breakdown of
the airway tissue is likely to be functionally relevant, leading to a loss of lung function and favoring
the development of bronchiectasis. Degradation of the bronchial tissue matrix is associated with
an early protease/antiprotease imbalance in CF linked to inflammation and infection (Hillard at al.,
2007). While the role of serine proteases, such as human neutrophil elastase (HNE), cathepsin G
and proteinase 3 have been characterized in detail in murine and human studies, there is
emerging evidence that MMPs, mainly released by neutrophils and macrophages could play a key
role in the pathogenesis of CF lung disease (Gaggar, 2011). MMP-9 has been extensively examined
in the lower airway secretions of CF patients and has been found to be increased in both quantity
and activity (Gaggar et al., 2007; Ratjen et al., 2002). Furthermore increased levels of MMP-9 have
been found in sputum and BALF from children with CF (Sagel et al., 2005; Roderfeld et al., 2009)
and it has also been found that MMP-9 levels inversely correlate with lung function (Sagel et al.,
2005). Gaggar and colleagues further described an increase in MMP-9 activity with a concomitant
decrease of the presence of its prominent natural inhibitor, TIMP-1. This imbalance was thought to
be, in part, due to a mechanism of MMP-9 activation and TIMP-1 degradation via HNE (Jackson et
al., 2010) (Fig 10).
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Figure 10. Increased MMP-9 activity augments potential mechanisms of CF related pathobiology: ongoing dysregulation of MMP-9
activity in CF airways impacts various aspects of CF related pathophysiology including airway remodeling, epithelial cell damage,
increased mucous production and augmentation of inflammatory response (Jackson et al., 2010).
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In this context, the increased activation of MMP-9 in CF lung disease has many possible
downstream inflammatory effects including the release of PGP (Weathington et al., 2006; Gaggar
et al, 2008), previously described, and the activation of latent TGF-B (Yu Q. and Stamenkovic,
2000). TGF-B is a potent pro-fibrotic cytokine, known to mediate fibroblast pathobiology in human
lungs and is also a modifier of disease severity among CF individuals. Harris and colleagues found
that plasma (but not serum) TGF-B is increased in association with P. aeruginosa infection and lung
disease, and is reduced in response to therapy in CF pediatric patients (Harris et al., 2011). TGF-
induces the differentiation of fibroblasts into myofibroblast phenotype (fibroblasts with a-smooth
muscle actin among other contractile elements) and this process arises secondary to chronic
epithelial injury of inflammation, two well described features of CF respiratory deterioration.
Harris and colleagues for the first time indicated the importance of TGF-B mediated pulmonary
fibrosis in human CF lung disease and described a novel mechanism by which TGF-B associated

myofibroblast differentiation contributes to the progression of CF lung disease (Fig. 11) (Harris et

al., 2013).
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Figure 11. Schematic model depicting myofibroblast differentiation in cystic fibrosis (CF). TGF-B signaling and mechanostimulation
in CF lungs induce precursor cells such as resident fibroblasts to undergo myofibroblast differentiation. TGF-$ activation is robust
and likely multifactorial due to well-established mechanisms including integrin expression and proteases such as the matrix
metalloproteases (MMPs). Mechanical strain (e.g. from luminal obstruction, tissue fibrosis and persistent coughing) further
augments TGF-B activation and contributes to development and persistence of the myofibroblast phenotype. Sources of
myofibroblast precursors include resident lung tissue fibroblasts, circulating fibrocytes, epithelial mesenchymal transition (EMT) or
endothelial mesenchymal transition (EndMT). Persistence of the myofibroblast leads to progressive tissue fibrosis with collagen
production, extracellular matrix synthesis and tissue contracture (Harris et al., 2013).
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B.5. Therapeutic options to target pathogens and detrimental host responses in CF

When CF was first described in 1938, the predicted survival age of a CF patient was only 6 months.
There has been a significant improvement in the survival of individuals with CF over the last half
century, from a median age of survival of 5 years in the 1970s to approximately 40 years of age as
of 2011. The reasons for the improvement in clinical outcomes are multifactorial but include the
intense use of antibiotic and anti-inflammatory therapy in this patient population. Despite these
improvements, however, the majority of CF deaths still occur in young adulthood, typically
between the ages of 21 and 30 years. Several novel approaches are being developed to control the
severe infection and inflammation characteristic of the CF lung that are essential to improve the
quality of life and survival of people with CF (Waters and Smyth, 2015). Today, the CF Foundation
maintains a robust pipeline of therapies that target CF from every angle, including the root cause
of the disease. The drug development pipeline shows the progress of potential CF treatments
through the different phases of clinical research and, in some cases, approval by the U.S. Food and

Drug Administration (FDA) for use by people with CF.

B.5.1 Antimicrobial therapies

Figure 12. Anti-infective drug pipeline from CF Foundation 2015.

Several new inhalational antibiotics have recently become available for the treatment of P.
aeruginosa pulmonary infections in CF patients. New aerosolized formulation have recently been
introduced, such as inhaled tobramycin (aminoglycoside antibiotic) and aztreonam (beta lactam
antibiotic), being able to achieve very high intrapulmonary concentrations with few associated

systemic side effects (Waters and Smyth 2015). Aerosolized levofloxacin is another new
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pharmaceutical agent developed for the treatment of P. geruginosa pulmonary infections in
patients with CF. In comparison to aztreonam and aminoglycosides, levofloxacin has the most
rapid rate of killing among P. aeruginosa isolates and is more potent against P. geruginosa biofilms
(King et al., 2010). Azithromycin is a macrolide antibiotic that has been shown to reduce
pulmonary exacerbations and improve CF lung function (Saiman et al., 2003). Despite its unknown
mechanism of action, azithromycin appears to be of benefit to patients with CF. Indeed, the CF
Foundation recommends the chronic administration of azithromycin to CF patients aged 6 years
and older who are infected with P. aeruginosa, and that it should be considered also for those
patients who are not infected with P. aeruginosa (Cantin et al., 2015).

In addition to new types of antibiotics of differing classes, there have also been developments in
the way these drugs are formulated and delivered. A currently available example is tobramycin
inhalation powder (TIP) that has the advantages of being able to be delivered very quickly (in
approximately 5 min) using a “podhaler™” inhalation device and having good lung delivery
(Parkins et al., 2011). The inhaled dry powder version of the antibiotioc vancomycin (AeroVanc™)
was also develop for treatment of MRSA airway infection.

Another novel method of delivery is the packaging of antibiotics within liposomes for
aerosolization and an example of this is inhaled liposomal amikacin (aminoglycoside antibiotic).
Because the liposome is very small and has a neutral charge (shielding the positively charged
amikacin from the negatively charged CF sputum), the drug is able to effectively penetrate into CF
sputum and bacterial biofilms (Meers et al., 2008). Once at the site of infection, liposomes release
the active drug, amikacin, upon exposure to rhamnolipids, a by-product of the P. aeruginosa
bacteria itself.

Antimicrobial resistance might be further prevented by using non-antibiotic treatments and there
are diverse group of novel agents which act by increasing the organism’s antibiotic susceptibility;
by reducing virulence; or by rendering the organism more susceptible to the host immune system
(Hurly et al.,, 2010). These agents includes for example gallium metal that has already been
approved by the FDA for intravenous use in people. Gallium can substitute itself in many of the
iron (Fe*) dependent pathways essential in the growth and functioning of many bacteria such as P.
aeruginosa (Kaneko et al., 2007). In such a way, gallium can inhibit the growth of bacteria such as

P. aeruginosa.
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B.5.2 Anti-inflammatory therapies
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Figure 13. Anti-inflammatory drug pipeline from CF Foundation (2015).

On the other side, a direct assault on the airway inflammatory response seems warranted given
that drugs that target inflammation have been shown to slow the decline in lung function and
improve survival (Cantin et al., 2015).

Ibuprofen is the only anti-inflammatory drug currently recommended for the long term treatment
of CF airway inflammation (Mogayzel et al., 2013). High-dose ibuprofen decreases neutrophil
migration as measured through oral mucosal washes in clinical trials and slows the progression of
CF lung disease, particularly in children (Lands et al., 2007). Despite these beneficial effects,
ibuprofen has not been widely adopted, largely due to the challenges associated with obtaining a
pharmacokinetic study for appropriate dosing and concerns over adverse effects (Konstan, 2008).
Although ibuprofen is associated with gastrointestinal bleeding, its occurrence is rare (Konstan et
al., 2007). Concomitant use of antacids, proton pump inhibitors, or prostaglandin E1 analogues
would likely limit this adverse event. Thus, the benefits of ibuprofen outweigh its risks (Cantin et
al.,, 2015). Currently the CF drug pipeline proposed also other two oral anti-inflammatory
molecules that are in a phase 2 trial: CTX-4430 and JBT-101. CTX-4430 reduces the production of
LTB4, a potent neutrophil chemoattrant present in CF airway (Snelgrove et al., 2010), while JBT-
101 (Resunab™) is a preferential agonist to the CB2 receptor that is expressed on immune cells to
resolve inflammation without immunosuppression. According to the release, the drug increases
the production of “specialized pro-resolving lipid mediators of inflammation™ (Tepper et al., 2014).
The inflammatory response in CF provides a wide plethora of potential targets for new drug
development. Determining which targets will have the major impact without resulting in untoward

effects remains the objective (Cantin et al., 2015).
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B.5.3 Anti-tissue damage drugs

Other interesting therapeutic goals in CF management are targeting the imbalance of
protease/antiprotease and also tissue remodeling observed in CF lung, to prevent tissue damage.
These treatments are not listed in the CF foundation pipeline, so intensive research have to be
done to develop these approaches.

The CF lung environment is associated with a disproportionate inflammatory response and one
aspect of this complex inflammatory environment is the high protease burden. HNE is a serine
protease that is found in high abundance in CF BALF (Birrer et al.,, 1994) and is capable of
degrading major components of connective tissue, including elastin (Kelly et al., 2008). It has been
suggested that HNE is the most important protease in the inflammatory lung and is placed at the
apex of the protease hierarchy (Geraghty et al., 2007). Anti-proteases have been under
investigation in CF since the early 1990s. Aerosolized plasma-purified Alpha 1 anti-trypsin (AAT)
has been shown to significantly decrease key inflammatory mediators (IL-8, TNF-a, LTB4, and IL-
1B), elastase activity, and incidence of Pseudomonas infection (Griese et al., 2007). Human
recombinant AAT (rAAT) is currently under investigation in patients with CF (Griese et al., 2007).
Taggart and colleagues have proposed secretory leucoprotease inhibitor (SLPI) as a multifunctional
therapeutic for chronic inflammatory lung disease characterized by a high protease burden
(Taggart et al., 2002; Greene et al.,, 2004). Their studies showed how SLPI acts not only as an
antiprotease but also as an anti-inflammatory by directly inhibiting TLR signalling and NF-kB
activation in macrophages (Taggart et al., 2005).

In addition, a large number of in vitro (Baici et al., 1993; Fryer et al., 1997) and in vivo (Fryer et al.,
1997; Tian et al.,1995) studies have been performed looking at the antiprotease effects of heparin.
The theory behind using heparin to bind and inactivate HNE is not dissimilar to what happens
naturally in vivo. By way of explanation, exposure of HS proteoglycans to HNE causes release of HS
chains and fragments of HS proteoglycans (Buczeck-Thomas et al., 1999), which in turn bind and
limit HNE activity (Spencer et al., 2006). However, under chronic inflammatory conditions and high
HNE burden, this natural feedback loop is destroyed, tilting the balance in favor of HNE-mediated
tissue destruction. Walsh et colleagues demonstrated that heparin and HS have the ability to
inhibit lung elastin breakdown by HNE of, thus suggesting a role of these GAG in protecting
structural proteins (Walsh et al., 1991). This inhibition of HNE activity by heparin was initially
deemed to be influenced by charge interactions, where correlations were observed between

charge density and N-sulphate groups on the heparin molecules and HNE activity (Volpi, 1996).
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However, more recent studies suggest that heparin binds to HNE by a competitive tight binding
mechanism corresponding to length of saccharides, with 12—14 being required for HNE inhibition
(Spencer et al., 2006). In addition, semi-synthetic or GAG derivatives have also demonstrated
antiprotease activity against HNE (Becke et al.,, 2003) and cathepsin G (Sissi et al., 2006).
Moreover, a role for GAG in stabilising interaction of SLPI with HNE has been reported (Ying et al.,
1997), augmenting SLPI antiprotease activity in vivo (Fath et al., 1998) . These studies promote the
idea that antiprotease therapies are likely to have significant benefit for CF.

There are no studies reporting efficacy of therapies for CF airway remodeling but the effect of
current therapeutic molecules used in IPF and COPD to control airway remodeling could may also
be extended to CF field. Pirfenidone (5-methyl-1-phenyl-2-[1H]-pyridone), a novel compound with
combined anti-inflammatory, antioxidant, and antifibrotic effects in experimental models of
pulmonary fibrosis could have a therapeutic potential for CF (King Jr et al., 2011). This molecule
showed encouraging results in phase Il clinical study in patients with advanced IPF (Taniguchi et
el., 2010; Noble et el., 2011).

Tiotropium, a long-acting muscarinic receptor antagonist, inhibited the increase of airway smooth
muscle (ASM) mass and goblet cell metaplasia in allergen challenged guinea pigs (Gosens et al.,
2005) and mice (Kang et al., 2012). In animal COPD models, tiotropium has been shown to inhibit
goblet cell metaplasia, mucin production, and vascular remodeling but to have no effect on
airspace enlargement (Pera et al., 2011). Although bronchoconstriction per se may release
growth-promoting molecules from airway epithelium, it is not clear whether the effects of
tiotropium are mediated by affecting airway mechanics or through predominantly biochemical
processes. The effect of tiotropium on airway remodeling has not been evaluated in human
subjects.

With the discovery of small molecules that can restore the function of CFTR (lkpa et al., 2014), it is
hoped that one day individuals with CF will no longer be afflicted with these difficult to treat
pulmonary infections caused by opportunistic, multidrug resistant pathogens. However, until the
underlying defect can be corrected in all CF patients, treatments that decrease infection,
pulmonary hyper-inflammation and airways structural damage are vital to the quality of life and

survival of individuals with CF (Waters and Smith, 2015).
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C. Aim of the Project

Pulmonary disease is the main cause of morbidity and mortality in CF patients. During the course
of chronic colonization P. aeruginosa adapts to the airways and dramatically modifies its
phenotype avoiding the host immune recognition. In this context structural changes of the
airways, including accumulation and degradation of ECM components and GAG remodelling, are
associated to the progression of CF lung disease. However it is still not clear whether and how P.
aeruginosa CF-adapted isoletes, persisting in CF airways, affect the host immune response and
favor airway damage and the remodeling processes. Moreover, whether GAG remodeling may
contribute to lung pathology and may be considered a potential therapeutic target, remains

unclear. The main objectives of this PhD work were:

v" To track the host immunopathological response to P. aeruginosa variants in vitro and in
murine models of infection. Sequential clonal P. aeruginosa isolates recovered from CF
patients were tested in human CF bronchial epithelial cells IB3-1 and in macrophage-like
cells THP-1 to evaluate inflammatory response and tissue damage markers. Mice were
intratracheally infected with P. aeruginosa isolates as planktonic bacteria for short term to
reproduce the acute infection; whereas, to establish P. aeruginosa chronic lung infection,
mice were intratracheally infected with bacteria embedded in agar beads for long term up
to three months. Bacterial load, histopathology and markers of inflammation and tissue

damage were evaluated in murine lungs.

v To determine the pathophysiological relevance of GAG and test the efficacy of
competitors (GAG mimetics) in reducing inflammation, tissue damage and infection
burden in murine models of P. aeruginosa infection. Different GAG species were
identified by HPLC-MS in lung pellet and supernatants of wt and CF mice chronically
infected with P. ageruginosa CF-adapted isolate. Furthermore, GAG mimetics were
synthetized and their activities tested subcutaneously in mice during P. aeruginosa acute
and chronic lung infection. Bacterial count, lung inflammation and markers of tissue
damage were evaluated. Finally, these compounds were tested in vitro to evaluate their

antibacterial potential.
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D. Main Results

D.1 Immunopathological response to P. aeruginosa during lung infection

D.1.1 P. aeruginosa CF-adapted variants shape the host response during the progression of
infection

In order to investigate the host response to P. aeruginosa infection we set up acute (planktonic
bacteria) (Lore" et al., 2012) and chronic (agar-bead embedded bacteria) lung infection (Bragonzi,
2010) in C57BL/6NCrIBR mice with the early AA2 isolate and CF-adapted variants AA43 and AA44
(Fig. 14). In particular, CF-adapted variants carry i) mutations within the genome temporally
associated with CF lung infection (Bianconi et al., 2011), ii) several phenotypic changes in virulence

factors production (Bragonzi et al., 2009) iii) PAMPs (Cigana et al., 2009).
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Figure 14. P. aeruginosa sequential isolates from patient AA. AA2 isolate was recovered at the first P. aeruginosa—positive culture
for the AF508/AF508 CF patient (4.4 years old). AA11 and AA12 were sequential isolates recovered after 5 month while AA43 and
AA44 were isolated after 7.5 years. AA43 and AA44 isolates were clonal to AA2 but carried different phenotypic traits, such as a)
motility defect, b) mucoid phenotype, c) protease reduction, d) LPS modification and e) PGN modification.

In the murine model of acute lung infection the early isolate AA2 disseminated systemically
leading mice to mortality, while CF-adapted variants AA43 and AA44 were avirulent and were
almost completely cleared by the host immunosystem within 2 days. In the agar-beads model,
only CF-adapted isolates were able to establish long term chronic infection up to 90 days with a
stable bacterial load (=10* colony forming units/lungs), while the early isolate AA2 was lethal.
Thus, in these murine models, the susceptibility to P. aeruginosa is isolate-dependent (Fig. 15A

and B). Then, we investigated the bacterial localization, the immune host response and the
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histopathological lesions during the course of chronic infection. Immunofluorescent staining and
Haematoxylin and Eosin (H&E) showed that on day 2 P. ageruginosa was confined to bronchial
lumens in the agar beads, while after long term-infection AA43 and AA44 were localized as
macrocolonies in the beads deposited in the bronchial lumen and in biofilm-like structures (Fig.
15C). In the initial phases of the infection, CF-adapted variants AA43 and AA44 involved less innate
immune cells recruitment, including neutrophils and macrophages (Fig. 16A and B), than early AA2
isolate. Furthermore cytokines/chemokines profile analysis showed that AA43 and AA44 induced
lower levels of MIP-2, KC, MIP-1a, IL-6, MCP-1 and TNFa in comparison to AA2 during acute
infection and at the onset of chronic infection. At the later stage of chronic infection, induced by
CF-adapted variants, these cytokines/chemokines decreased further, although not to the basal
level, while IL-17A and IFN-y concentration remained sustained up to 28 days (Fig. 17A-H). Taking
into consideration that IL-17A and IFN-y are key-signature cytokines of T helper cells polarization,
these results highlight the potential involvement of adaptive immunity during P. aeruginosa
chronic infection, confirmed by the high recruitment of T and B cells as indicated by the adaptive
immune cells infiltration score on lung histopathological analysis (Fig. 16C). Furthermore the
adaptive immune response was characterized by the formation of bronchus associated lymphoid
tissue (BALT)-like structures (Fig. 16A and D) promoted by the persistence of CF-adapted variants.
Overall these data suggest that P. aeruginosa CF-adapted variants with their ability to persist in
bronchial lumen, determine a weakening of the innate immune recognition and lead to the

adaptive immune response during the course of airway diseases.
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Figure 15. Virulence of P. aeruginosa isolates and bacterial localization in murine models of airways infection. Two groups of
minimum five C57BI/6NCrIBR mice were intratracheally infected with 5x10° colony forming units (CFU) as planktonic bacteria
(acute infection) for 12, 24 and 48 hours, or with 1-2x10° CFU embedded in agar beads (chronic infection) for 2, 14, 28 and 90 days.
BALF was performed and lungs recovered and homogenized. A) CFUs were evaluated in total lung. Dots represent CFUs in
individual mice and horizontal lines represent median values. The data are pooled from at least two independent experiments
(n=1-9). Statistical significance by ANOVA is indicated: *p<0.05, **p<0.01, ***p<0.001. B) The incidences of mortality induced by
bacteremia (red), clearance (white) and airway infection (green) were determined. The data are pooled from at least two
independent experiments (n=8-24). C) Bacterial and agar-beads localization in the lung were evaluated on challenged mice by
immunofluorescence (with specific antibody against P. aeruginosa, stained in red, and with 4,6-Diamidino-2-phenylindole
dihydrochloride, stained in blue) and H&E staining. Scale bar: 25 pm.
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Figure 16. Lung histology and histopathological score of immune cells recruitment in the murine model of P. aeruginosa chronic
airways infection in C57BI/6NCrIBR mice . Mice were infected with 1 to 2x10° CFU/lung of isolates embedded in agar beads for the
chronic infection and analyzed during a time course post-infection (2, 28 and 90 days). A) Lung histopathology was performed on
challenged mice by H&E staining. Scale bars: 200 um. BALT-like structures are indicated by asterisks. Innate (B) and adaptive (C)
immune cells infiltration and BALT activation (D) were scored in tissue section of murine lungs stained with H&E. The data are
pooled from at least two independent experiments (n= 2-7). Values represent the mean + standard error of the mean (SEM).
Statistical significance by ANOVA and Mann Withney is indicated: *p<0.05, **p<0.01.
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Figure 17. Lung inflammatory response after acute and chronic P. aeruginosa lung infection in C57BL6/NCrl mice. Mice were
infected with 5x10° CFU/lung of planktonic bacteria for the acute infection or 1 to 2x10° CFU/lung of strains embedded in agar
beads for the chronic infection and analyzed during a time course post-infection (12 hours and 1 day of acute infection and 2, 14
and 28 days of chronic lung infection). Cytokines and chemokines, including MIP-2 (A), KC (B), MIP-1a (C), IL-6 (D), MCP-1 (E), TNF-a
(F), IL-17A (G), IFN-y (H) were measured by Bioplex in lung homogenates. The data are pooled from at least two independent
experiments (n=3-6). Values represent the mean + SEM. Statistical significance by ANOVA and Mann Whitney test is indicated:
*P<0.05, **P<0.01.
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D.1.2 Differential cell host response to P. aeruginosa phenotypic variants

Next, we performed in vitro analysis to exclude the confounding variables (e.g. different bacterial
load) during the course of the infection that cannot be controlled in mouse models. Thus, using a
RNA macroarray, we performed a global transcriptional analysis of human IB3-1 CF bronchial
epithelial cells, widely investigated in CF inflammation, infected with early AA2 and CF-adapted
variants AA43 and AA44. We identified a total of 20 genes whose expression changed more than
2-fold in cells infected with AA43 and AA44 in comparison to cells infected with AA2, but with
equal bacterial load. Only five genes were up-regulated after infection with the AA43 and AA44
CF-adapted variants in respect to AA2 infection, while the majority (15 out of 20) were down-
regulated, including several chemokines and cytokines and their receptors (TNF-a,, Gro-f3 and vy, IP-
10, IL-8, FPR2, CCR6, CCR7, CCRY), and adhesion molecules involved in the process of leukocytes
extravasation and recruitment (VCAM-1 and ICAM-1). In addition, although AA2 isolate induced
higher expression of elastase 2, liable for collagen-IV and elastin proteolysis, AA43 and AA44
induced much higher expression of the matrix metalloprotease 9 (MMP-9), suggesting a
contribution of P. aeruginosa CF-adapted variants in matrix degradation (Fig. 18A). Validation of
RNA macroarray results was performed by real time PCR and/or ELISA for selected targets (IL-8,
TNF-a, IP-10, VCAM-1, ICAM-1, Gro-B) in IB3-1 and their isogenic wt cells, namely C38, while
MMP-9 target was validated in macrophagic-like cells THP-1. The validation confirmed the RNA
macroarray results (Fig. 18B-H) indicating that CF-adapted variants AA43 and AA44 induced a
significant waekening of the host response and contributed in matrix degradation. Next we
extended our investigation with other P. aeruginosa early and CF-adapted isolates: KK1 and KK2,
isolated at the onset of chronic colonization, and KK71 and KK72, isolated after a period of 12.6
years and before patient's death. Results showed that CF-adapted variants KK71 and KK72 induced
a lower expression of IL-8, TNF-a, Gro-f, VCAM-1, ICAM-1 and IP-10 in comparison to early isolate
KK1 and KK2 (Figure 18B-H). In addition, confirming the results obtained with the AA clonal
lineage, infection with KK71 and KK72 stimulated lower IL-8 proteic levels in comparison to early
strain KK1 and KK2 (Fig. 18C).

Overall, these results unravel that different P. aeruginosa CF-adapted variants are able to rewrite
the host response in host cells in vitro and in particular attenuate the expression of a set of genes

involved in inflammation, confirming our results obtained in in vivo models.
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Figure 18. Expression/release of markers of inflammation and tissue damage in cell lines after infection with P. aeruginosa.
Bronchial epithelial CF cells, IB3-1, were infected for 4 hours with P. aeruginosa AA2-AA43-AA44 isolates, RNA extracted and
retrotranscribed, and macroarray conducted. A) Genes expression is expressed after normalization on expression induced by AA2.
Validation of gene expression was performed by real time PCR in IB3-1 (B, D-H) and isogenic non-CF cells C38 (B, D) after infection
with AA2, AA43, AA44, KK1, KK2, KK71 and KK72. C) Validation of IL-8 protein release in culture medium of IB-3 and C38 and 1)
MMP-9 protein release in supernatants of THP-1 cells was performed by ELISA. Values represent the mean + SEM. The data are

pooled from at least three independent experiments. Statistical significance by ANOVA is indicated: * p<0.05, ** p<0.01.
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D.1.3 P. aeruginosa persistence promotes airway tissue damage in mice that mirrors human CF
pathology

Next, we investigated the impact of P. aeruginosa CF-adapted variants on murine lungs in terms of
tissue remodelling and damage. Mice retaining infection with AA43 and AA44 for one-month
showed typical features of human CF airways pathology: intraluminal and peribronchial
inflammation, epithelial hyperplasia and structure degeneration, goblet cells metaplasia, collagen
deposition and elastin degradation (Fig. 19A-C). Then biochemical markers of tissue damage
typical of human CF lung disease were investigated in BALF and in lung homogenate. The analysis
showed an increase of MMP-9 activity and protein (Fig. 20A-C), TGF-f3 release and sulphated GAG
(sGAG) (Fig. 20D-F) during long-term infection with CF-adapted variants AA43 and AA44. So the
above described mouse model of long-term airway chronic infection established with P.
aeruginosa CF-adapted variants is able to reproduce several traits of human CF lung pathology.
Furthermore, taking into consideration our previous results in chronic infection model and cell
culture and the emerging relevance of MMPs to impaired lung function in CF patients (Gaggar et
al., 2006) we evaluated whether MMP-9 could play a key role in tissue damage induction during
chronic lung infection. For this purpose we infected Mmp9'/' and their congenic wt mice with CF-
adapted isolate AA43 embedded in agar beads for 28 days. No difference in bacterial load, total
cells recruitment, sGAG and TGF-B was observed while lower collagen levels in Mmp9"/" mice than
in congenic wt mice were found (Fig. 21A-E). These results suggest a role of MMP-9 in the process

of collagen deposition during P. aeruginosa chronic persistence.
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Figure 19. Lung histology and histopathological score of tissue damage in murine lung after infection with P. aeruginosa.
C57BI/6NCrIBR mice were infected with 1 to 2x10° CFU/lung of isolates embedded in agar beads and analyzed 28 days post-
infection. Sections of airways from transplanted CF patients and from C57BI/6NCrlIBR infected with CF-adapted isolates AA43 and
AA44 and sterile beads were stained with H&E, Masson’s trichrome staining (MTS) for collagen, Van Gielson elastic (VEG) for elastic
fibers and Alcian blue periodic acid-Schiff (AB/PAS) for mucopolysaccarides, according to the standard procedures (A). Scale bars:
12.5 um for H&E, 25 um for MTS, VEG and AB-PAS. Scorings of bronchial epithelial degeneration, collagen deposition and elastin
degradation (B) were performed on slices stained with H&E, MTS and VEG, respectively. Goblet cells numbers were evaluated on
slices stained with AB-PAS (C). The data are pooled from at least two independent experiments (n=2-6). Values represent the mean
+ SEM. Statistical significance by ANOVA is indicated: *p<0.05.
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Figure 20. Tissue damage markers, including MMP-9, in murine models after P. aeruginosa infection. C57BI/6NCrIBR mice were
infected with 1 to 2x10° CFU/lung of CF-adapted isolates embedded in agar beads for 14 and 28 days. Levels of MMP-9 protein (A)
in BALF by ELISA, MMP-9 activity (B) in BALF and (C) lung homogenate by zymography, TGF-B; (D) in BALF and (E) lung homogenate
by Bioplex and sGAG (F) in lung homogenate by a dye-binding colorimetric assay were measured after 14 and 28 days of chronic
lung infection. Values represent the mean + SEM. The data are pooled from at least two independent experiments (n=3-12).
Statistical significance by ANOVA and Mann Whitney test is indicated: * p<0.05, ** p<0.01.
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Figure 21. Bacterial load, leukocytes recruitment and tissue damage in lungs of Mmp-9'/' and congenic wt mice after P.
aeruginosa long-term chronic infection. B6.FVB(Cg)-Mmp9tm1Tvu/J and congenic mice were infected with 2x10° CFU/lung of CF-
adapted isolate AA43 embedded in agar beads. A) CFU in total lung, (B) total cells recruitment in BALF, (C) sGAG in lung
homogenate by a colorimetric assay (D) TGF-B, by Bioplex and (E) collagen by the dye-binding Sircol Insoluble Collagen assay were
evaluated after 28 days of chronic lung infection. Dots represent CFUs in individual mice and horizontal lines represent median
values. Total leukocytes, sGAG and TGF-B; values are represented as mean = SEM. The data derive from one experiment (n=6-7).
Statistical significance by Mann Whitney test is indicated: * p<0.05.
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D.2 Characterization of GAG species in the lung of mice after long-term chronic infection with
P. aeruginosa CF-adapted isolate

Our previous results (shown above) highlighted an increase in sGAG levels in the lungs of mice
chronically infected with P. aeruginosa for 28 days. Based on these data we investigated the levels
of specific GAG disaccharides in this mouse model. Murine lungs were perfused, to avoid the
detection of circulating GAG present in the blood, and then recovered. Then, pellets and
supernatants of lung homogenates were analysed separately to distinguish released GAG from
those present as structural components of the ECM. After 28 days of chronic infection with CF-
adapted isolate AA43, disaccharides analysis showed an increase in heparin/heparan sulphate
(HEP/HS) products in infected C57BI/6NcrIBR (wt) mice compared to uninfected controls (Fig.
22A). In particular, in the pellet we observed the prevalence of the monosulphated disaccharides
A2,1,0 (1 sulphates and 0 acetyl) and A2,1,1 (1 sulphate and 1 acetyl) over the other three species
detected. No significant differences were found between the supernatants of the control and
infected mice suggesting that P. aeruginosa long-term chronic infection modulates levels of
specific structural GAG present in ECM.

In addition, to evaluate whether CFTR background may contribute to GAG remodelling, we
infected Cftr™""“TgN(FABPCFTR) (CF) mice with P. aeruginosa isolate AA43 for 28 days (Fig. 22B).
Analysis of lung samples revealed that the HEP/HS were the most prevalent products detected
also in infected and non-infected CF mice. Notably, we observed more digestion products in
supernatants of CF mice compared to wt mice. In addition, the most represented disaccharide in
CF mice was A2,2,1 (2 sulphates and 1 acetyl), absent in wt mice. Overall these results indicated
significant diversity between wt and CF mice: in particular, CF mice showed structural HEP/HS with
an overall degree of sulphation higher than wt mice as well as a higher release of HEP/HS, that

could potentially represent mediators of the excessive inflammation observed in CF.
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Figure 22. Disaccharide products of the digestion of HEP/HS from lungs of C57BI/6NcrIBR (wt) mice and Cftr™'""“TgN(FABPCFTR)
(CF) mice after P. aeruginosa chronic lung infection. Lung homogenates of wt and CF mice infected with CF-adapted isolate AA43
or treated with sterile agar beads for 28 days were separated into pellets and supernatants to distinguish released GAG from those
present as structural components of the ECM. GAG were isolated and then digested with specific enzymes to identify GAG species:
first they were digested with chondroitinase ABC that cuts chondroitin sulphate (CS) and dermatan sulphate (DS) chains, then with
a heparinase cocktail (1,11,111) that cuts heparan sulphate (HS) and heparin (HEP). Recovered digestion products were lyophilized and
dissolved for high performance liquid chromatography-mass spectrometry (HPLC-MS) analysis. Even if HPLC-MS analysis is not
guantitative, comparison among samples was possible under identical conditions and by comparing the integrals of LC-MS peaks of
disaccharides to the sum of the relative integrals. A, B) The two graphs showed the percentage of each disaccharide species relative
to the disaccharide moiety in pellet and SN of lungs from wt and CF mice infected or not-infected. 100% is considered the sum of
integrals of pellet of lungs from Wt and CF mice infected with AA43. The unsaturated bond of the terminal uronic acid is indicated
by A, and the number of monomers, the number of sulfates and the number of acetyls are reported. Two-way ANOVA with
Bonferroni’s post-test was used to statistically analyze results. Data represent the mean + SEM of three samples per type which
have been processed independently.
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D.3. GAG modulation of inflammation and tissue damage in in vitro and in vivo analysis

D.3.1 Preparation of chemically modified GAG mimetics

Taking into consideration the increased levels of sGAG induced by P. aeruginosa infection, we
synthetized and characterized a library of compounds to be tested as competitors of GAG present
in the lung (GAG mimetics) in mouse models of acute and chronic P. aeruginosa airways infection.
These molecules are polysaccharides (PS) derived from heparin that have been previously shown
to interact with other proteins inhibiting inflammation, while exhibiting strongly reduced
anticoagulant activities (Guimond, Turnbull, & Yates 2006). In particular, the N-acetylated heparin
C23 and the glycol-split heparin derivative C3 were generated (Casu et al.,, 2004) based on
unmodified pig mucosal heparin (PMH) (at the Ronzoni Institute, Milano) (Fig. 23A and B). The
percentage of N-acetyl substitution in glucosamine residues (% N-acetyl), the percentage of glycol-
split uronate residues (% Glycol-split) and the size of the compounds (Fig. 23C) are important
parameter that can influence the binding of PS to proteins. The average molecular weight (M,,) of

the compounds (17.2 and 16,5 kDa), assured an interaction with both IL-8 and HNE (Veraldi et al.,

2015).
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Figure 23. A) The repeating disaccharide unit of compound C23 are R; and R, = H/SO3 and R3 = H/SO;/COCH;. The uronic acid is
predominantly in the form L-iduronic acid (L-ldoA and L-IdoA-2-O-sulfate; ~ 80%) with D-glucuronic acid (D-GIcA; ~ 20%) making up
the remainder. B) The glycol-split uronic acid residue present in compounds C3. C) The table contains the features by which these
molecule differ each other: the weight average molecular weight (M,,), the percentage of N-acetyl substitution in glucosamine
residues (% N-acetyl) and the percentage of glycol-split uronate residues (% Glycol-split) (cleavage by periodate oxidation of vicinal
diols in unsubstituted D-GIcA and L-IdoA residues)

40



Main Results

D.3.2 In vitro modulation of HNE activity and inflammation by GAG mimetics

First, we investigated the ability of GAG mimetics to inhibit the in vitro activity of HNE (Fig. 24A), a
serine protease highly abundant in CF BALF and able to degrade major components of connective
tissues, including elastin (Reeves., 2011). Results showed that C3 inhibited HNE activity of 50-60%
of inhibition, comparably to HEP, the reference molecule. C23 was also efficacious in reducing HNE
activity, although at a lower extent (25-30%). Then, we evaluated their anti-inflammatory
potential analysing TNF-o. release in the supernatants of macrophagic-like cells THP-1. Cells were
infected with P. aeruginosa early isolate AA2 and treated with three different concentration of C3
and C23. Results showed a statistically significant reduction of TNF-a release by 10 ug/ml of C23
(Fig. 24B) , while the lower concentration of C3 (Fig. 24C) had a similar effect but without

statistical significance.
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Figure 24. Modulation of human neutrophilic elastase (HNE) activity and inflammation in vitro by GAG mimetics C3 and C23. (A)
To evaluate the ability of GAG mimetics to inhibit HNE activity, three different concentrations (60, 120 and 240 nM corresponding
to 1:1, 2:1 and 4:1 molar ratio, respectively) of C3 and C23 were tested. The inhibition was evaluated with a colorimetric assay
measuring the release of p-nitroaniline from a low molecular weight chromogenic substrate following the cleavage by HNE. The
graph showed the percentage of inhibition of the elastase calculated from the regression curve of the initial speed of the reaction.
TNF-a protein levels were measured by ELISA in the culture medium of macrophage-like THP-1 cells infected for 4 hours with P.
aeruginosa AA2 strain (MOI 1:1) and treated with three different concentration (0.1, 1, 10 ug/ml) of C23 (B) and C3 (C) two hours
before and two hours after the infection. Results are expressed as mean + SEM of three independent experiments in triplicate.
Statistical significance by ANOVA and Mann Whitney test is indicated: * p<0.05.
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D.3.3 Modulation of inflammation and tissue damage by GAG mimetics in mouse models of
P. aeruginosa infection

First, GAG mimetics C3 and C23 were tested in mice infected with P. aeruginosa AA2 isolate in a
murine model of P. aeruginosa acute infection. C23 significantly reduced the number of total
leukocytes (Fig. 25A), including neutrophils (Fig. 25B), in BALF in comparison to Ctrl infected mice
treated with saline, while C3 had no effect. When the cytokines/chemokines profile, normalized
on the bacterial burden, was evaluated, C23 reduced levels of MIP-1B, IL-6, G-CSF, IFN-y, MCP-1,
and RANTES (Fig. 25C-H), indicating its anti-inflammatory activity. C3 showed similar effects.
Noteworthy, C3 significantly increased the bacterial load, while C23 did not affect it (Fig. 25l)

despite its inhibitory activity on leukocytes infiltration, confirming its beneficial effect during P.

aeruginosa acute infection.
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Figure 25: Inflammation modulation by C3 and C23 after P. aeruginosa acute lung infection. C57BI/6NCrIBR mice were infected
with 1x10° CFU/lung of early AA2 isolate (planktonic bacteria) and treated subcutaneously with C3 and C23 (30 mg/Kg) 2 hours
before and 2 hours after the infection. Mice were sacrificed 6 hours after bacterial challenge. A) Total cell and and (B) neutrophils
recruitment was analyzed in BALF. Cytokines/chemokines levels, including MIP-1B (C), IL-6 (D), G-CSF (E), IFN-y (F), MCP-1 (G) and
RANTES (H), measured by Bioplex were normalized on total CFU in the lung homogenates. (I) Total CFU were evaluated in total

lungs. Values represent the mean + SEM. Statistical significance by ANOVA and Mann Whitney test is indicated: * p<0.05, **
p<0.01.
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Next, we exploited the effects of GAG mimetics during P. aeruginosa long-term persistence up to 28 days.
In this pilot experiment, the daily subcutaneous treatment was started after one week from the infection,
when chronic infection is stably set-up, to mimic the treatment in a patient already chronically colonized by
Pseudomonas aeruginosa. After 28 days of chronic infection, both C3 and C23 had a similar anti-
inflammatory activity: they decreased leukocytes infiltration in BALF, including neutrophils, and the levels
of MIP-1a, IL-1B and KC in lung homogenates in comparison to Ctrl mice treated with saline, although
differences did not reach statistical significance (Fig. 26A and B, C-E). Both compounds reduced MMP-9
active protein (Fig. 26F). In addition, C3 was able to significantly decrease elastin degradation (Fig. 26G).
Overall, these results indicate that GAG mimetics can modulate lung immunopathology induced by P.
aeruginosa chronic infection, reducing inflammation and tissue damage. Notably, despite their anti-
inflammatory activity, C3 and C23 were able to contain the bacterial load, although without statistical

significance (Fig. 14H), suggesting that these compounds could have anti-bacterial activity.
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Figure 26: Inflammation, bacterial burden and tissue damage following treatment with C3 and C23 during P. aeruginosa long-
term chronic lung infection. C57BI/6NCrIBR mice were infected with 1-2x10° CFU/lung of CF-adapted isolate AA43 embedded in
agar-beads and treated subcutaneously daily starting from a week after infection with C3 and C23 (30 mg/Kg) and saline (Ctrl mice)
and sacrificed 28 days after bacterial challenge. A) Total cell and (B) neutrophils recruitment were analyzed in BALF.
Cytokines/chemokines levels , including MIP-1a (C), IL-1B (D) and KC (E), measured by Bioplex were detected in lung homogenates.
F Elastin levels were evaluated by a colorimetric dye-binding assay and results were indicated as the ratio between elastin
measured in the lung homogenates and total protein quantified in the same samples. G) Levels of the MMP-9 active form were
measured by ELISA in the BALF. (H) Total CFU were evaluated in total lungs. Values represent the mean * SEM. Statistical
significance by Mann Whitney test is indicated with the p value.
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Taking into consideration the reduction of P. aeruginosa bacterial load described above, we
evaluated if GAG mimetics could also have an antibacterial effect. As we did not find any minimal
inhibitory concentration (MICsg) after treatment with up to 512 ug/ml of C23 and C3 (data not
shown), we investigated whether GAG mimetics could affect biofilm formation by CF-adapted
isolate AA43 in vitro. Results revealed that C3 induced a statistically significant reduction of biofilm
formation at lower concentrations, while C23 was effective at the higher concentration (10 ug/ml)
(Fig. 27A and B). These results confirm that GAG mimetics can have anti-bacterial effects, and

suggest that their administration may impact on P. aeruginosa chronic colonization.
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Figure 27: Effect of C3 and C23 on P. aeruginosa biofilm formation.AA43 was grown for 24 hours in plates at 37°C either in the
absence or presence of three different concentrations (0.1, 1 and 10 ug/ml) of C3 (A) and C23 (B). Biofilm biomass was quantified
by staining with crystal violet and absorbance measurements at ODgg. Absorbance of planktonic bacteria in the culture medium
was measured at ODggo Results are expressed as the ratio between biofilm absorbance and planktonic bacteria absorbance. The

data are pooled from three independent assays, Values represent the mean + SEM. Statistical significance by Mann Whitney test is
indicated: * p<0.05, and ***p<0.001.
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E. Conclusions and Future Prospects

CF patients are susceptible to chronic lung infections, the predominant cause of the morbidity and
mortality associated with the disease. The most common pathogen in this respect is P. aeruginosa,
a highly versatile bacterium capable of causing a wide range of mostly opportunistic infections, as
well as colonising a variety of environmental niches (Lyczak et al., 2000). The ecological flexibility
of P. aeruginosa can be attributed to its large genome (typically >6 Mb), which contains a
particularly high proportion of regulatory genes, as well as a large number of genes involved in the
catabolism, transport, and efflux of organic compounds (Stover et al., 2000; Silby et al., 2011). The
CF lung is a heterogeneous, hostile, and stressful environment for invading bacteria, and P.
aeruginosa populations must overcome these challenges to persist and survive. Postulated
stressors in the CF lung include osmotic stress (Brocker et al., 2012) due to the viscous mucus,
oxidative (Hector et al., 2014) and nitrosative (Wood et al., 2007) stresses due to host responses,
sublethal concentrations of antibiotics (Andersson and Hughes, 2014), and the presence of other
microorganisms (Fodor et al., 2012; Lopes et al., 2014). It has been recognized for many years that
P. aeruginosa undergoes evolutionary changes in response to these selective forces during the
chronic infection process (Winstanley et al.,, 2016). In this study we used sequential clonal P.
aeruginosa isolates recovered from a CF patient. The early isolate AA2 was recovered at the onset
of chronic infection while the CF-adapted variants AA43 and AA44 were isolated after years of
chronic colonization. These P. aeruginosa clonal isolates were phenotypically typified and
genetically characterized for genome rearrangements, mutations, and variations in pathogenic
islands. In particular, AA43 and AA44 were, respectively, mucoid and non-mucoid variants with
adaptive phenotypes, including absence of swimming motility, twitching motility and protease
secretion, while the early AA2 was equipped by a wide series of virulence factors including
swimming motility, twitching motility and protease secretion (Bragonzi et al., 2009; Cigana et al.
2009, Loré et al., 2012).

Previous studies investigated the virulence of these isolates in non-mammalian (C. elegans, G.
mellonella and D. melanogaster) and in mammalian hosts (C57bl/6NCrl and Balb/cAnNCrl inbred
mouse strains) (Lore et al., 2012) during acute infection that is a short-term infection, carried out
by a planktonic bacterial community. The acute infection could be eradicated by the immune
system of the host or lead to mortality (Furukawa, 2006). In that work we observed that the early

isolate AA2 was lethal while CF-adapted variants AA43 and AA44 were attenuated in acute
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virulence. These results indicated host tolerance against P. aeruginosa CF adapted variants, as
suggested by the high bacterial load sustained by the host. To mimic the progressive
bronchopulmonary chronic infection typical of CF patients, in this work we challenged C57bl/6NCrl
mice with AA2 and CF-adapted variants AA43 and AA44 embedded in agar beads (Facchini et al.,
2014) and we reported, for the first time, the response to long-term P. aeruginosa lung infection
(until 90 days) (Cigana et al., 2016). Bacteria embedded in the immobilizing agents appear to grow
in the microaerobic/anaerobic conditions in form of microcolonies, similarly to the growth in the
mucus of patients with CF (Bragonzi, 2010). In a chronic infection, bacterial proliferation is limited
to a specific host tissue (e.g., in the CF lung or in association with medical devices), and bacteria
can persist in the host for extended periods of time, adopting a slow-growing sessile lifestyle
(biofilm). In the biofilm mode of growth bacteria are more resistant to the host immune system
and prolonged antibiotic therapies, and they produce limited amount of virulence factors despite
high cell density (Furukawa, 2006; Bondi et al., 2014). In the agar-beads model we noted that the
early isolate AA2 was not able to establish long-term chronic infection while it induced mortality in
mice. Conversely, CF-adapted variants AA43 and AA44, irrespective of mucoid phenotype, were
able to persist in the bronchial lumen of mice as macrocolonies with a stable bacterial load
(10°/10” CFU) until 90 days.

When the immune response was analyzed, the histopathological analysis revealed that the
bronchi and the parenchyma of mice infected with AA43 and AA44 were infiltrated by lower levels
of innate immune cells (neutrophils and macrophages) after 28 and 90 days of chronic infection
when compared to 2 days of chronic infection. Furthermore during the course of infection, AA43
and AA44 induced lower levels of inflammatory mediators, including MIP-2, KC, MIP-1 a, IL-6,
MCP-1 and TNF-a compared with concentration induced by AA2 during acute infection and at the
onset of chronic infection (2 days). In addition our results highlighted the evidence that the
persistence of CF-adapted variants AA43 and AA44 involved a shift from innate to adaptive
immune response as confirmed by the high levels of IL-17A and IFN-y, indicating lymphocytes
polarization, and the formation of BALT-like structures.

These data observed in mice were also supported by in vitro stimulation of IB3-1 CF bronchial
epithelial cells with AA2, AA43 and AA44 and by the validation of targets selected from a global
transcriptional analysis performed by RNA macroarray. In particular, CF-adapted variants AA43
and AA44 induced a significantly lower stimulation of IL-8, TNF-a, IP-10, VCAM-1, ICAM-1 and Gro-

B transcription than early AA2 isolate. A weaker stimulation of these inflammatory targets by CF-
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adapted variants was also confirmed when we extended the analysis to another P. aeruginosa
clonal lineage from CF patient (KK). In this case, P. aeruginosa CF-adapted variants KK71 and KK72,
isolated after many years of chronic infection, were less pro-inflammatory than early clonal
isolates KK1 and KK2, isolated at the onset of infection. These in vivo and in vitro results suggest
that the adaptation of P. aeruginosa to the CF lung niches negatively selects virulence factors able
to stimulate host immune detection thus increasing immunoevasion and/or tolerance, and
switches the host response to other pathways (e.g. adaptive immunity) (Cigana et al., 2009; Cigana
at al., 2011, Medzhitov R et al., 2012). Furthermore, one factor of major interest was that the host
response to P. aeruginosa adapted variants did not appear to be dependent only on a particular
bacterial phenotype or clonal variant. Different P. aeruginosa patho-adaptive variants (e.g. mucoid
and non-mucoid) or belonging to different patients, showed a similar capacity to weaken the host
immune response (Cigana et al., 2016).

Interestingly, the histopathological analysis revealed that the persistence of CF-adapted variants
AA43 and AA44 in the lung of mice reproduced several features typical of CF airway pathology
after one month of infection (e.g. epithelial hyperplasia, goblet cells metaplasia, collagen
deposition and elastin degradation). These pulmonary alterations together with others (e.g.
bronchiectasis, mucoid impaction and atelectasis) are clustered as airway remodeling. These
processes may already be present in children with CF and, in more than 90% of patients with CF,
ultimately lead to death for respiratory failure (Regamey et al., 2011). Airway remodeling in CF is
traditionally thought to be solely the consequence of repeated cycles of inflammation and
infection and therapeutic approaches to preserve airway function may be required (Hillard et al.,
2007). Furthermore in mice CF-adapted variants AA43 and AA44 induced an increase of MMP-9
activity and protein after one month of chronic infection. In addition, RNA macroarray analysis in
vitro demonstrated that AA43 and AA44 adapted variants were more prone to induce MMP-9
protein release from macrophagic-like cells than the early isolate AA2. In the context of CF lung
disease, MMP-9 was found to be the predominant active MMP isoform in CF patients and it was
linked to impaired lung function (Gaggar et al., 2007; Ratjen et al., 2002). Our investigation in
Mmp9'/' ko mice confirmed a key role of MMP-9 in tissue remodeling during P. aeruginosa chronic
lung infection. In particular results observed in I\/Imp9'/' ko mice, demonstrated its involvement in
the process of collagen deposition. Indeed, it has been shown that the degradation of airway wall
observed in the CF lung is associated with an increase of MMP-9 activity and probably with a

concomitant decrease of its natural inhibitor, TIMP-1 (Jackson et al.,, 2010). It was also
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demonstrated that the increased activation of MMP-9 in CF lung disease cleaves latent TGF-$ (Yu
and Stamenkovic, 2000), a potent pro-fibrotic cytokine, that we found at high concentration in the
lungs of mice chronically infected with CF-adapted variants AA43 and AA44. TGF-B activation is
markedly up-regulated in CF and contributes to the progression of CF lung disease by mediating
pulmonary fibrosis (Harris et al., 2013). Notably, the long-term chronic infection established in
mice with AA43 and AA44 adapted variants induced also higher concentration of sGAG. Based on
the higher levels of GAG in CF human bronchial cells and tissues, GAG remodeling has been
associated to CF airways inflammation and tissue damage (Revees et al., 2011). These recent
discoveries and the paucity of studies in the CF field prompted us to analyze GAG species present
in the lung during chronic infection in agar beads mouse model. We observed that the persistence
of the CF-adapted variant AA43 in the lung pellet of wt mice induced the prevalence of the
monosulphated disaccharides over the other HEP/HS products detected. In the lung, GAG are
distributed in the ECM, encompassing the interstitial space lying between the capillary
endothelium and the alveolar epithelium (Suki et al., 2005), in the subepithelial tissue, bronchial
walls and airways secretion. The lower level of GAG detected in lung supernatant than in the pellet
of mice suggests that the long-term chronic infection increased the presence of GAG in the
structural lung component probably altering their physiologic structural roles (e.g. antigen
recognition or interaction of GAG with inflammatory molecules). Then we extended the analysis of
GAG profile in CF mice during chronic infection. In this contest we observed more digestion
products in supernatants of CF mice than wt mice and the most represented disaccharide,
characterized by 2 sulphates and 1 acetyl, was absent in wt mice. These results indicate that CFTR
background could influence the levels of released GAG and those present in the structural
component. In addition, the higher sulphation may be probably correlated to the excessive
inflammation observed in CF. Indeed, it has been demonstrated that the increased expression of
GAG and subsequent binding to IL-8, MCP-1, RANTES and MIP-1B increased the half-life and
activity of these cytokines and this process has been linked to the sustained inflammatory
response and continued recruitment of neutrophils in CF bronchial tissue (Solic et al., 2005; Lau et
al., 2004). However the role and the contribution of GAG in the host response and in the
progression of tissue damage during P. aeruginosa infections in CF patients remains to be
investigate and clarified.

Overall these results showed the evidence that the mouse model of P. aeruginosa long-term

chronic infection proposed in this work mirrors human CF pathology, so it is useful to further study
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CF lung disease pathogenesis and progression. The development of animal models that are able to
reproduce features of CF lung disease is an open debate. It is well known that CF mice do not fully
recapitulate the natural progression of CF lung disease seen in human patients (Fisher et al.,
2011). The presence in mice of a significant calcium activated chloride secretory pathway
alternative to CFTR protein and the lack of spontaneous lung infection with familiar CF organisms
has dampened the enthusiasm of many investigators for this model (Clarke et al., 1994; Egan ME,
2009). In this context, the use of the agar beads model is essential for creating chronic lung
infection in mice. Models of chronic infections have been described but, until now, no
experimental studies have managed to achieve the progressive advanced-stage of lung pathology
induced by chronic bacterial colonization that strictly mimics human CF infection (e.g., chronic
Pseudomonal endobrochitis). The purpose of embedding P. aeruginosa within the beads is to
retain the bacteria physically in the airways: the growth of the bacteria is slow within the beads
which is comparable to that in biofilm in the CF lung. Inoculating mice with P. aeruginosa-laden
agar beads better resembles the chronic lung infection of CF demonstrating both bronchial and
parenchymal changes microscopically (e.g. squamous metaplasia and matrix remodeling.)
Furthermore proliferation of BALT-like structures occurred in the peribronchial area adjacent to
bead-containing airways, and consisted almost entirely of lymphocytes. This immunopathology is
notably similar to the clinical description of human CF lung disease, mirroring chronic
Pseudomonal endobronchitis of the CF population.

Despite distinct pathophysiological mechanisms underlying other respiratory diseases, such as
bronchiectasis, advanced COPD, asthma and IPF, these pathologies share several common
features with CF (e.g inflammation, P. aeruginosa persistence, anti-protease/protease imbalance,
airway remodeling and fibrosis). Taking this into account, the chronic infection model in mice
could be extended to reproduce other human respiratory pathologies, to study the course of the

diseases and to develop therapeutic strategies.

Based on these considerations and the emerging relevance of GAG in CF pathogenesis (Reeves et
al., 2011), also confirmed by our studies during long-term chronic infection in mice (Cigana et al.,
2016), in the second part of this work we decided to test competitors of GAG present in the lung
(GAG mimetics) to clarify the role of GAG in the host response and in the progression of tissue
damage during P. aeruginosa infection in the mouse model. GAG mimetics belong to the class of

heparins and low-molecular-weight heparins (LMWH), widely used as anticoagulants for more
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than 50 years (Hostettler et al., 2007). However, heparin and LMWH are not just mere
anticoagulants, rather complex sulfated GAG with several biological functions (Lever et al., 2002).
The chemical modification of heparin and its derivatives, especially de-O-and de-N-sulfation,
usually results in a net reduction of the overall charge density and also tends to reduce structural
complexity, and attenuate undesired anticoagulant activities. Exogenously non-anticoagulant
administered heparin and LMWH have been shown to exert beneficial effects in cancer (Yip et al.,
2006; Lazo-Langner et al., 2007; Casu et al., 2008) and inflammation (Lever and Page, 2002; Young,
2008; Rek et al., 2009). The anti-tumor and anti-inflammatory properties of heparin and related
species are thought to be largely associated with the influence on pathological functions of HS
chains of HS proteoglycan (HSPGs), an “ubiquitous” component of cell surfaces and ECM (Casu B et
al., 2010). In fact, GAG-based drugs can conceivably be designed to interfere with HS—protein
interactions to compete with functions of HS chains (Lindahl, 2007; Lindahl and Li, 2009). Our
hypothesis was that the compounds tested in this work could act as competitor of endogenous
GAG replacing the pathologic effect of GAG remodeling (high level of GAG concentration and
sulphation) that we previously observed during long-term chronic P. aeruginosa infection in wt
and ko mice. In this study the N-acetylated C23 and the glycol-splitted C3 GAG mimetics were
synthetized and previously characterized for their ability to interact with other proteins leading to
anti-inflammatory effects (Guimond, Turbull and Yates, 2006). N-acetylation and glycol-split
modifications of compounds facilitated the interaction with other protein and reduced the
anticoagulant activity, demonstrating that these modifications can be useful to reduce undesired
side effects without altering the substitution pattern of heparin (Casu et al., 2004). Firstly,
compounds were screened for their ability to inhibit neutrophils elastase and modulate
inflammation in in vitro tests. We observed that C23 inhibited the HNE of 25/30% while the C3
inhibition level reached 50/60% as the reference molecule heparin. We could speculate that this
attenuation of elastase activity, rather than its complete inhibition, is desirable to contain and
confine bacterial infection in vivo. Nevertheless, C23 also matched this inhibition of HNE with a
significantly ability to diminish concentration of TNF-a, involved in inflammatory response. These
results indicated that these compounds could be promising in reducing inflammation and tissue
damage during acute and chronic P. aeruginosa infection in mice.

When we administered these molecules in a murine model of acute lung infection we found that
C23 was able to reduce neutrophil numbers and the concentration of a panel of

chemokines/cytokines in P. aeruginosa-infected animals in comparison to untreated mice (Ctrl
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mice). This result suggested the positive impact of this GAG mimetic treatment on inflammatory
response. Interestingly, the reduction of neutrophils recruitments could be ascribed not only to
the reduced amount of chemokines, but also to the ability of GAG mimetics to inhibit the L-
selectin-dependent cell rolling of leukocytes, mediated by HS, during leukocytes extravasation on
the site of infection (Koenig et al., 1998; Hostettler et al., 2007). Interestingly, a similar reduction
of inflammation observed with C3 was associated with a significant bacterial proliferation in the
lungs in comparison to Ctrl mice. This result is in line with previous reports indicating that a strong
anti-inflammatory treatment can deplete neutrophil numbers to such an extent that the infecting
microorganisms could replicate in the lung and contribute to the symptoms of acute pulmonary
exacerbations (Doring et al., 2014). For this reason, caution should be taken when administering
anti-inflammatory compounds. Then we extended the analysis of C23 and C3 effect in the chronic
infection model by challenging mice with CF-adapted variants AA43 for one month. As previously
described, this model represents a precious tool and has been used for pre-clinical testing of
candidate anti-bacterial and anti-inflammatory molecules (Paroni et al., 2013; Doring et al., 2014;
Cigana et al., 2016). The treatment of mice was started a week after infection, when chronic
infection was stably established. We decided to use this protocol to allow the establishment of the
infection in the lung with a stable bacterial load (10%/10° CFU), mimicking the treatment in a
patient already chronically colonized by P. aeruginosa. We observed that both compounds
attenuated the number of total leukocytes, including neutrophils and the concentration of
inflammatory mediators including IL-1B, KC and MIP-1a compared with Ctrl mice. Furthermore we
observed that C3 was able to preserve significantly elastin degradation in the lung, probably due
not only to the inhibition of HNE by this GAG mimetic previously described in vitro, but also to the
low concentration of MMP-9 (Jackson et al., 2010). In this experiment, the bacterial load, that was
a critical aspect during acute infection, was reduced by both C23 and C3, likely due to the in vitro
anti-biofilm activity of both compounds. This effect of C23 and C3 could be probably ascribed to
their potential ability to create electrostatic interaction with basic amino acid or interfere with
polysaccharides useful for the initial step of biofilm matrix formation. This hypothesis merits
further investigation in the future. We also tested other glycol-split GAG mimetics, that differ for
their molecular weight and percentage of N-acetyl substitution in D-glucosamine (GlcA) residues,
in the mouse models of P. aeruginosa acute and chronic infection. These compounds did not show

any inhibitory effect on markers of inflammation and/or tissue damage (data not shown). Overall,
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these results further confirm the effectiveness of C3 and C23 in containing inflammation, tissue
damage and the infection severity.

Future studies will further investigate the efficacy of these compounds taking into consideration
both different routes of administration, including those more used in CF patients (e.g.
nebulization), and pharmacokinetic/pharmacodynamics studies to improve the schedule of
treatments. In addition, the compounds identified offer a starting point for future drug
development, opening-up the possibility of the synthesis of GAG mimetics or analogues with lower
molecular weight, capable of acting on multiple targets simultaneously, while minimizing
unwanted side-effects. However, a deeper knowledge of their mechanisms of action is needed to
optimize the drug candidates and to ensure that they hit the selected targets. Overall these results
highlight the concept that the evaluation of potential therapies in murine models of chronic
infection provides the greatest opportunity to optimally translate results obtained to the clinical
care of patients. The encouraging results obtained so far with GAG mimetics support further

development in translational application.
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Repeated cycies of infections, caused mainiy by Pseudomonas aeruginosa, combined with a robust
host immune response and tissue injury, determine the course and outcome of cystic fibrosis (CF)
lung disease. As the disease progresses, P. aeruginosa adapts to the host modifying dramatically

its phenotype; however, it remains undear whether and how bacterial adaptive variants and their
persistence influence the pathogenesis and disease development. Using in vitro and murine models
of infection, we showed that P. aeruginosa CF-adaptive variants shaped the innate immune response
favoring their persistence. Next, we refined a murine model of chronic pneumonia extending

P. aeruginosa infection up to three months. In this mode|, including CFTR-deficient mice, we unveil
that the P. aeruginosa persistence lead to CF hallmarks of airway remodelling and fibrosis, including
epithelial hyperplasia and structure degeneration, goblet cell metaplasia, collagen deposition, elastin
degradation and several additional markers of tissue damage. This murine model of P. aeruginosa
chronic infection, reproducing CF lung pathology, will be instrumental to identify novel molecular
targets and test newly tailored molecules inhibiting chronic inflammation and tissue damage processes
in pre-dinical studies.

‘Tihe genetic defect underiying cystic fibrosis {CF) disrupts ung function by obstruction with thick, sticky secre-
tions which predispose to infections, as those by Pseudomonas aeruginosa', Early in life CF lungs are character
ized by intermittent airway bacterial infections and excessive neutrophil-dominated inflammation?. Later, chronic
infection with P aeruginosa fuels a sustained, exuberant inflammatory response that progressively destroys the
lungs and ultimately results in respiratory failure. Structural changes in CF lungs indude bronchiectasis, air-
way mucus pligging, microabscesses, peribronchial inflammation, fibrosis -associated with increased levels of
metalloproteinases (MMPs)** and glycosaminoglycans (GAG-* and vascular changes, all indicating extensive
remodeling that contributes to the lung function dedine’".

Long-term chronic infection is carried on by P acruginosa variants characterized by adaptive traits'*", Indeed
the genetic and phenotypic properties of persisting bacterial cells in CF airways differ greatly from those that ini-
tiated the infections'?. The findings that chronic infection in CF patients progresses with bacteria lacking invasive
virulence functions open the questions whether: i) £ aeruginosa CF-adapted variants live life-long in the ung
avoiding host immune response and/or ii) their persistence triggers pathways relevant for tissue remodelling, that
finally lead to lung function dedline. These issues are difficult toapproach in humans due to confounding factors
such as the diverse polymicrobial community, unknown environmental factors and host genetic variability.

Several animal models of P. aeruginosa infection as well as CF mouse models have been generated'. Most of
them are focused on modeling the acute phases of the B aeruginosa infection, while others use immobilizin
agent such as agar, agarose, or seaweed alginate to monitor certain aspects of the chronic infection in mice!
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Results
P. aeruginosa CF-adapted variants shape the host immune response during the progres-
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of mucoid phenotype, were localized as macrocolonies in the beads remaining in the bronchial lumen and in

biofilm-like structures (Fig. 1C). At this stage, cytokines/chemokines decreased further, but were still detectable
in mice retaining infection with AA43 and AA4 isolates (Fig. 3A-F). The persistence of CF-adapted variants
promoted an adaptive immune response characterized also by the formation of bronchus-associated lymphoid
tissue (BALT)-like structures (Fig. 2A,C,D). Overall, £ aeruginosa variants with CF-adapted phenotype deter-
mine a weakening of the innate immune recognition and a shift in the immune response during the course of
airway discases.

Differentiai ceii host response to P. aeruginosa phenotypic variants. Next, we conducted in vitro
analysis to exclude the confounding variables (e.g. different bacterial boad) during the course of the infection that
cannot be controlled in mouse modelks. Thus, RNA macroarray analysis'* of human 1B3-1 cells infected with AA2
and CF-adapted AA43 and AA# variants was performed to investigate the host response mediated by bronchial
epithelial cell models widely investigated in CF inflammation. We identified a total of 20 genes whose transcrip-
tion was changed more than 2-fold in cells infected with different P aeruginosa variants but with equal bacterial
load (Fig. 4A, Table S1). Only five genes were up-regulated after infection with the AA43 and AA44 CF-adapted
variants in respect to AA2 infection, whik the majority (15 out of 20) were down-regulated, including several
chemokines and cytokines and their receptors (TNF-a, Gro-3 and =, 1P-10, IL-8, FPR2, CCR6, CCR7, CCRY),
and adhesion molecules involved in the process of leukocytes extravasation and recruitment (VCAM-1 and
ICAM-1). In addition, although AA2 isolate induced higher expression of elastase 2, liable for collagen-1V and
elastin proteolysis, AA43 and AA44 induced much higher expression of the matrix metalloprotease 9 (MMP-9),
suggesting a contribution of P. ae ruginosa CF-adapted variants in matrix degradation. Validation of results by real
time PCR and/or ELISA for selected targets (IL-8, TNF-a, IP-10, VCAM- 1, ICAM-1, Gro-(3, MMP-9) has been
carriedout in different cell types (IB3-1, C38 and THP-1) (Fig. 4B-I).

Next, we extended our investigation to additional P. aeruginosa CF-adaptive variants (Fig. 4B-H). Selection
was based on previous characterization: KK71 and KK72 showed phenotypic traits of CF-adaptation absent
in KK1 and KK2 clonal variants (Fig. $1)'%'7, Results confirmed the lower pro-inflammatory potential of
CF-adapted KK71 and KK72 in comparison with KK1 and KK2 variants. Overall, these results unravel that
P aeruginosa CF-adapted variants rewrite the host response in CF bronchialepithelial cell lines and in particular
attenuate the expression of a set of genes involved in inflammation, confirming our hypothesis with additional
P aer uginosa variants,

P. aeruginosa persistence promotes airway tissue damage in mice that mirrors human
CF pathology. Next, we investigated whether and to what extent chronic persistence by P. aeruginosa
CF-adapted variants recapitulates human CF lung disease (Fig. 5). Mice, retaining infection with AA43 and
AA# CF-adapted variants for one month, displayed hallmarks of CF chronic lung pathology: intraluminal and
peribronchial inflammation, epithelial hyperplasia and structure degeneration, goblet cell metaplasia, collagen
deposition and elastin degradation (Fig. 5A-C). Biochemical markers of tissue damage in CF disease such
as MMP-9 activity and protein, TGF-3, protein and sulphated GAG (sGAG) increased progressively during
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Figure i. Virulence of Z aerugis isolates and bacterial localization in murine modes of airways
infection. Two groups of minimum five C57 BI/6NCrIBR mice were infected with 5 x 10° CFU/lung of
planktonic bacteria for the acute infection (data modified from Fig. 5P included in Loré NI et al PLoS One
2012;7(4):235648.) and with 1 to 2 x 10 CFU/lung of isolates embedded in agar beads for the chronic infection
and analyzed during a time course post-infection (12 hours, 1 and 2 days of acute infection and 2, 14, 28 and 90
days of chronic lung infection). (A) CFUs were evaluated in total lung. Dots represent CFUs in individual mice
and horizontal lines represent median values. The data are pooled from at least two independent experiments
(n = 1-9). Statistical significance is indicated: *p < 0.05, **p < 0.01,***p < 0.001. (B) The incidences of
mortality induced by bacteremia (red), clearance (white) and airway infection (green) were determined. The
data are pooled from at least two independent experiments (n=8-24). (C) Bacter ial and agar-beads localization
in the lung were evaluated on challenged mice by immunofluorescence (with specific antibody against

P aeruginosa, stained in red, and with 4,6-Diamidino-2-phenylindole dihydrochloride, stained in blue) and
H&E staining. Scalebar: 25um,

fong-term infection with AA43 and AA44 CF-adapted variants (Fig. 6A-F). So for the first time, the above
described mouse model of long-term airway chronic infection established with P. aeruginosa CF-adapted var-
iants reproduced several traits of human CF lung pathology.
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Figure2. Lung hisiology and histopathological score of immune celis recruitmentin the murine modd
of P. aeruginosa chronic airways infection. C57 BI/6NCrIBR mice were infected with 1 to 2 x 10° CFU/lung
of isolates embedded in agar beads for the chronic infection and analyzed during a time course post-infection
(2, 28 and 90 days). (A) Lung histopathology was performed on challenged mice by H&E staining. Scalk bars:
200 pm. BALT-like structures are indicated by asterisks. Innate (B) and adaptive (C) immune cells infiltration
and BALT activation (D) were scored in tissue section of murine lungs stained with H&E. The data are pooled
from at keast two independent experiments (n=2-7). Values represent the mean =+ standard error of the mean
(SEM). Statistical significance is indicated: *p < 0.05, **p < 0.01.
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Taking into consideration the emerging relevance of MMPs 1o pulmonary remodelling and impaired lung
function in CF patients®*® and MMP-9 activation in our chronic infection model and cell culture, we investi-
gated host response to chronic infection by AA43 CF-adapted isolate in MMP-9 deficient mice. Lower callagen
levels were found in Mmp 9"~ mice comparedto the kogenic counterpart (Fig. 6G) while nodifferences in terms
of bacterial load, inflammatory cells recruitment, sGAG and TGF-3, after one month were recorded (Fig. $2).
These findings suggest a role of MMP-9 in the process of collagen deposition during P aeruginosa chronic

persistence.

Contribution of CFTR-deficiency to the pathogenesis of P. aeruginosa infection. Todeter-
mine whether the CFTR-deficiency could exacerbate the inflammatory response or tissue damage after chronic
P. aeruginosa infection, we infected gut-corrected CFTR-deficient [C57BV6 CRr™"~CTgN(FABPCFTR)#Jaw]
and their congenic wt mice with the AA43 CF-adapted variant. The percentage of P aeruginosa infection and
bacterial load were similar between CF and wt mice, revealing the capacity of P. aeruginosa AA43 CF-adapted
isolate to persist in murine lungs regardless of the CF genetic background (Fig. 7A,B). However, at the eaily time
point the inflammatory response following P. aeruginosa infection in the bronchoalveolar lavage fluid (BALF)
was higher in CF mice, in terms of total cells, neutrophils, macrophages and MIP-2 leveks, compared to wt mice
(Fig. 7C~F). KC, MIP-1a, IL-6, MCP-1 and TNF-a in BALF were similar between CF and isogenic wt mice
(Fig. 7G-K). The chronic BALF response was similar in CF and wt animals. In the ung homogenate, the levels
of all of the above-mentioned chemokines/cytokines were similar between CF and wt mice at both the early and
late chronic time points. At an advanced stage of chronicinfection, CFand wt micedifferedin terms of goblet cell
metaplasia. Histology and pathological scores revealed a higher number of goblet cells in the lung tissue of CF
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days of chionic ing infeciion). Oyiokine and chemokines,
including MIP-2 (A), KC{B) MIP-IG(C).M(D).MCP (E) and TNF-a (F), were measured by Biopkx in
lung homogenates. The dataare pooled from at least two independent experiments (n = 3-6). Values represent the
mean £ SEM. Statistical significance is indicated: *P < 0.05.**P < 001.

mice compared to wt, indicating greater mucus production {Figs 7L and 53A). Other markers of tissue damage,
such as collagen deposition, elastin degradation, MMP-9 activity, sGAG and TGF-3,, were similarly increased in
CF and wt mice (Fig.S$3B-F). Furthermore, nodifferences were detected in recruitment of innate and adaptive
immune cells, and BALT formation (data not shown). Overall, these data indicate that, in mice, alteration of the
immune response and subsequent tissue remodeling during £ aeruginosa chronic infection are mostly independ-
ent of the presence of functional CFTR.

Discussion

Current debates on CF pathogenesis recognize that multifactorial variables contribute to the outcome of ung
disease; these include host factors and the bacterial pathogenic potential®®, Dissection of these factors and
their causal associations in humans are complicated by confounding variables that cannot be controlled indi-
vidually. Here, using well established in vitro and in vive models of infection we demonstrated that P. aerugi-
nosa CF-adapted variants shape the innate immune response to favor their persistence. However, the previous
lack of a suitable animal model of long-term chronic infection has imited understanding of the quence of
P. aeruginosa persi on host resp In this study, we refined the agar-beads mouse model approaching
the advanced stage of chronic pneumonia, This model was instrumental in demonstrating the contribution of
P. aeruginosa long-term persistence in activating relevant pathways for tissue remode ing and damage.
Surprisingly, P aeruginosa persistence had a greater effect on inflammation and damage profile rather than the
Cfir mutation itself. These findings have real importance to understanding CF airways disease pathogenesis and
progression.

For this study, we used P. aeruginosa isolates sampled at the onset of infection and after years of chronic
colonization; they were selected for their diversity determined in previous characterization'4?, The P. aerugi-
nosa CF-adapted isolates were genetically characterized by genome rear rangements, mutations, and variations in
pathogenic islands, and phenotypically by altered motility, mucoidy, and changes in virulence factors. Thus, the
selected P. aeruginosa isolates display features commonly associated with bacterial adaptation to CF Jung'?4 4%,
When we investigated P. aeruginosa/host interaction in mice, the P. aeruginosa isolate equipped with virukence
factors either disseminated systemically resulting in death or was cleared by a strong host inflammatory response,
while CF-adapted variants diminished the innate immune response to allow long-term persistence. Indeed, by
measuring cytokines/chemokines at acute/early phases of infection, we found lower pro-inflammatory response
induced by P. aeruginosa adapted variants, One factor of major interest was that the host response of P. aeruginosa
adapted variants did not appear to be dependent only ona particular bacterial phenotype or cdonal variants.
Different P. aeruginosa patho-adaptive variants (e.g. mucoid anda non-mucoid) or belonging to different patients,
showed a similar capacity toshape the host immune response.
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Figure 4. Expression/reiease of markers of inflammation and tissue damage in celi fines after infection
with P. aeruginosa phenotypic variants. Bronchialepithelial CFcells IB3-1 were infected for 4hours with

P aeruginosa AA2-A Ad43-A Ad4 isolates, RNA extracted and retrotranscribed, and macroarray conducted.
(A) Genes expression is ex pressed after normalization on expression induced by AA2. Validation of gene
expression was performed by real time PCR in IB3-1 (B,D~H) and isogenic non-CF cells C38 (B,D) after
infection with AA2, AA43, AA4, KKI1, KK2, KK71 and KK72. (C) Validation of IL-8 protein release was
performed by ELISA in culture medium of [B3-1 and C38 after infection with isolates mentioned abaove.

(1) Macrophagic-like cells THP-1 were infected for with P aeruginosa AA2, AA43 and AAHM isolates (MOI 1),
and MMP-9 release was measured in the culture supernatants by ELISA. Values represent the mean £ SEM.
‘The data are pooled from at Jeast three independent experiments Statistical significance is indicated: * p < 0.05,
**p < 001.

Although mice deficient for Cfir, or overexpressing the 3-ENaC channel®, have been available for many
years, these models do not completely mimic the advanced human pathology**. Infection of CF mice with
B acruginosa has been performed and resulted in a heightened inflammatory response™, but high mortality or
resolution of the infection have typically limited pathogen persistence for long time. Lung pathology in 3-ENaC
mice reflects undeniably several hallmarks of CF air ways disease, induding mucus hyperproduction, goblet cells
metaplasia, neutrophilic inflammation and poor bacterial dearance™ . However, they do not reproduce sponta-
neously the advanced stage of CF lung discase, including chronic £ aeruginosa infection, the development of the
adaptive immune response and a considerable tissue damage (e g. elastin degradation and collagen deposition).
Models of chronic infections have been described but, at the time of writing, no experimental studies have man-
aged to achieve the progressive advanced-stage of lung pathology induced by chronic bacterial colonization that

o
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Figure5. Lunghistology and histopathological score of tissue damage in murine lung after infection
with P. aeruginosa. C57BI/6NCrIBR mice were infected with 1 to 2 x 10* CFU/lung of isolates embedded in
agar beads and analyzed 28 days post-infection. Sections of airways from transplanted CF patients and from
C57 BI/6NCrIBR infected with CF-adapted isolates AA43 and AA44 and sterile beads were stained with H&E,
MTS for collagen, VEG for elastic fibers and AB/PAS for mucopolysaccarides, according to the standard
procedures (A). Scale bars: 12.5um for H&E, 25 um for MTS, VEG and AB-PAS. Scorings of bronchial
epithelial degeneration, collagen deposition and elastin degradation (B) were performed on slices stained with
H&E, MTS and VEG, respectively. Goblet cells numbers were evaluated on slices stained with AB-PAS (C).
‘The data are pooled from at least two independent experiments (n= 2-6). Values represent the mean + SEM.
Statistical significance is indicated: *p < 0.05.

strictly mimics human CF infection (e.g. chronic Pseudomonal endobronchitis). Although models of Jong-term
chronic infection have been described and are undeniably useful to study several features of CF lung disease
induding P. aeruginosa evolution or chronic inflammation, they show some weaknesses, such as the absence of a
stable bacterial load over the course of the infection or the use of mechanical devices as catheters that render, the
model not-physiological'**. The previous lack of an accessible CF animal model has limited not only a satisfac-
tory evaluation of the host adaptive immune response, but also the mdennrdin’g’o ftissue damage and remod-
eling processes observed during chronic pneumonia, as described in CF disease' *™, We successfully reproduced
the long-term chronic infection with stable bacterial titers up to three months and the presence of bacteria in
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markers, including MMP-9, in mur after P acruginosa infection.
C57BI/BNCriBR mice were infected with 1 10 2 x 10° CFU/iung of CF-adapted isolates embedded in agar beads
for 14 and 28 days. Levels of MMP-9 protein (A) in BALF by ELISA, MMP-9 activity (B) in BALF and
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(F) in ung homogenate by a dye-binding colorimetric assay were measured after 14 and 28 days of chronic lung
infection. Values represent the mean 4+ SEM. The data are pooled from at least two independent experiments
(n=13-12). G) B6.FVB(Cg)-Mmp9tm 1'Tvu/] and congenic mice wereinfected with 2 x 10 CFU/lung of AA43
strain embedded in agar beads. Collagen levels were evaluated by a dye-binding assay in lung homogenate after
28 days of chronic lung infection with the P aeruginosa CF-adaptedisolate AA43. Values are represented as
mean £ SEM. Thedata derive from one experiment (n=6-7). Statistical significance is indicated: * p < 0.05,
“p<0.0l,

biofim-fike structures. in this modei, a long-term consequence of £ aeruginasa chronic infection is the formation
of BALT-like structures. M r, the dege ion of the epithelial structure, collagen depaosition, elastin deg-
radation, increased factors associated with matrix remodeling (MMP-9 activity, sGAG and TGF-(3,) and goblet
cell metaphsia were also observed in murine airways. This immunopathology is notably similar to the dinical
descriptions of human CF lung disease, mirror ing chronic Pseudomonal endobronchitis of the CF population.

In our CF mouse model, we found that the CFTR deficiency was associated with a higher inflammatory
response to P. aeruginosa at the early phases of infection which is in agreement with previous observations®,
When we extended the infection to the advanced stage, tissue remodeling and damage were partially inde-
pendent ol the Cfir murine background. Interestingly, our data showed that pathological traits developed sim-
ilarly in both wt and CF mice, with further increase of goblet cell metaplasia in the CF hog. In this context, the
pro-inflammatory environment of the Kgcan impair and decrease CFTR function as demonstrated in chronic
obstructive pulmonary disease (COPD)*¥, Furthermore, recent observations indicate that TGF-3; and hypoxic
environments down-regulate the expression and activity of CFTR®, Thus, it could be speculated that chronic
infammatory profile and high levels of TGF-3; after long-term P. aeruginosa infection in wt mice may undermine
CFTR function and dampen the differences between wt and CF mice. Further studies are required to strengthen
these hypotheses. Mast impor tant, the findings that CFTR function could be impaired by P. aeruginosa infec-
tion, its virulence factors and the associated-chronic inflammation*® may further explain the similar patholog-
ical events developed independently of the CFTR deficiency in our murine model Overall our data strongly
suggest that P. aeruginosa persistence isa key driver of the pathogenesis of CF chronic lung disease. Relevance
of these studies may be extended 1o other chronic endobronchitis including advanced COPD, where some hall-
marks d:s:md in CF, such as high inflammation, tissue remodeling and P aeruginosa persistence, have been
described®,

New therapeutic approaches (o preserve airway structure and pulmonary function are a dinical need. Taking
into consideration the emerging relevance of MMPs to pulmonary remodelling in CF patients®*2% and MMP-9
link to P. aeruginosa persistence, observed in this work, we further investigated its role in the pathophysiology
of the chronic disease. Results obtained in Mmp-9~*~ mice demonstrated that this metalloprotease contributes
to collagen depaosition during P aeruginesa chronic infection, while it does not exert any harmful effect on host
defense. In agreement with other recent studies®, our results may support the exploitation of this targetin CF.

In condlusion, our study demonstrates that P. aeruginosa CF-adaptive variants shape the host response favor-
ing their persistence within the lung. Furthermore, the P. aeruginesa persistence contributes to modulate path-
ways relevant for airway structural changes, reproducing human pathology in mice. Notably, the mouse model,
refined in this study, is an invaluable tool for studying the pathogenesis and progression of infection in CF and
other chronic airway diseases (such as advanced COPD) and may be an ideal platform for testing novel ther-
apies. In addition, our findings emphasize that the development of new therapeutic interventions (e.g. drug/

SCIENTIFIC REP ORT5[6:21465 [ DOI: 10.1038/srep21465 B

71



Published paper |

—eerrntoreromisoentttcren s

4, 00%
L |
Ewm ¢ CF  Z acuot H:’
¥ oo § 100t
i o S 2ou0n [
£ x 2 10u00 i
| | . A Ry W |
¥ & A - o T
o ca cam
D F
MIP-2
1000 e - . — o238, plas, 10
- : - —~ H« “%
Rl -
T 'J:__ oy S - | w F
—~ b 2 o |
10m0* prees T [ I
g H 2m | e
° . F_Y | BT
AMI - +- o -4 AMI - + - # olB .~ IR sl
ca o SRR e s radsm
I
— T —— ——
CMCd C2dC2Md ClCled CMCHd
K TNF-a L
oo O=
]l '?g | o o
[ | -
1 ]
i H £
3 L]
f ISl
—— — i —— ——i ] - — ‘.
CCmd CldCIm CN(M C-2a C-28a Cm

Figure 7. Bacterial virulence and lung inflam matory res ponse in CF and congenic wit mice after

P. aeruginosa chroniclung infection. Gut-corrected CFTR-deficient C57B1/6 Cfr®™ 'WCTgN(FABPCFTR) ¢Jaw
and congenic wt mice were infected with 2 x 10* CFU/lung of P. aeruginosa AA43 strain embedded in

agar beads andanalyzedafter 2 and 28 Days. A) Theincidences of mortality induced by bacteremia (red),
dlearance (white) and airway infection (green) were determined. The data are pooled from two independent
experiments (n=8-28). B) CFU were evaluatedin total lung. Dots represent individual mice measurements
and horizontal lines represent the median values reported in a log scale (n = 8-11). The number of total cells
(C) and in particular of neutrophils (D) and macrophages (E) in the airways were analyzed in BALF of mice.
Cytokines/chemokines, including MIP-2 (F), MIP-1a (G), KC (H), IL-6 (I), MCP-1 (]) and TNF-a (K), were
measured by Bioplex in murine BALF (left side of the graph) and lung homogenates (right side of the graph).
Sections of murine lungs infected with AA43 for 28 days were stained with AB/PAS for mucopolysaccharides,
according tothe standard procedure. Goblet cells numbers were evaluated on dices stained with AB-PAS (L).
Values represent the mean = SEM. The data are pooled from at least two independent experiments (n=3-11).
Statistical significance is indicated: *p < 0.05,**p < 0.01, ***p < 0.001.

pharmacological) for CF shouid target tissue remodeling and damage and account for immune changes that
manifest in the setting of chronic infection,

Methods

Ethics Statement. Animal studies were conducted according to protocals adhering strictly to the Ttalian
Ministry of Health guidelines for the use and care of experimental animals (IACUC protocols #402 and 502) and
approved by the San Raffacle Scientific Institute (Milan, Italy) Institutional Animal Care and Use Committee
{TACUC).

The use of human bronchi, obtained from patients undergoing lung transplant, was approved by the Ethical
Committee of the Gaslini Institute (Genova, Italy), in accordance with the guidelines of the Italian Ministry of
Health. Each patient provided written informed consent to the study using a form that was also approved by the
Ethical Committee (approval 21 3),
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Histoiogical examination. Swctionsof mwiine and lllll‘:l\l pical i ysi were collecied
and stained by Haematoxylin and Eosin (H&E), Acid Schiff (AB-PAS), Masson’s trichrome (MTS), Verhoeff s
elastic (VEG) and immumnofluorescence (IF) stainings and were examined hlindlv and scored I_: Il,n_!j'gd_gi_;li a

detailed in &npplemﬂmr)r Information.

from a CF patient {AF508/W 1282X), and C38 ceiis, the celi fine wi i i
tional CFTR. and non-adherent human myelomonocytic THPI cells were obtained from LGC Promochem.
IR calle wam aronen xe nraviande daceribhadl? Ja vitea infaction wae nerformad ae daceribad in Cimnlamantam,
1821 cells were grown as previoudy describedV. In vitre infection was performed as described in Supplementar

Information.

Macroarray analysis. Macroarray analysis was performed by using TagMan Low Density Array (TLDA)
platform (Applied Biosystems, Foster City, CA), as detailed in Supplementary Information.

Evaivation of Cytokinesjchemokines and markers associated to tissue damage. Cytokines/
chemokines and growth factors, MMP-9 active levels, sGAG and collagen, and MMP-9 activity were respectively
measured by Bioplex, ELISA, colorimetric dye-binding assay and zymography, according to the manufacturer’s
instructions as detailed in Supplementary Information.

Statistics. Data analysis was performed usinga nonparametric two-taled Mann-Whitney U test for single
comparison when comparing data induced by a specific strain at two time points during acute infection (e.g.
cytokines/chemokines levels) or comparison of data from wt and CF mice at each time-point. To compare data
induced by CF-adapted variants to AA2 or Ctrl data at one time-point and data induced by a specific strain across
multiple time-points a nonparametric Kruskal-Wallis test was used followed by post-hoc Dunn test to correct for
multiplke comparisons. Mortality and percentage of infection were compared using Fisher exact test. P < 0.05 was
considered significant.
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IL-17A impairs host tolerance
during airway chronic infection by
Pseudomonas aeruginosa

Micola lvan Loré>*, Cristina Cigana®", Camilla Riva®, Ida De Fing?, Alessandro Nonis?,
Lorenza Spagnuwolo”, Earbara Sipione”, Lisa Cariani®, Daniela Girelli®, Gizcomo Rossi®,
Veronica Basso®, Cara Colombo®, Anna Mondino® & Alessandra Bragonzi

Resistance and tolerance mechanisms participate to the intenplay between host and pathogens. IL-17-
medizted response has been shown to be crucal for host resistance to respiratory infections, whersas
its rode in host tolerance during cheonic aireay colonization is still undear. Here, wa |rnungated
whether IL-17-medizted response modulates mechanisms of host tolerance during airweys chronic
infection by F. gervgingso. First, we found that IL-174 levels were sustained in mice at both earky

and advanced stages of B pervginosa chronic infection and confirmied these observations in human
respiratory samples from cystic fibrosis patients infacted by P. gervginese. Using IL-17a [ or iL-17ra
mice, we found that the deficiency of IL-17 AAL-17RA aas was associzted with: il increzsed incdence
of chromic infection and bactenal burden, indicating its role in the host resistance to B gerwgingsa; i)
reduced cytokine bevels (K0), tissue innate immune cells and markers of tissue damage {pro-MMP-3,
elastin degradation, TGF-fL), proving atteration of host tolerance. Blockade of IL-174 activity by a
meonoclonzl antibody, started when chronic infection is established, did not alter host resistance but
increased tolerance. Inconclusion, this stedy identifies IL-17-mediated responsa as a negative regulator
of host tolerance duning 2. eervginesa chronic aireay infection.

Twa cvolutionarily consorved hod delonse strategies 1o narmow discase severity have been described in
bt -pathogens interplay: resistance aims to contrast and eventually ceadicate pathopgenic bacteria, whereas tol-
erance [imits the conssquences of prodoctive infections' *. Alered mechanisms of resistance and olerance can
contribale io the aberrant inflammatory response during chronic airsays diseases. Inthis context, persistent
mbactions by Pednmomas serugimma lopether with chronic infbmmstory respomses and progressve Lisaoe dam
ag are sl ballmarks of cheonic respiratory discase, sach as cystic fibrosiz (CF) and advanced cheondc obstroctive
pudmanary diseace (COPDY S The pathophbysiclogical mechanizms that control host resistance andfor iolerance
in chronic aireays discases remain o be deciphernsd.

Inberleukin 174 (IL- 174 and IL- 17 cptokines family s been iy participabe o the pathopeness ol
several respiratory diseases” &, The 1L-17-induced host response contribaies to e dance mochandzms by
a protective role at the mucosal barriers against pathogens sach as Stapfplacosos mureus, Citrohacter fure
ot Kledesielle prarurmomia. Recend data sapgeest that IL-17 pathway may play a key mole in resistanoe and maodu
bt o the: inflameatony response during P acrupinesa acuic infection™ 7, In aduiﬂm. ihe TL-1 7-nwediated
bt respanse has been shown Lo increase the secretion of matriz metallsprodeineses (MMP)®, involeed in lssoe
rﬂnﬁq.ﬂlhgﬂ‘hﬂdﬁnnm sugppest thal type 17 immanity may be invodved in the pathogenesis of

wheromic respiratory diseases, modubating both host resistance and oleramoe.

Clinicsl prools support the ides of & role for 1L-17 in the pathogenesis of dhronic respiratory diaases™,

Imdend, 11-17 levels are elevated in several inflammatory lang diseases, such as CF and COPFD™™_ In particalar,

*Infuctions and Cystic Fibrosis Unit, © '.-'i:iuri:-flrnnu‘lul-:-g'r', Transplantation and infactious Disaases, IRCCS San
Raffasls Scientific Institute, Milano, taly. *Lniversity Canter for Statistics in the Biomedical Sciencas (DUSSE),
Vita-Salutc San Raffacke Univarsity, Milano, italy. *Cystic Fibrasis Microbialogy Labaratory, Fondazione IRCCS Ca”
Granda, Ospedales Maggiors Polichnico, Milara, italy. “School of Biosciances and Veterinary Medicing, Univarsity of
Camsring, italy. 2Cystic Fibrosis Center, Fondazions IRCCS Ca” Granda, Ospedale Maggiors Polichinioo, Milana, ttaly.
*Lymphocytas Activation Unit, Division of immunology, Transplantation and Infectious Dissasas, IRCCS San Rafacle
Scientfic Institute, Milano, ttaly. “Thess avthors contributed equally to this work. Cormespondencs and requests for
mataralk should bo addressed to ML (email: lore. nicolatman @hsr.it) or &.B. jamail: bragonzialessandra@hsr.it)
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in CF 11-17 lewels have been found io nepatively correlaie with FEV |, suppesting its role in the decline of the lnng
fnction™. Among the potential cdlular sownces, 1L-17 producing C1M T cells have been increasingly described
im CF, Thas, these data prompi the i Chat CF could be a 1L 17 mediatod dismse 22,

T dkate, thee refative conbribution of 1L-17 i0 mechanisoss of host resistance and inleranoe during advanced
chramic airways imfecions remains to be dasified ", Here, we addressed these issues in mice dhroni inlected
for lomg term and in CF patients infected by P aeruginosa. In the experimental murine model, we foand that
IL-17 4 bevels woere sustained over the course of B aerugmess dhronic infection. In respiratory Fruam
CF paticnts, we confirmed that increased 1L-17A bevels wiere associsted 1o both carly and stages of
P aeruginesa imfection, strenpthening the importance al the 11-17A-mediated response in the overall progres-
sion ol chronic airways discase. Mechanistically, using 1172 and I-17ra " mice, we demonstrated that the
IL- 17 AL TTRA axis plays a disl mole during chronic mfection by 1 aergimosa: while it contribates o the host
resislance, il weakens host iolersnoe, promoting immimopat holegy, doning chmonic sireays infaction. Moreoser,
tarpeting 11-17A when chronic infection is already established Emits immunepathology, withowt compromising
mmmell&bﬂLT}m;mmmhzmhlb:mhd[L 17A in modulating host

toberanoe P asrugimosa perastent infections and propose it asa potential target o moduliate bos iolerance
in the comtext of chronic sirways disases,
Results

Host responses to P. aeruginosa during early and advanced chronic infection.  While previous
mwechanistic siudics in murine models stiributed s vole to 1L-17 and IL-17 prodiscing cells during acule carly
phases of P arrupinosa infection'™ ¥, here we fooased on advanced P aeruginess chronic infection (28 days)
in comparisn with carly acwie phase (2 dayel. We adopied the I asregpimess AA43 fsolate, which cin establish
chronic infection in C5TELS mice with an incidence of cobomization around 30808, Cyiokines typical of
the imamame response (I1-15, T1-2, TPN-7, 114, TL-17A) were analyeed al 2 and 28 days afier imfection. A s
the bacterial burdens did not change among, the carly and advanced phases of infection {Fig. 1A) 1L-1[) evels
sgmilsantly ditfencd. 11 Iﬁw imchuced al day 2. By day 28, 1L 1 bevels hel ddevreased, despite rommining
sigmificantly higher than those mln uninfected mice (Fig. TR While 1L, indicative of type 2 imommity,
s almaost nod detectable, 1PN - inked o type | immanity, was indoced at the sary stape and returmed at basal
levelks at day 28 (Fig. 1C) Diﬂucullr..ll.pl?.ﬂ. levels increased by day 2 and remained high over the course off
P aprginmsa mbection (Fig. 10).

Mext, we analysed 1L-17A, IFM-y and L4 kevels in spata from patients with CF The samples were collected
fromi & cohart ol 55 i:ﬁlil:nlj stable CF patients recruited during routine care plans (Takle 510, repandless of
P asruginesa presence in the mioobiolegicl ooliures. To evaluate whether 1L-174 levels change according 1o the
slape of I asrugimos infection, we distinguished CF patients i three cilegories i) free, 6] “sarky” (intermitient
P gevuginosa indection sand cheonic colonization for up e two years) Hi “late” (chaonic colonization for mone
than fpar years). 11-17A lewels were sipnificantly increased in bath “early” and “late” patients in comparison io
free paticnis (Fg. 1E), ghowing a similar tremd to that observed inomice durimg, P seruginos chromic infection.
A s [FN -y ame] 1L, their bkeveds did mot differ (Fig. 1BG). Morcover ﬂwmrn of CFF patients colonized by
aerupimesa revealed low or undeteciable levels of T1-174 (Tabde 520, supgesting 11- 174 release 1o be restricted io
the ling compartment rather than systemic. Thus, while type 1 and 2 immuonities do not seem e participate i
the advaneced stages af P serugimoss micction in the bang compartment, 1L-17 8- mediate respomnse might play a
critical role during the sdvanced stage of chronic infection in both bunsans and mice,

Type 17 immunity is sustained during P. aeruginesa chronic infection.  Lung infilirating cells were
harther dissectod by FACS analysis and immmunobigochemisiey in murine models, ‘The number of infilirating
beuikiscytes weas signdficantly i s recoered fromy infested mice at both dey 2 and 28 post-nfection
when compared o controls (Fip. 240). While abeolar and interstitial macrophages were nat enriched for,
both nevtrophils and dendritic cells (D) were accumulated in infected lungs. However, neutrophils coants
decreased by day 28, whereas I3 nombers renmained high at the advanced al 12 imrsa chromic mfee

thon (Fig. 2B-EL Also T and B coll representations wese significanily di i in contred and infecied oice,
While T cells, comprising both G4 and CIE suhsets, were sipnificanthy enriched for bathoat day 2 and day 28
and C1M* subsets further increased at day 28 (Fig. 2P H), B cell numhers were significantly higher anly at the
adhvanoed stage of chromic imfection (Fig. 200 This was in agroement witha sdective corichment ol CO4* 1L 174%
T cell, bat ot ol CI4° TL-4* and C145 TP - Tﬂlﬁ[l'lg 2Ih. Differently, COB* T odlls capabile of IFM -y o
IL-174 did nat change ower the course of chronic P aeruginesa infection (Fig. 2K} and those seoreting 11-4
mrl:l.n:’d.ﬂ:tﬂ:h By immunahistochemistry we found that T and B cells oo- hm]:mdmbmndm—m:nnnd

tissme (BRALT) like structures at day 28 CFig,. 21, likdy inclicating an asctive adaptive im

in m;s.1lh:d|ﬂnhlﬂ:mﬂcp‘hnhrhn—mn1:hnffm4 T cells did neat differ in the spleen nl"ln:l':chndn.nd
mmlmhdmﬂﬂkﬂ}.nwumnglhemnd’m restricied evenls in P asruginosa-infected mice.
Together these data highlight the potential rapact o type 17 immuanity in the airsays divease progression during
P arruginoss cheomic infection

Depletion of the IL-17ANL-17RA axis reduces host resistance while favoring tolerance to P
geruginosa infection.  To directly extablish the rale of the IL-17AALTTRA axis in host resistance ancfor
iokerance 1o P serupimoss colonization. we infected 1117 and 18-/ P in comparison with wi congendc
mice. Bacierial barden, inflammation and tisue damage were evalnated at day 28 alier infedion. P arrupimesa
g indection did not lead o moralivyin IL-17a " and IL-1Fra " mice, similary towt mice (data ot shown).
Higher bacterial losed was observed in I 17w bol nolin [L- 17" mice (Fig. 280 However, the incidence of
cobomization was increased in both 1L-17a and IL-17es ' midoe (Fig. 38, Orverall, these esults suggest that
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P arraginasa infoction and markees of insmune response in the murine modd of chronic airways
m-ﬂﬂﬂlﬂlewnﬁ“mmﬁufm“mlrfmhﬂ with | w2 s 10 CRELUF
lumeg ol the P arnaginesa grain Ad43 embedded in agar beads and anabyred afier 2 and 28 days ol infection.
Camitrd {Crl) mice were treated with sierile agar beads. (A} CFL were evabaated i utal [t reproesenit
CPL im imdividual mice, horizontal lines represent mean values and the erme bars represent the sandard error
of the mean (SEM). The data are pooled from at least teo independent experimenis {n = 4- 12} Criokines
-lm]d—'lhu.,'-dﬁgll.rlﬂfﬂlﬂi ALY, amd [L-17 A (D) were msssured by Bioplex in murine g

“Theee st s prosecbd o st beassl tw indlepensdent cxperiments (n — 3-9), Valises
thee meam 4 SEM. Leweds ol T1-17A (EL IFM-~ (F) and 11.-4 {G) in sputa from CF patients never
h!m‘_ﬂ&u}.tﬁllﬂmﬂuﬂud:mmhnmhnnq}htmm[ﬂﬂﬂ:ﬂdwih:im
wodbomication for al kst four years (katel are comparad. Dot represent values in individual patients and
horimmtal lines ropresent mediam valiss, Statistical sl gnificence i indicated: *p < 008, *p < 001, ***p< 0001,

o resistance o P asrupinesa infection can be principally ascribed 1o the 11L-1TRA downstream signaling, rather

theam 1 [L- 174 alome.

By studying cyiokinesichemokines profile in hmg homopenates, we found higher bevels of TL-17F in [0 fa
miice, and of TL-17A im I e mice, likely doe 1o compensatory mechamizms (Fig. 30,100 In addition, we also
hﬂlﬂukﬁhilml?qﬂ.ﬁnnﬁull 20, [L-Z2 amd 1123 im FL-17a
i JIL- 1 Fe - mice (Fig, 35-G)L Of node, while Imﬂhﬁmm&fmtmm{wmﬁ
ﬂﬂ[mﬂﬂﬂ[&.ﬂlﬂ ILlﬂ-h-:l:mn:qmﬂﬁLﬂ:-nur-lmﬂ-hﬁnﬂllﬂ{Hg. 300 O menke, K

reduced in [L-17a " mice, with a similar trend in IL-17ra " mice (Fig. 38) despiie a
?mumﬁm&hﬂmmhﬂmumm
hmmmm#mﬂlhldhmhnmrghmdm‘mmm!wﬂim
liineesd tr abwendar damage, were significanthy reduced in I1-717a " mice, with a similar trend in [1- 17" mice
{Fig. 3_M). Thus, delidency of the IL-17AML-17TRA axis modulates the immune response, regardless of the
T terial brurden, supgmesting a potential role of the axis in mediating olermoe mechamioms.

ey observed differences, we quaniified markers asoctstod o Gssue trying to prove the role of TL-17
mediated responss in the modilation of host wlerance mechanisms. Flastin levels of pro-MMP-9
ldTEF-ﬂ,mnpﬁmﬂlrmdnmdmIL 17" mice (Fig. 4A- 1) Similar trends were also observed in
-1 that defiiency of the IL-17AAL- 1 TRA axis is associated by Geeoe preservation, Thus,
h:-pﬂhﬁhﬂlnﬂm chrondc [1-17-imdisced pespornses | boscal irmmians: mnd festations and
indiace tissoe damapes in response (o persistent P acruginnss infedion E: indering lolerance mechanisms.

IL- l?ﬁm'geung improves tolerance during P. cervginosa chronic ainways infection.  Mext,
whether targeting the IL-17AJL-17RA axis rescues ioberance mechanisms during P aerugimesa

&m-ﬁmh-’btu-thﬂmﬂnmdﬁ.ﬂfﬁ 17 delsiency on host resistanoe, in lerm of
st bumreen, wie adopied blocking snti-1L-17A mAb, Schodule of treatment with amti-1L-174 mAb was sel-up
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Figure 2. Adapiive immune respanse in the miurine model of chronic sirways infection with B acragisesa.
CHTIG mice were infected with 1 0 2 = 106 CFUfung of the I asnuginosa strain AA43 embedded in agar
ey amed affter 2 andl 28 days of mfection. Cirl mice were trestod with sterile agar-beacs. e shsohate
mriabere of (AL, abwoler mscrophapes (B), interstitial macrophapes (C), ils {0), dendritic
cells (Y, T cells (F), G4 T cells G, CI8* T cells (H) and B cells (1 were measared by flow cpometric
amahysis in cell saspensions of murine lungs. The frequency of TL-17A-, ITFN-~- and 11-4-producing CI4' T
m&m*{ﬂTﬂ;emd#ﬂwtﬁPWﬂmm{E:wwmw
MHMTM mpmh-d al twis independent expermsents (i —4- 120, Dists represent

in indivichsal mice, horizontal lines wmdmnﬂhmhﬂmthﬂmm

i indhicated: *p < 005, **p< 0001, **=p 0000 (L) immnumsahistochemmistry was

mdﬂqdmnmuuuu{m anti-B220 an Scale bars: 400 jum. Some BALT like
siructures are indicated by armews.
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Figure 3. Virulence of P acruginess and host immune response Lo chronic airways infection in IL-17a ",
IL-17re " and congenis wi mice. T grougs of minimmem fee 107 -1 and congenic wi
CETHS mice were indected with 160 2 5 10° CPU fung of the P straim AA4S cmbedded in agar
hezads and anabyeed 28 days post-infection. Cirl mice were breated sterile agar-beads, (A ) CPL were
ml‘ﬂmhﬂlmg_ﬂmrqmﬂmmmﬁu&ﬂmhmﬂﬁnuwmnﬂuaﬂﬂm
erron hars represml the SEM. The data are pooled from at beast two independent experiments (n— 10-14). (B}
Hﬁﬂddﬂm[ﬂ#ﬂiﬂlnﬁmdm&mﬁﬂm{mﬂm&ﬂﬂmﬂﬂm&unm&m
al least twa independent experiments (n— 17290 Cytokines and chemaolkines, induding 1T-17F (C), 1L-17A
m]l. 21 {ED, IIL ﬁ[blllﬁiﬁ]ﬂ;ﬂﬂmmu lﬂmﬂ%{ll.mw P;.i:llf

hesmoprnates of nvice F chrondc infection with P serugimosa. The deta are P
al keast bwo independent experiments (n— 3 14). Valses represent the mean + SEM. Sections of airwanys from
miice imfectied with AAAS lor 28 days were stained with HEE, according 1o the sandard proceduare (L) Scle
rars: 2000, bnmate i cells mibiltration (60 and inflamnsition sserty () were scored in lissoe solions,
Valbucs represent the mcsn |+ SEM. The data soe pooled from two independent cxperiments (n — 35, Statistical
sipnilscance is indicated: *p < 005, *p < 00, = p < 000

SCIENTIFIC REFORTS | 6:25537 | DO 101088 fsrap 25937

La

80



Published paper 11

wwnw.nature. comyfscientificreports]

iL-1Ta"

[ [ ] TEFji,

1 L =l i - "
(8 T l
' — B
i o I :
1 |
kT T by E -
. — S . B e, -
-+ 8 - - A " + i il
"- " ‘_'- “LF _"1 1'-,

Figure 4. Tissue damage after B aeraginoss chronic airways infection in 117, IL-17ra " and
congenic wi mice. Two prowps of mindmm fee -1 7a ", [L-1 7 uﬂm?micm{mlfﬁmhﬂm
infecied with 1 1o 2 « 10°CPUAumg of the P acruginese strain A A43 in apar heads and analyzed
E&ppﬂd-ﬁ&cﬁmﬂ.ﬂniﬂ:mhﬂhﬂdwihmﬁlprbﬂﬂs[ﬁ]ﬁuﬂiﬂn:daﬁ'ﬂrﬁnmmﬁm
imfected with A A43 were cained with VEG for dastic fibers, accondi e thee stamdare] procedire. Scale bars:
25 Sooring of dlastin preservation was perfonmed on slioes el MIh‘-"JJ]{I}Lwchcd'pm—MMF-ﬂ
() and TCF. {n]uﬂerlm.udh'mﬂudmﬂnmqﬂmmhrm hamogenates after 28 days of
chromic hmg infection. Vakes represent the mean - SEM. e daia ane Troam at best bwo indepencdent
experiments (n — 3100, Statistical sipnificance is indicatod: *p< 0005, **p < 001, ***p <0001,

L LT
=

Froam 10 days post infection 1o distinguish 11-174 contributions (o the lung pathology during advanced P asnug-
v chromic infection A4 Troen theose determined at the carlyfacute phase ol infection in 117" mice,
A day B8, mice treated It comtrad aned anti-1L-174 mAb showed conparable bacterial losd and
colonization incidence (Fig. S1A) Also leakooyte (interstitial macrophages, alveolar macrophages, B cdlls and
cytertamic T colls) (Fig. S18- Bl and T ool numbers, along with CI4* T cells, 1117 4 and 1P -y producing C14*
T cells were comparshle in isstype G and anti-11-17 A-trested mice (Fig. 58 F), whille 1L produnfg'['.]}!‘
T cells were mndeteciable. Moreoer, 11-174 and IFM-r levels were comparahle in mlmirmtnim'lhlﬂjpc]gf‘
onmbrol and anti-TL- 174 mAb (data not dhown ). Mevertheless, we found that [L-17 A blodesde decreased neutrm-
phils miiltration (Fg. 50 dhue Lo redoed KO lewels ( SH). Bemmarkably, mice treatod with anti-1L- 174
mAb displayod also o pro MMP9 (g, 51 d TGR (g, 53 ndicating lower production af
markers promsting lisue remodeling and damage. Results sappest that 11- 174 nestralization does not prosoke
bacterial spreading, and instead promsies host tolerance mechanizms, narmowing exacerbated pulmonary new-
trogrhilica s visse damage associatod with chronic B asngimns airways infection.

Disoussion
“The mechanisms underlying the cxagperated inflammation and tissee damage, asscdiated o -resolved airways
indections, in CF* and athers chronic limg diseases, such az COPDSY, are thought o be associated with an
imappropriaie host response, Here we demonstrate that tbype 17 immmamity is central o the exaggerated and detri-
meerital host response i P serupinesa chronic infection. Indeed, while previous data indicated a rode for 1L-174
im resslance o macrobbal insalis in the scatedearly phases of infection ™, our resulis anderline its imsoslvemont in
immpairing host sderance diming sdvanced chronic P asrggoss sirways infection,
ﬁgmumﬁﬂﬂmﬂmh?mwmmmﬂu&mﬂrﬂdh“ 17 and
IL-17* cells contribute o the host response in the acute phase, mediating newtrophils and T cells recroitment ™.
Diuring, the carlyfacule phases of P asrwginess infection, 50 T ar plLC3 (T lpuluuma.rrlrllﬂnlptqﬂm.l
Cells) cells were foond o be the main cellular sources of [L-17 cytokines® uﬂmthl:
anexplared rode for 11L-174 dlrlga&rllnﬂddﬂtﬂmqunﬂmplrﬂ’eﬂmn
agar-beads mowse model-, luddunmﬂlmmﬂm:mumpmulhcmﬁ:ﬂm
phases af nfection. We foaned that type 1 and type 17 cpiokine responses could all be detected al carly plases of
infection. However, while TFN -y ?ﬁﬂ'ﬂ redurned to backgrownd levels in chrondcally infected mice, [L-17A
levels remained high. In sapport ol oar experimental evidences, we foand elevated 1L- 174 levels in CF haman
respiralory samples at both carly and late phases of P aeruginesa inlection, [ostering the concept that the type 17
imuremmily is inwishved during the overall course ol chromic infection by I asmugimos,
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Figure 5. Anti-11-17A mAh treatment in the murine madel of chronic sirways infection by P acraginesa.
CSTELYS mice were infected with 1o 2 = 10% CFU ang of the P asruginosas strain 4443 embedded in agar
Tsmaads. Bvery three days lhTm;fmﬂ'mhﬂﬁﬁjfrmmhtuxlmufmmhﬂhﬂl wiith 1M g
g‘mduﬂJLl?ﬁmﬂhHﬂtﬂtmNpmmm“ 100 s il comtrnl isatypic
ansd analyzed afier 28 days of infection. Schematic view of the reatment ﬂmmlm B},
T el (C), CO4* T cells (D), the of TP -~ (Ed and 1L-17A-producing CIM* T cells (F) afier PMAS
warsvvpcin sl viakatody, and E[ﬂ!mfnwmndbrﬂwqwmiﬂrmlnnﬂumm
o narime hmps. Diats represent cells in individual mice, horizontal lines represent mean values and the ermor
]-:rqrmiﬂ:eiﬂlﬁlhukﬂﬂmmmﬂhﬁqﬂﬂllhmimh-gﬂth
susperssons. Levels af pro-MMP-9 (1) by ELISA and TGE-f; (1) by Bioplex were measaned im the Ls
dnulhtll..g.nxll.iu ripresenst e e |+ SEM. Ihr-hnmw-ﬂadimatm
independent expeniments B 1) Seatistical sipnificance is indicated: *p o 0005, *p < 001,

Mm.wuﬂmnddwhﬂuumrm I-.l.{:hn . We that CTM* IL-1TAY cells were
i:gﬂ.]?ﬁ.{th.mlﬂ:mﬂlﬂnﬂmﬂ:h#d’rlm However, we cannol exchsde that other cellular
somroes (ILCE or b T cells) be invalved during P aerupmmoss long-term chromic imfection in our mouse
mueded. Further stsdies ane Eﬂmﬂiﬁpﬂllﬂ“r In addition to T cells, B cells and D4 were found
in associalion o the presence of BALT indicative of active local responses. Interestingly, the
ﬁmﬂEl?ﬁ‘Tdnm#ﬁrﬂﬂdMTﬂ&Mmmmbmm
:t-mwﬁﬂ'ﬁﬂ_qmﬂfmmmh:m&mudmhgﬁm{rgm
COF)™

“The role af 1117 in pratecive versus detrimental immunity has been debated® ™. Reacent evidences indicate
that the IL-17 pathway cxeris a profective cfied in the airways by fvoning the deamnce of several pathogens™=.
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11 7A aned T1-17F cyinkines may have a rechmdant fanction in host defense through the heteradimenic receptor
complex formed by IL-17RA and IL-1TRC™. To wlidate the hypothesis that 1L-17 A-mediated response may
have @ rode in modukating host resistance during chronic P asrgginea infectson, IL- 15 and IL- 77 deicient
mbee were cxploged. Mogsoover, we look advantage of a P aerugisosa fsolste, namely AA4S, lnowmn to cstablish
sable chronic infection in the 50408 of challenged mice™, This choice was fundamental i oncover that the
incidence of dhromic colonization was increased inboth 117 and 711 7ra delicient mice when compared o wt
e, Dhilleronily, bascterial burdens were altered only by 1L PP deficiency. This soppests that host resdstance o 2
Wmhnmtl?lbl'?ﬁ“d“ -1 Erm@l”?lt&mhmhmmrbl?h
In addition Lo resistance, several evidences sugpested the 11-17 pathway imendal i chranic inflamama-
tory airways diseases™ ", Indeed, Blodade of 1L- 174 in bleomydin-induced acate inflammation promoted the
resolation of inflemmation™, 1L-17 was associated with airsays byperresponsivencss and to increased moos
[-r-:-:‘nnmh miarine medel of Fespiratory wﬁjﬂwmdﬁmwnhﬂf&mﬁ"m. Oither siudies demmon-
strated the contribution of 1L-174 in mrm:nﬁr']'n'rm as the development of chronic fibroprodifera-
tive discase™. Emﬂthﬁmnﬂcmtﬂﬂ:ﬁmiuhmﬂnymﬂuﬁdﬁhdhpﬂiﬂmt
P gerugimos infection, ounr fimdings showed that 1L-17A pathway alfects the bost iolerance, incne lerakas
oyl pocruitment and cansing tissoe demage, Although the bacterial burden did not chamge in 1717, but even
increased in the IL-17m deficient mice, markers of tissue remodding and damage, such as clastin degradation,
and lewels of pro- MMP-9 and TGF ) were decrsased. “Thies, our Gisdings demonstrated that prolomged local
rebease of [1.- I’Hu. alfectz host iolerance Bvoring the development of cxcessive innmunopathology during cheondc
P arrugingsa infection.
&pﬂhﬂﬂnibmdl&l‘uﬂﬂrd:dﬂ.l?ﬁmdﬂmFmrﬁﬂmpﬂnphdmhnﬂL

uale whether nevtraliz I'."hrllﬁ[pmﬂkln]mbkﬂr-q}'m the edfiort of limiting p-mn
tissisr damagr, without shering host resistance. To svoid an exacerbation of bacierial lang ba in the carly

phase of infection ™, we o iimterfere with 11L-17A, L':m.rrngl!tll;—i?l'and” -17RA able iy operate dir-
Ilgll'h:ldnu:.ndﬂpd'dunnmliﬂnu We found that anti-11-174 mAb treatment did not increase the
bacterial bumclen, 'nlil:l[ ificamily reduced bocal infbmmsator y respomse amd tissoe resnodeling and

clamagpe.
Imlngb.lh:l'n-ﬂ IL-I'i"ﬁ urgﬂin; pnﬂrmﬂm&qﬂik infiltration snd did not affect oiber
immmume cells suggests that 11.- 171 may have a complementary fanction in modulating immene respanse, as pre-
winusly described for other pathogens"". Civen the nolicn that IL-17 contribuies o the pathogenesis of several
chronic diseases and inhibitors have been identified ™, it is tempting io speculate that [L-17A neutralization
n'nghlil:; critical target in P! aeruginesa infected patients, in particular those dwnlmlhlnixhd T (TET

hmthunmmihdlnﬁhdlh:mhdll]?ﬂdmngd:mm infection by Pn?um

and] ey the groand for destgning novel immonatherapy strstepies, modulsting mechamizos of resist
ance tolerance '-T":!lj :ﬁl.[ IL-17-mediated immunity plays a dowb E—u‘lﬁnd activity during

chronic airways mkdmmmnk.llmhimmth:mlrﬂnfpmmhm:mdnhﬁnglnﬂ
mnﬂiqmﬂudlﬁi:h&h:ﬂmwi‘hl palmimary meutrophilia and tisae
L1}

remadeling, Inhibition of the 1L-17 pathwa Timier- i represenis & novvel potential host-based
mh\u‘l& l.:_-:ﬁ:rj.: g[ﬁpmwxrﬂml:ﬂrn y n'nq‘rmnnn'rg hﬂ‘rﬂitﬂ.ﬂpnl;ﬂw.lrﬂ pdhlp:ru
during chromic airways infection.

Methods

Ethics statement.  Animal sudies were conduded according 1o proiocols approved by the San Raffacle
Scientibc Institute (Mikan, Baly} Institutional Animal Careand Use Committes (TACUC) and adhered sirictly o
thee lalian Ministry of Health gaidelmes for the use and care of expersmental animals (TACUC pratoce] #505),
hlmdnr_lh: mﬁh-:hn'.lr:d i the 1, l.;-.i. I:H-IZH 2014 0 26, Research with AA43 bacterial sirain, wsed

unﬂmm been approved by the Ethics Commission of Hannover Medical School, Cermang.
Thee paiticnt and parcnts gave lﬁurmlmlhﬁntlhrmpkuﬂmiﬂm Approval lor storing of biological
mﬂakmwmh}ldﬁ: Ethics Comsmizsion of Hannover Medical Schoal, Germany 1h¢studvnnh.uhm
samples (rom the Regional CF Center of Lombardia was approved by the Frhical Committess of San Raifacle
Scientific Instituie and Fondarione TROCS Ca' Cranda, Ospedale Maggiore Policlinioo, Milan, Ialy, and written
imbormed consmi was ohiained from emralked ar their parenis scoording to the Ethical Commmmities rules,
in accordance with the laws of the | Mimistero della Salute (approsal 21874),

Bacterial strains.  The P serugirosa isolate, AA43, fram a CF patient, was chosen from a strain collection,
previvasdy claracierized for penotypic and phenotypic s and viralepsoe* S8,

Mouse strains and model of chronic P geruginosa infection.  C57ElM (Charles River), IL-17a " and
1L 1w mice: Thadkgroumd C57BIE), male, 8- 10 wocks old, were maintained in specific pathogen-free condi
v, Mice were ingected intratrachsally with 12 = 10°CFU of P aerupinesa, embeddad i agar beads, following

Lung dissociation and processing for analysis of oytokines and markers of tissve damage.  Mice
woer gacrificed by OO adminisration, Langs wore romosed and bomogeniand™, Samgples were plited for CFU
conamil. Feecovery of = 1000 CFL froms lung culiures was indicative of chronic infection. Lang homagenates were
then centrifuged at 14900 rpm for %0 min at 4"C and the supernatants (S8} were stored at —80°C lor guantifi-
caition off tal protein content with Bradionds ass {Bio- BA DY and analysis of infbooratory and vissoe damape
mnarikers.

[5=]
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Table 1. Antibodics wsed for FACS analysis and intracellular siaining are indicated.

Flow cytometry and intracellular cytokines staining.  Mechanical dissociation was used
aighe colks fircm and .l.ntﬂ:mdr sladming was p-ufomwdu dcmﬁmt
Rriclly, afier Fo “.E mdd rovm bangs and E apleen were and dmfmdhﬂ]m

mﬂmﬂmﬂmm&wuqﬂﬁmwmﬂhmnﬂk
(T el pramed (Table 1} im FACS staining buifier {1PHS, 206 FES, 0,2% Ma®gh. Then cells were washed twice, fimed
(PRS 4% lormaldehyade) and resuspended in FACS staining bufler. For intracellubis staining, colls harvested from
lmeges an splesns were washed, incubated 2 hoars with phorbal 12-pyristate 13-acetate (PMA, 10 ng'ml, Sigma)
and lonomydn (1 jsgfml, Epnlﬂﬂhd'zﬂmﬁfﬂﬂlmﬂd[ﬂlﬁdﬁpﬂlﬁfhﬂnmamﬂu
wiere wissheed with FACS staining bufler, and. after Fo trestmwent, colls were incubated with appropriate
dibutions of antibadies from intracellular hmphoid cells F_:ﬁ[ﬁbhﬂ.ﬂdkmm.ﬂmdluinzl'inﬁmmd
permeahilization for cytokine intracellular saining were performed acoording o the mamifactores’s instrnsction.
At -IL-17 A, andi-1L-4 aned anti-1FN -y antibodies wene used. For cach antibady, a control isotype was wsed for
comprensation. Dioublets wene remeved by gating on a plot of farwand-scatter anca versas forward-scatier height.
Acquisition and analyses were performed using FACSCanio cptometer (BD Biosciences) and Flow]o Software
{Tree Star].

Inhibitory treatment inmice. Rl anti-IL-17A monochmal antibody (Cat# 5069230 and isotype control
weere purchased from Biolepend. Animals were treated every 5 days with intraperitoneal (i.p.) mpl.-l:mnnl' 1060 i
mouse of antibodies sarting 10 days post imfection, when chmnic airsays infection was stably seiled

Histological examination.  Murine lngs were romovod, fimed in formalin, and embedded in paraifin,
Comssrutive sections [rom the middle of the free lung bnbes were used foe histolopical and immonahistochemical
cxamination. Sections were collecied and stained by anti-C193 mAb or anti- B2 mAb, Hacmatoxylin and Bosin
(H8E) amd Verhoodl s clastic (WVBC) staiming and were exammined blindly and soored by a pathologist. Histological
s anlysis of marine kings wes performod 1o prade the amount of innaste mwomuns cells infilirstion {mac-
rophapes: and meutrophils) and inllammation severity (evaluating both inmate and adaptive immune cells recrit-
menl, and the extent of abveolar demage). Hisiological examination primarily scored the number of immune cells
{mnoncmmdear codls, such s el amnad lshaia it ol 400,
(st b s cmcmbege ot gl mtrpld et 00
when there were nao o leweer than 19 cells per high-power held (HPED (21 a magnification ol =400), mild {score
J]}hmhﬂnl]:pu'Iﬁmﬂmﬁz}hﬂmﬂtﬂhmIiﬁimrldtrm{uﬂ'nuflﬂﬁu'
1081 e 200 calbs o pwre per HIPE. Hisiologicsl criteria for normal pa chasacieristics inchuded detection of
mo o by a lew mononadear cells per HPF and no or only a lew neutrophils in brenchioli and abeeali
withoul tizsue changes (no interstitial thickening or aggregates of lmphocytic mblirates, and airsays free from
cxmdate . The number of inflammmatory colls, assessed a1 =400 and =< 100 magnification respectively, was scored
and custoamized a5 describeed by Martioo e al®.

VIR waes used lor assessing and quantilying the elastin anchitectare in hang interstitial and peribrochial areas.
ﬂrhﬂihﬂnﬂﬂlﬂmﬂﬁ:mﬂdﬁe&ﬂ:ﬂﬂ:mm..ﬂdhﬂhepﬂhﬂhﬂlﬂiﬂnﬂmh
trealmenl wha scored sach slide veng an arbitrary combined sooring that conmbed the mimbser off
“lamids hmwﬂunahgmmhn[mudmm A fslaned wns il as an fsolated
area of lump’s interstitivm or peribronchizs, where two adiacent elastic fihers were fragmented with interposed
cxcessive conpective Hssae matriz, evahsated mndomby on the cross-section at $0x Three evaluations/hang, were
periormed. The method was extrapolated irom MeLoaghlin st al 1.

CF patients and study design.  Sputum was recovered from 55 CF patienis at the regional CF cenitre off
Lombarda (Fondasione IROCE Ca’ Granda - Ospedale Maggiore Policlinico, Milan, Ttaly).

I hasiom criteria werne al ix after neonatal soreeming or afier somset amd fallowesd snce irth
in the cemtres b} complete dimical history available in hmm:}lhﬂmmu}uﬂrmm
diagnosis d) availability of al kast fowr yeardy spatom culiures for microbiological ascertainment: e) at keast ane
T every e [kl beanst e respiratory unction testpear after the age of 5 years.

Exclugon criteris were i} ﬂllw culture for Burkholderia cepacie comples, methicillin-resistant

SLAPLE, i Slematrophomans maltophilia, iume spp, and i)
acue palmonary exacerbation {APEL APE was determined by the presence of at kast four of the kllowing cri-
bewia: 109 or greater decrease in bascline FEV , imcreased cough or spaiam production, change in sputum char
acier, dyspncs, aclypnes, leves, weighi b, 9% o preater docreases in O, ssturation, new or worsening cracklles

SCOIENTIFIC REPIDETS | 6:25937 | D 101088 sran 25927
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om lang assculiation, or fmdings on chest X-ray consistent with preamonia. The dinical procedures were applied
for usnal care plans. [Tata on age, gender, glir penobype (APS0R homozypous) P asruginoss states and years of
codomization, amd presence of pathogens other than B aerugimoss, were collected. The charcteristics of the CF
padiomis ane sammarized in the Table 51,

CF patients usend 1o evabuate imsrmume markers diloted in PES o a final vl
un'-mf.frnilﬂ]thfw-:mﬂwdu 350 g fosr 10 i st 40 aned SN aollected and stored st — 8070

Human respiratory samples microbiology.  Respirstory samples were plated an choonlate agar with bac-
itracine, Columbia CHA Agar with 5% Sheep Blood, Mannite] salt agar, MacConkey 11 Agar, Copacia Medium
Aggar and Saboursud Dexstrose Agar. Microbic species were identified with MicroScan wary pliss Systen,

Evaluation of markers associated to tissve damage and inflammation.  Muliplex imamunoaszays
(B R} busaeed con Lusimnbnes: techmrhogy woere: sised for the quantification of cptokines, chemokines and growth
fwctors in murine and human samples, according o the mamdacturer’s instroction. & mouse Bio-Mex custom
mix was wsed o analyze KC, IL-1, L4, [L-174, IL-17E IL-21, IL-22, I1-23, and IFM- in morine longs. &
b Bio-Plex cuistom mix was wsed to amalyee 1L, IL-174, IFN -y, The three Boforms of TGFS CTGES,,
TGEL, and TOF-f,) were analyzed with Bio-Blex Pra™ TGP 3-plex panel in murine BAT fuid and lung
homogenates. Data were mexsured on Bie-Plex 200 System and caboulated using Bio-Flex Manager 6.0 and 6.1
saftware. Murine pro-MMP-9 was measured by ELISA (RED DuoSet ELISA Devbopaent System), acconding to
thee: manulfsctiarer s instractions,

Statistics.  Stalistics were performed with GraphPad Prism and B environment for statistical oo

When commparing data st a specific time-point 8 ronparametric two-taked Mann-Whitsey U test was

T compare data in different murine strains and human samples in comparing grosps of patients at different
stage of infection (ree’, “early” and “lae"} a “mmm:mmlﬂfﬂhﬂb}-pﬂh

Dumm tes ocorrect or mltiple comparisons, Incidences of colonization were compared using Fisher cxact fest
Statistical amalyses were considered sipnificant af p - 005,
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‘Trimethoprim-sui famethoxazoie (SXT) is a possibie aiternative for the treatment of community- and hospitai-acquired methi-
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the induction and/or selection of TD-SCVs. In our study, we performed induction, reversion, and competition experiments in
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after long-term exposure. In reversion experiments with clinical and labhoratory TD-SCVg all revertants carried compensating
mutations at the initiaiiy identified mutation site. Competition experiments in vitro and in vivo reveaied a survivai and growth
advantage of the A thyA mutant under low-thymidine availability and SXT exposure although this advantage was less profound
in vivo, Our results show that SXT induces the TD-SCV phenotype after short-term exposure, while long-term exposure selects

for thyA mutations, which provide an advantage for TD-SCVs under specified conditions. Thus, our results further an under-

standing of the dynamic processes occurring during SXT exposure with induction and selection of S. aureus TD-SCVs,

Srqu‘:yl‘mmu aureus is an important human pathogen which
causes a variety of infections in healthy and hospitalized pa-
tients (1). The increase of methid llin-resistant S aureus (MRSA)
isolates not only in hospitals but also in the community threatens
the use of B-lactam antibiotics, which are most efficient for the
treatment of S. aureus infections. Since more than 90% of com-
munity-acquired (CA-MRSA) and hospital acquired (HA-
MRSA) strains are still susceptible to trimethoprim-sulfame-
thoxazole (TMP-SMX, or SXT) (2-5), new attention has been
drawn to this old drug. For example, two recent randomized pla-
cebo-controlled studies evaluated the effect of SXT in skin ab-
scesses after indision and drainage in children and adults mostly
caused by CA-MRSA (6-8). Furthermore, De Angelis et al. sug-
gested the use of SXT and dindamycin as first-line drugs as a
therapeutic option in patients suffering from CA-MRSA infec-
tions (9). In contrast, the role of SXT ininfections assodated with
tissue damage and extracellular available thymidine was ques-
tioned by Proctor (10) because 8. aureuscan bypass the inhibitory
effect of SXT by external uptake of thymidine.

However, if patients were treated with SXT for extended peri-
ods, the emergence of thymidine-dependent (TD) small-colony
variants (SCVs) of & aureus has been reported (11-13). TD-SCVs
were recovered from patients with chronic infections, such as soft
tissue infection, bronchitis, peritonitis, endocarditis, and septice-
mia, and in particular with a high prevalence from the airways of
cystic fibrosis (CF) patients, often in combination withan isogenic
normal phenotype (11, 12, 14, 15). Just recently, Wolter et al.
reported a high prevalence of SCVs in children with CF (24%),
and most of these (95%) were TD-SCVs (16). A detailed charac-
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terization of clinical & aureus TD-SCVs is given in Kahl et al.
(17-19), where special features including gross morphological
changes, impaired cell separation, and altered transcription pat-
terns of important metabolism and virulence genes as well as of
virulence regulators are described. TD-SCVs grow unaffected in
the presence of SXT if TD-SCV's have access to extracellular thy-
midine suchas that present in infected tissues and purulent airway
secretions (13, 20).

The antibacterial effects of SXT are due to the interference of
the drug with the bacterial folate pathway by competitive inhibi-
tion of dihydropteroatesynthase and dihydrofolate reductase, two
proteins involved in the synthesis and conversion of tetrahydro-
folic acid ('THF). THF acts as a cofactor for thymidylate synthase
([TS] thyA), which is essential for the de novo thymidylate biosyn-
thesis (21, 22) required for DNA synthesis and bacterial replica-
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TABLE 1 Analysis of the syt genes from revertant strains in
comparison to genes of thar parent isclates

Poe doved

dlutions were streakad on Calumbia blood agar. Small calonies were
sdected, subcultured, and tested for thymidine auxotrophism ( 11).
Reversion experiments, First, the background frequenc yof mutation
was determined hy S esing the mutation rate of normal SCVeand T
SCVs subjected to tﬁnﬂn treatment (26). Briefly, one bacterial adony
wis pended in 20 ml of BHI broth and incubated overnight at 37°C at

160 rpm. Bacterial cells were collected by centrifugason at 3,000 rpm for
5 min and resuspended in 1 ml of BHI broth, A 100-ul sample of this
suspension was further diuted and plited omto BHI agar plates with and
without riimpin. The same dilutions were plited on MIH agar plates,
whichare lawin thymidine, to test for resersion of TD- SCVs. Afer 48 h,
CFU were enumerated, and the mutation frequency was deserminad by
dividing the number of CFU on the rifampin plises by the number of
bacteriaon BHI agar without rifampin. The reversion frequency was de-
termined & the number of CFU on MH agar.

Competition experiments. To inestigare which conditions would
sebet for TD-SCV s, we perfarmed competition exper iments with the wild

Aucramom e determined by
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tion. We along withothers haveshown that mutations in thyA are
respons ible for thymidine dependency of & awras TD-SCVsand
that the emergence of these SCVs is associated with SXT treatment
(21, 22).

However, untilnow heemergenceof TD-SC Vs has never been
studied systematically, which we aimed to do in this study,

MATERIALS AND METHOD S

Ethics statem ent. Animal studies were condicted according % protocals
approved by the San Raffack Scentific Institute (Mian, Tuly) Institu-
tional Animal Care and Use Commintee (IMCUC) and adherad strictly w0
the lulan Ministry of Hakh guidelines for the use and care of experi-
menul animads

Bacterial strains and plasmids Strains and plismik wed in this
study are Bsted in Table 1. S aweus SH1000, 2 sight- positive ariant
(rbU" Y of S awrens 83254 {23}, and its Aty A mumant {24) were used for
competition experimens. Throe dimical strain puirsof S aurew, consist-
ing of TD-SCV's and the e isogenic 1 phenotype, were iso-
lated from ainway secretioms of CF patients who were treated bng term
with SXT (24).

Mediaand growth conditions, Forcutivation of S aurew, tryptk soy
agar (BD, Heideberg, Germany), Calumbia Nood agar (BD), Mudler-
Hintan (MH) agar {(Heiphs Dr. MaBer GmbH, Eppdheim, Germany),
brain heart Iliuinullnlllihnt Ihlmk. Darmstadt, Germany}, chemi-
ally defined medium © wophisms of SCV's (28), and
L uria-Bertani (LB} brath { BD) were wsed

DNA extraction and sequencing. S aweur cells were lysed with lyso-
stphin (WAK Chemic Medical GmBH, Seeinbach/Ts, Germany). Chro-
maosomal DNA was prepared using a PrestaSpin D kit (Moleym GmbH
and Co. KG, Bremen, Germany). All thyd saquences were choned in the
vector QIO Xa (Qiagen, Hilden, German) using the primers thyA-fed
{TTG AAT TCA TTT GAT GCA GCA TAT CAC) and thyA-rev (TCA
GGA TOC CTACACTOE TATTGGAGO) as described before ( 23) and
sequenced at Furafins MWG Operon (Martineg ied, Germany) using the
primers pQE-for (GTA TCA CGA GGC CCT TTC GTCT yand pQE-rev
{CAT TAC TGG ATCTAT CAA CAG GAG)

Induction of TD-SCVs by SXT. To inducefsdect for TD-SCVy, the
lbaratory S asrens st ain Newman was cultured with SXT (240 pg/ml) in
FH1 troth (10 ml of medium in 100-ml baflled flasks at 160 rpm and
37C) for several days. Afier each overnight (ON) cublre, appropriste

type (WT) and a constricied stable Athpt matant (24). ARer indviduad
overnight cultures of the MhyA mutnt, which is erythro mydin resistant,
and the WT in BHI broth underacrob i conditions {shaking # 160 rpm),
both phenotypes were combined and inocuated %o a fimal optical density
a1 578 nm (O Dy} of 0.1, consisting of 003 OD units of each strain in
fresh medium. The medium was BHI brath (i }without SXTorthymidine,
(i} with 240 ug/ml SXT, {iii}) with 240 jug/ml SXT and 100 jugfml thymi-
dine, and (iv) with 100 pg/ml thymidine, After 24 h,cubtures were trans-
ferred into fresh broth (ODof0.1) with the respective s ubst rases, and 100
wl ofappropriate diluted dlkquots were streaked an Columbia blood agar
with (1o sdect for the mutant) and without erythromycin and on MH agar
htdmrcmnug This procedure was repeated for S days
sion electron microscopy. Samy re prepared forubra.

mt.wn andysis as described previously (18), Ultrathin sections were
sswlized on a wansmisson electron miroscope (Philips EM201)
equipped with a digital imaging system { Ditabis, Plarzheim, Germany),
Narmal and SCV phenatypes of coi were counted on the various im-
ages.

Chrond i del The agar bead chronic pneumo-
mmm&lmuﬂfummi«uwnlm the WT
S @urens SH1000) and the AhyA mutam (27). A starting amountof 5 X
10° AthyA mutant cllWWT bacteria, mived o a 121 ratio, was used for
inchusion in the agar beads prepared according to a method described
previoudy for P2 aerug nosa, with modifications { 28, 29). Braefly, S aweus
strains were cultured in BHI broth with erythromycin (L5 piml) for the
mutant and without erythramycin for the WT overnight at 375, adjusted
1o astarting OD ., of 0.1, grown for anadditional 3 h (SH1000) and S h
{AdyA mutant) to dbow agar bead prepuration. Briefly, the bucteria were
harvested by centrifugation and resuspended in 1 mll of phosphate-buff-
ered saline { PRS; pH 7.4). Bacteria were added w0 9 ml of BHI agar (BD),
prevarmed 10 A5°C This mixture was pipetted forceluly into 150 ml of
heavy minerd ol a145°C and stirred rapidly with a magnet ic stirring bar
for & min at roam temperature, oBowed by coling a1 4°C with continu-
ous sbonw stirring for 38 min. T he cil-agar mintwe wascentrifuged at 4,000
rpm for 20 min o sediment the beads and washed six imes in PES The
sine of the beads was ver ified mi roscopically, and only the preparatom
containing beads of 100 um to 200 um in diameter were used as inoculs
for animal experiments. The number of S aweus CFU in the beads was
determined by plating serial dikutions of the homogenined bacteriabead
suspension an Columb ia blood agar plteswith or without enthramycin
{25 uhimd). The inocubum was preparad by diduting the bead suspension
with PES to 1 X 107 CFU/mL

Groups of 12 to 13 CSTBLS mak mice (20 w0 22 g Charbs River
Labor stories) were infected with 5 X10° CFU of S, aurens as described
previously (27, 30). Afwer anesthesia and exposure of the trachea, mice
were inoculated with 50 pul of agar bead suspension into the lung. Afer
imoculition, all in¢mdons were dosed by suture. Al mice were mai mtained
under specific-pathogen-free conditions in steribe cages, which were put
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-.uziuwnﬂ:l'Tﬂfi:lIh-nﬂr-ﬁ:lﬂ.mm
et with ST { Cotrim-ratiog ll Raticpharm) (20 mg
dhmFmewupumuﬁ
saline as a control by intraperiioneal ingection onoe a day. Antibiotic ireal
memil and dose were celabliseed acconding te previows papers (31, 320
e charys alfteer i ot s nepuessiod andibsoiss treanmsens, the mnme
I were excised, homogen ved, amd plated omin BHI agar plates in the
presemoe amd ahsemor of erytheompon (2.5 pfmi).

The e of the competition mdex (O was caboubated 2 e ratio
bty et ey of Asfged mstant snd W CFU peoowered from the
mnrine: bumgs ot 172 days postindaction, sdusted by the impat ratio of the
mocahemn of cach amimal (i v CI) (29, 33)

Statistical amalywis, Salisoal for the m v cxperimenls
weere: periormisad by Mann Whithey 1 wests for snpaired samnples, uiing
CoraphPad software. Tests were comsiderad statistically spmificant at s sy
miificamce lewed of =0,

RESULTS

SXT-induced S auereis TD-SCVE. To veniy the imgact of SXT on
thie emetpence of TI-SCVE, we set up Indoctkon/seledion exper
iments in witre. Wee triad o seled TI-SCVs by cultivating the
Eaharaary £ aseews Araln Newmman, SHIO00, and LSA300 with
ST (240 pgimi) In BHI broth for several days. (SXT MICs for the
strains wore 038 mygliter, 0.047 mgliter, and 0.064 mgiml). After
Three owernighl collores with SXT, appropriale dilolions were
sreaked on Colamita blood sgar. Small cobonkes were selectsd
and submfiored Only afler several repefitions of these cxperi
menis were we able to lsolate one SCV I simaln Mew-
mean st ol I 5. senes sirain SHI000 of LISAS00, The strain
mewiman S0V Bilked to grow on MH 2par plaies and was deler
mined o be thymidine dependent by anxotrophlsm tesiing. To
conifirm thymidine dependency of this solate also on the molec-
akar leved, we sequenced The died peneof This strain and ideniified
2 eodnt migtation 3 posiion 748 lesding to 2 premature sog
codbon (Table 1). 11 was nod possible o relreve TD-5CVSE directly
alfter ome-CrN cullinre with SXT onagan plates, Thereione, il was ol
possible 1o delermine the exacl dpA motation fregquency. Sinoe
thie beackgrotnd mustation rite of strain Mewman was 9,44 % 100
ordls por pencralion, as delermined (0 throe indopendent capert-
el exsimge Uhe PRGN matatkon ireqoency asssy, we cotikd only
cstimate the Induction freqoency as being approximately bess than
1% 10" gellls per pemeralion.

Primary mutalional svents in derd of TD-SCVE were Cofi-
pensated i revertants 11 i known that dinkcal SCvs ane oflen
nol siable and reverl back to the normal phenotype (34, 35).
Thercfore, we alimed Lo study reversbon of TD-5CWs systermall-
cally. Three conssontive overnipht aaltares in BHT broth of clindcal
TI-5CWs and an in witro-Indooed TD-SCV of siraln Mewman
{Tabde 1) were performeosd. Serial dibotlons of cach passape were
sireaked on Cohamibds blood agar, We were abile 1o recover fever-
tanls for SCVs with paini matations (Table 1) bal not for TI>
SCWs with delelions in ghpd (dala nol shown). 'We tried To esi-
mue ihe: reversion frequency of SCVs by plating ihe samples after
owernipht caltere in addiien to BHI with and withost rifampin
also om MH 3gar to assess reversion frequency. Whille TD-SCVE
are nod able o grow on MH sgar, which conlains small amoants of
thymidine, reverants can grow on this agar. Since SV are im
paired im thelr replication, not all of the SCVs yield high nombers
of hacterta afler overnight cultore. Therefore, il was nol possible
o defermine ihe mustation frequency Tor all TD-SCVs, We were
abde to pet 2 high enongh density for one of the dinkcal TD-3CVE
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with 6.45 x 10* CFU/m. For this TD-5CV we determined a back-
groond maaiion rate ol 1.55 % 107" wilh no growil on MH agar,
From these resulis we catimated the reverslon frequency of this
TO-5CW as belng lower than 1 > 107, Sequence analysts of the
ey penes ol all revertanis revealed second point matatbons ai the
initkally identified mutaiton site kading back (o sghyd of the WT
siraim or Lo 2 novel sequence lesding Lo another amino acld ex-
change (Table 1).

SXT exposure induced the SCV morphologically
in normal 5. anreus cells To analyre the ofeds of SXT on 5
LS, W = mwr{ﬂllm}ﬂnﬂ“!w vz
(24) stralms 1o SXT (240 pgimil). We analyzed the efects on 5.
aureus Morphalogy by light microscopy (sae Fig. 51 In the supple
menial matertal) and by tmpsmission diediron  microscopy
(TEM). In BHI brodh, he AshyA mmilant showed signficantly cn-
Targed cocct with mibitple and partially incompdels cross walls in
contrast to the homogenous morphology of the W (Fig. 1A). If
Uhymddine was added 1o BHI broth, the stees of he coccd de-
creased, with a mixtare of nonmal and entarged cefls in the ma-
Lant, while the phenotype of the WT did nol change (Fig. 15).

with SXT did nod affect the of the TS0
(P 1) bat canmsed endarged cocct with impatred cell dvision in
the WT strain comparsble [o the phenotype of the mutant (Fig.
1C). Forther addiion of thymidine to the medim contalning
SET comssd changes in bath siraims almos! kading back to the
normal morphalopy (Fig 100, The prevalences of nonmesl and
SV phenotypes wene delermined for the respective Images (Tabbe
2). Daring SXT exposure, 46% of coool of the W exhibiled the
SCV phematype, while 0% of the coccd of ihe AdyA mastant
showed this phenotype. Addition of thymidine wnder SXT chal
lenge cassed reversion to the normal phenolype In94% of coccl of
he W amd In 7% of the coccl of Dhe mstant. Using Hghi micro-
scofry analysls (37) of Gram stainings (see Fip. $1in the sapple
meenial matertal), the sies of 100 cooo of three biological repll-
calies of cach condition were measaned and showad e sune o-
fects: the siees of he TD-SCVS were siimilicantly smaller with
additional thymidine in the medinm, with or withoat SXT, whilz
e siceess of Uhe WO calls weere signiflicantly larger winder 537 chal-
Temge, 3 charactenstic which was reverted by the sddition of thy-
midine {Fig. 2).

Addvantage of the AdkyA mulanl onder SXT exposure fn
witro. To assess bodh e rebative fitness of the AdiyA malant com-
jared 1o that of its parent straln and the conditlons which wonld
sedoct for TD-5CVs, we porformed competitlon cxperimenls ox-
posing The Adeed muland and the W straln T 5XT with and
without addmional thymidine i1n BHI broth (Fig. 3). By adding
thymidine to BHI broth, we cxpedied a growth advaniage for the
W nnder SXT clallenge. The W showed a conslderably ligher
growtly rate than the AdivA mutant in BHI broth without SXT
(data mol shown) and comparable growth o that of the Adegd
muland under SXT challenge. As expecliod, the W was e pre-
dominant phenoiype nnder three of the foor fesied conditions
(EHI, EHI plus SXT plos thymidine, and BHI plos thymidine)
afler 5 days of sertal subonltures (data not shown). Only ander
low-thymidine condilions, as with BHI brath and SXT exposnne
(BHI phes SXT), the AdyAd mulant cuicompeied the WT and
almost entirely displaced the WT within 5 days of sertal suboul-
tures (Fig. 3).

Advantage of The AdiyA mutant in 2 chronic murine poea
monia model under SXT treatment. To forther Investigle the

mm
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+ SXT -

HAG1 ﬂhnmlmuﬂt% mmdder SKT challenge with and withoot Siyemddine. Strams wene coltused i BHI broth mder SXT
L)

with and withea addisional
diffierent comditions, as follows H.F-I'[.Mng:ﬁc'rfpu:i

EXpET
pu'fwrlummﬁﬁgmupm o the wild-vype (SH1000) and the et (A sirain under

1A o tant, which ks characterived by enlarped coocl with seweral

division planes (A )z BHI broth phos 100 pgiml shymidine, showing that the WT phemotype did not change bmt that the mutant was partially com wilh
l*mnmhmh-zmﬂlﬂmm:ﬂmdﬂqﬂm[&kHlﬂhulhplullnlgfllmuhlldmmmhﬂu rosemnbles
etz sinded Thasse comditions, with murplm Mmmw’HNMLMm{cwmlm & 10 gl thyrmbdine plis 240 il SXT,

‘where adding tymidine 1o SXT challonged bacloria almas reverts bogh

real e fitness of the AdvyA matant in comparison with thal of the
WT under ir vive cond ithons, we performed compeatiton cxperi
menls In 3 chronkc morine modad with or withowmt
SXT tresstmeent (Fig 43, Fird, the WT has a significantly better
fitmess in the murine lang tham the AdeyA mastant. Afler antiblobic
treatmen for 12 days, the lotal nomber of bacleria present In lang
mmples was lower (Fig. 4, lop), indicating the therapeutic benefit
all SXT o reduce bactertal nfection, However, SXT Dreatment was
maore efficient In reducing bactertal counts of the WT tham of the
AsieyA muiland drain. As already observed lor olher pathopens, the
antibotic treatment Giled to completely eradicate chronic infec-
thon wnder these experimental condithons (33). Thios, sipnificant
reduction of the WT population was observed under treated con-
ditbons compared 1o the level of the mntreatesd condition (P <
s), while baclertal counls of the AdeyA mulanl were un
changed. In lerms of the competition Index (CI), the nontreated
groag showsd 2 C1 valoe of 0.95 % 107", ndkating an advantage
of the WT over the AdiyA mutan strain, whereas the treated
group Increased the C1 1o 0.78, resalting In almost comparable

TARLE ? Fregquemcy of nosmmal snd SOV phenotypes of the WT and the
e

S0V phenotypes hack io the nermal

i the WT amd in the mmtant ()

fitmesss beveds of the miatant and the WT under this condition
(Fig- 4, bottom). These resnlts show that during SXT challenge
the fitness of the mutant, but nol of the W, Increased (C1, P <
0,05,

']

.
.
a
N
R i

sipe of coccl determined by OpenCFU

A mitant @rans under difleiemt
M. of cocct (%) for the Indicaled g, | punel s treatmenl. — pymion . 4 . 4 T,
Stratm and B L 1]
plenoiype A nonel  {+tmidine)  (+5XT) (v ihpmidine, + 54T} =0 - = % % - = o #
WT FIG 2 Siee analysis of 5H1000 and the Asnd mutant cocd nnder KT chal
Kol 100 (100) %2 {100) 18540 S00%) enngge with ] witheml thymidine by Hght mmicroscopy. The W and the
Lo af o) 150460 3i6) st i cusl e sinher the ssme Comditions g in tha of
Fig. 1. The owemight calfure was comirifiaged. resuspended in 1 ml of BRHI
Ackyd srain ‘hrothy, and suhjecied io Gram staining amd sz analysis of each 100 cooc nsing
Mormal 3 (18) 1% (5} #iM) M CipenCELL Data ase ghown {or throe biological roplicates with mens and
standand destations. The ol differences In stnes of cocol was calon
S0 14 (B} 14.(52) k(68 ®ix) fased try a gsest £, P < 0,05
THEE aacasmon Antimicoticl Agants and Chematharspy Docember M5 Volume 53 Mumber 17
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FIG § T viera compaotition ssay of the 5H 1000 WT and the A doed metani andos low ime comdivioms (im BH broth), Afer individeal overniphi colbanes
i LHT Bsronih {37 el 10 e, i st woeere oo il i amd] InssomiLatesd i & fimaal ol {1 | cons stimg of 0,05 O nniis of sk straim infresh medism (BH1
ﬁnmwmmullhdmh‘mmeﬂhdmmm: (0D off 1) was tramsferved indo fresh mediom. One bmndred
mﬁrwﬂﬂuhill} " o 90 %) were sireaked an Cobambia Hood (B3, om which all bacleria , oin Codambia blood agr with

+Eryh. on uﬂdim?r&tl‘mpmmdmm Hintem agar (M), which allows of ondy the WT and nod of the metamt, which

moweds dine. CFLmd wes &

The raiio of ithe of the SH 1000 Aslrpd mastat CFL 8o thesmmiber

mmnmwmnmmuuppﬁm the Ialulhd'lhﬂ\"l'md mmtant. At the beginning cnly low nambers of the mmiant were

deteriies] om coltores plaked on Colombia blood agar with
18 % W7 CFU, while afier ﬂmdmm maoee CFU ofthe ottt

commprared Lo nusnbers of the W plated an Mueller- Hinton agar (500 % 107 GFU versas

thean of the WT were cultmned (1.3 3 107 CFU wersns 8.0 % 10" CFU, Indicating

it the mestant smicommpeted the WT ender these conditions. To in T4, tme: period day 1 1o day 5 of coimmbation..

DESCUSSION
For more ihan 2 decade, i has been shown ihal the emerpence of
5 awrews TIMSCVS s assoclated with prolonged SXT treatment
(11} However, the reasons why T1-5Cvs emenge and why they
are espectally assoctied with chronic 5. asrews infeciions ane mol
known. This stndy showed for the first Ome thal SXT exposare
indnced, sdbectiad, and comlerred 3 marvival and prowth advaniage
o TD-SCVs i low-thymidine-coniaiming envirommenis and il
mastationsl inactivation of diyA Is the molecular mechanism lead
g 1o the chinkcal TD-SCV phenotype.
Having shown earlier thal nmalations in shyd cmsed macivity
of the prolein (24), we aimed 1o nduce TS0V with doed mo
talkong i wvire by SXT challenge. This was only possible after
profonged exposane of & sweews 1o SXT In BHI broth as shown
hese for (e widaly tied Eboralory S sweas sitaln Newman bt
nol for straim SH 1000 or L1SA %00 Aller several allempls of Indoc
Tom, we tsolated 2 Typlcal TD-5CY which did nol grow on MH
agar and which was thymddine dependent. Such a low mitation
fresquency mighi be due 1o the high filness cosls thal thymidine
dependency canses for the bacleria, indicating that sdeclion of
TI-S0W's roquires kong-lerm exposare. Soch resulls are e
with esarlier shadies in CF patients, which showed thal TT-SCVs wene
Isolaled afler approximeastcly 18 months of SXT treatment (111, The
inshacad TIRSCY in the 5. aurews sirain Bewman carmied 2 poinl
mastation in deyd, keading io a3 premaiore dop codon. Similar
mastations were already seen In climical TD-SCVE (21, 22, 24).

Decpmibser 7015 Wolums 50 Kumtsas 17

The G thal TD-5CVs were isolated Trom patients i wvo who
wede treated with SXT for long perlods (11-13, 16, 24, 36) indi-
cales thal particular condillons seem Lo fEvor the cmerpence of
TI-SCWs. To simulate such clinlcal conditions, we performed
compel lion experiments comparing the W and the A drpd mma-
lanl during SXT caposure in witro and s vive, In e i vitre 2X-
periments, the AdsgA mastant had 2 clear growth and servival ad-
vaniage under SXT exposure compared to thal of the WT In one
ot of fiowr Lested conditons. Only In BHI broth plos 5207, which
comlains bow bl sulliclenl amounts of thymmidine, did e ootz
ousl-compete he WT. Low concenirations of ihymidine, such as
Those present In BHI broth, are supposed 1o beavaltable in chron
Ically Infected tssaes In contrast o conditons in aote Infeclions,
‘wilh karpe amounts of thymidine present doe (o cell detribos, pas,
and DA degradation (200, Only these condiions vored the
sefection of TD-SCVE, I sddition, the b v ol were sip-
poried by our im vive competition experiments.

In the in vive competitlon cxperiments using a chronk pnen-
maonta modd, which compared SXT-Irealed lo nontreled mice,
wee show That the WT was the dominant phenotype in the non-
treated prowp. However, SXT treatment reduced the number of
the WT cells significantly bal nol the mambers of the A dyA mu-
lant colls, indicating an advantage of the motant in this model
under antibiolic treatment. Althouph we established for the first
iime 3 2-week monse preamonks infeciion modd for 5. awnews,
This extended period still seems o be foo shorl to reflact real long:

Mmool Agents and Chematharspy acammong THER
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FIG 4 lo vive competition betwoen the Ay meatant aad the WT 5 awros
sirain in C57RLAS mice. The Ackyd motand and the WT & muros strain
Sllnﬂnmm'huthd in agar beads and nsed 1o Infect 12 to 13 C57RLS
Chronic inkscidon wos sastaimed for 12 days with and withonl
mimﬂhmamwwmldwu!mm
ﬂmhdﬂw&mmleﬂﬂd
cﬂdhﬂrﬁhﬁemﬁd&emﬂan{ﬂudhw
mmmniber ol CFL of the W straim recovered from the hings by the ratio of the
_Mﬂdmﬁﬂlﬁmwmmdh&lﬁmvfrmm
of the Inooslem for each amimal {botiom . Diots represent imdividnal messee
m-ﬂh‘lmal]mﬂmp'ﬂmiﬂr means. A CI of <71 inck
Tor the Ay mrotant in being nednlained in W com
MHIMMMLWMHMM
et e e s oo vy e v et SXCT (%, P
u.ns.'“P-r: 0.1, Mann Whiney itwo talled fest). The reslis show thal
h‘hdﬂthﬂ:ﬂﬂ&mlhm{ﬂhm imcreasad.
etilfametho ek (SXT L

term nfections In homans with CF, which can go on for months
OF C¥ET) YEsirs.

Fhowever, the i wire and i wivo Tesills of oar competithon
cxperiments Indicale that oor resulis can be directly transferred 1o
The in v situalion, in which Ureatment with SXT causes sdeclion
off TD-SCWE al siles where sulliclent amounts of thymidine are
avallable. Fander of al. demonstrated that thymidine i avalkable in
variows homan specimens (30), showing that thymidine b pro-
widod by pras and coll detritus and thereby allows prowih and sur-
vival of TI»5CVaE

Our resalis allow os Lo propose 3 three-step modd for the
dymamics of TD-SCV formation and reverston (Fig. 5). 17 thymi-
dine: avatlabiliy s bow, a5 a1 some infectbon siies, shorl-lenm oal-
lenge by SXT Indoces the formation of SCV phenotypes iIn the
whole 5 sweres population, as shown by TEM (Fig. 1), doe o
Tlacking de sove thymidylate symthests. 11 SXT 18 present for ex-
tended periods, mch condilons will Bvor a thymidine- dependent
phenotype bassd on mndom muotatlons within dhyA, leading 1o
mnzciivity of the T5 profein. Two Lypes of fandions] inactivalion
of dhyA are possible (1) poinl mutations, keading o single amino
ackd substintions, and (1) deletions, leading Lo frameshif or In-
frame muatations. IT5XT expasare is halted (e.g., end of antiblolc
trestmment ), TO-SCVE with podit mristatlons may feven, whille TD-
Vs with deletlons are very unlikely Lo revert, thereby represent

U e e
. = ——

FIGS A moded for the dynamics of TS0V A three - step moded explains the
dynamics of TIN50V formation amd reversion. In a low- thymiding: coviron
el tnesatment with SXT will induce the formation of SCY phesotypes inthe
whok 5. arews poprilation by bl e o mihesls Cote 1.
T types of fonctionall inactiation of seyd are possible: (1) poing mutations,
leading to singhe aming ackd snbstitntions, and (1) deletons, leading to frams
shift o n-Trame mskalbons (sep X). TD-SCVawith poinl mistalions can reverl
ek g th W plsen Whmbh&lv;mmmmﬂi
Mﬂiw.ﬂu‘rﬂ'h revert, therefore representing a stable TT-SCV

Hom (sep ). Once: the strains are no longer exposed g0 SXT, induced
SOV and TE-SCVE with point mmitations reverl back to the WT phenatype.

Ingg a stable TH-SCV population. Once the popalation & no lonper
exposed Lo SXT, phenotypically Induced SCvs reverl back Lo the
WT phenotype while siabile TD-SCVs (with mutations i diyA)
will remeain. However, reatment with SXCT Bvors TI-SCVS in vive
and imvitre, and one could speoalale thal several eplsodes of Lreat-
menl will Jead tooa diversification of the wiole 5. surews popula-
L, This popualation them comsits of WT phemotypes inchading
reveriants with and withoul point mmuatations In sheA and TI-
SO, which can revert or are stable, depending on the underlying
mstational event,

In summeary, onr resabls provide for the first ime clear el
dence that short-term SXT exposure Indoces the TD-5CV pheno-
Type i WT 5 aeervas 2 Uhal long-Lerm exposane drives the se-
lection of mulations In deyeA, resulting In TD-SCVs which have a
sarvival advantage In a specific environment with low Ihfmldlm
availability. Thos, owr resulls help forther anun

dymamic processes of S mweus phenotypic adaplathon and mla:f
ton during SXT challenge.
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e51015, ot 10L.37S 151019 (2014

‘

A mis=s mode of chroric sireEy Infection |s 3 key 2526t In oyslc fAbrosls (OF) reseah, Sihough there are 3 numiber of ConGames regarding the
miodel Bsel. Ety phases of Inflzmimation 3nd iInfection have been witely sludied by using the Pseudomonss SmLginess 30ar-beats mouse
model, while only T Feports have focused on e long-ierm chronic Infecdion i wAvG. The main challenge for long tem ch ok InS2ctian renains
e low bacteral burden by P Sruginoss and Mie low percentage of Infected mics weeks 3fter challenge, Indicating that bacterial cells are

progresshely clesred by the host.

This psper presents = method for aitsining sMicient long-term chronic imfection In mice. This memed ls basad on the embedding of the B

cinic=l sirsins In the Sgar-beads i wirg, foliowed by Inrat=chesl Instiizlon In CSTEVENCH mice. Slateral lung Infection ks
SEsncisted wih Sovers] messurshie fesc-Cuts Including weaight Ices, mortaity, chronic Infection, and INammatory response, The P Semiginass
P73 clinicsl irain was prefamed over the RSO reference Isborsory srein Since B rEsuited In 3 comparztvely lower mortailty, mons GeverE:
lesigns, and higher chronic Infaction. F snugingss colenizstion mey persist In e lung for over three months. Murine lung pathalogy resembles
et of CF palients with advanced chronic puimonany dsesse.

“Thiis mrine mindied most ciosely mimics the course of e human disease and can be used both for shudies on the pathogenesls and for the
EvEuaion of novel therapies.

Video Link

The wideo component of his aricke can be found 3t hpsawa jove comividenS 197

CySiic fbmsis (CF) 5 3 genstic disesse caused iy MUEHons In M cystic Thmsls EnEmemibrans conductence regquiator (CFTR) gene. This
[ENe Encodss for 3 ChioRtE Channel Expressed an Me Merbrane of most apfnellal cels. SmnchiectEs!s, mucus plugging and

DESinucion causSd mainly by FsSutomonss Semgingss Infecticns progressively lean i 5EVEr: [ung disesse and moraify in most af the CF
pslents”. Understanding CF pathogenesis and furher development of novel theraples rely an animal model with charactersic festures of OF
Seversl mice. genescaly modiied for Me Cffr gene. have besn genersted, but IMESHons n e anlfty of MEsE spacies 10 recapihizie CF-ke
lung Msesss 3N ESVEEl OMET OPgSn SCroTTEites $een In CF [ENents NEve Deen wioely documented’,

Deveiopment of infzclion s one of e major challenges In CF animal modsl. The lersture ceary suggests ot 3 chronk: infzctian asting more
e one monh can be achisved only F mice 2 Inoculzied with backers embecded In an iImmoblizing agent such 35 agar, 3gaNss, oF GEawesd
sigin=i=™*_ Thess Immokbilizing agents provids Tie microseniic:anaesbic condfions that allow bactena (o grow In the Sm of mioocoionies,
Emlarty i The growih In e Mucys of CF pasients. This model of chmic Infection lesds 10 e persisiente of the bactena In e [LNgs Causing
sinzy inflamimason and damage’ . However, depending on the mefod used, Tie Baceral siein and e dose Incculaled In e lungs, the

of ehronie Infiected mice and e becieral ioad recoversd In e lungs 3t diSerent ime poings can e considerably, In pariicular, the
min chalienge for long- e chionic Infeclion remains e iow becteral burden by P semgingss and the low percentage of Infected mice wesks
3Er crallenge. ot backensl cells 3P [ROgESENEly cleared by he host. By seiecting Me B Senipngsa RPT3 cinicsl strain fom a
EoliEcson of CF W ElaccesEhully cbtEines iow morzity, More S2vers lesions, and high pemantsge of chmonke infection with 3 stable
b=cieral ix=d up io one month In CS7EIGHCH mice.

This paper detslis e MEMOBIgY foF SMDEcAng B Serugingss IN Me 3030 bests; we nave Infiected mice by Itratracheal InstiEton, messured
i Bctentsi oS 3nd cyiniones N ungs, colect=d EAL fuld 3nd Pistological examination. Cverall, this protocol wil aid researchens In
FIrESEng UNOSmENtsi IMpOr=rt QUestons on amd testing novel Merapies 30anst B asruginoss chnoni intzcton™ !
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Protocol
1. Preparing Bacteria for Chronic Infection (Three and Two Days prior to Mouse Challenge)

i
Z
3

Sefen] the approprisie B asriginess 5iEin o beedied.

Inocutzie 3 loophul of F aeuginess from 3 20 °C ook culure I 2 Tryplcase Soy Agar (TEA) plate and incubate 3t 37 “C cvemight.
Fick & singie colony and Inoculsis Inio 5 mil Trypicase Soy Srclh (T2E) In 3 15 mil snap-capped obe and Incubsis &t 37 "C ovemigit in 2
ShEking Incubsior 3t 200 pm.

Z. Embedding Bacteria in Agar Beads for Chronic Infection (One Day prior to Infection)

1

e pa

£ = m

g

L]
1.
iz

L=
14
L=
16
L

Toke 3 cmal aliguot of Baciens] ovemnight culee. dite 1:50 In phosphsts buSiered s3line (PE) and messure the opiical dencity (00} 3t E00
FHTL

Dl the ovEmight hacestsl cullure by S80ing 2 OO I S New SNSp-Copped ube contsining 20 mi of fiesh TSE.
ncubsis & 37 C for approdmsisly 3-4 hy i iog phese in 3 shaking Inculsion 3t 200 mpm. il 3 ol of 10-15 OO s reached.

In the MEANHME, prepare Me TEA, MSte of TES Wilh 1.5% 5090 3ulncsve 3nd equillvsie = 50 °C In 3 Wy Dsth. Equilbrte 150 mi of
ESUinCizvED heaw minersl ol In 5n Srenmeyer i5sk & 50 -C In 3 WEEr bEmn.

Once B asnginnss MEaches the i0g phase, colect The hecsnsl cels by Centrugsion 3t 2 700 X g for 15 min &t 4 *C and dscard the

Resuspend e bactersl palist n 1 mi of sierlis PSS and vorex homughly I ressspend Me peliet completely
itz 1 1 bactentsl Espension with © mi of Bouid TEA pre-equilbrted 31 50 °C.

Ao the: 10 mi TEAP sempiness miture i hegey minersl ol (pressnmes = 50 °C) and Immedi=tely 5 for & min 2 room i=mpematurs. The
agitation must produce 3 viskhie voriex In he ol

Ciool he mibure o 4 *C, Siiming 3t the minimusm spesd for 35 min (Figure 1)

Fest e agar-beacs-oll mbEmE In ks for 2n sodSonsl 20 min

Tramster the agar-beads Info 50 mi Faicon isbes and cenirfuge 3 2 700 xg for 15 min =2 4°C.

Actrsiely remove minersl ol and wash with siedle PES sy fimes, 36 descrbed in siep 2 11 Afler hree washes, the beads can be pelieied

by Insiead of using e cenifune. Afler the 5t wash, fesuspend the agar-beads In 2030 mi PES:

T 3n aliquot of the hears (Spprodmately 0.5 mi) 3nd scepicaly

Take 100 |4 of e homogenized beads 3nd diksie in 500 i of ciedie PES. Serilly diute 1:10 dosn o 10,

Pisie ertal dilion on TSA plsies. Including undliuied sample down o 10 and incubate pistes 5 37 °C.

MEssUFE i besd diameter using 3n Invere ight micmecope In Seversl eits The bead diameter must be bebween 100200 pim [Figure 1)
Siore the heads ovemnight at 4.

Copynight ©2014 oumal of Wisusitzed Expenments Mi=rch 2014 85 | 51018 |Page2 of 10
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TSA Mineral oil

Mouse challenge

Chronic lung infection

Figurs 1. Cwerview of the agar beads praparstion and mawss Infaction. B seuginess calls ar2 resuspendead in 1 mil of PES and adaed
105 mi of liguid TSA (50 “C). This mixiure Is added o 150 mi hegvy mineral off 3t S0 "C In 3 iask and s@med at high speed for & min at room
fempersiue. Viben he sk s cooled o £ C with 3 siow sBiming for 25 min, the agar soldifies creating beads, and bacteria present In the
miiure @ embedted Inko e agar beads. Dietall of an agar be=d containing becieral cells ks shown (AL After remaving the mineral ol with
several washes wsing siedle PSS, the agar-Deads suspension ks ready for Incculzlion In the lungs of mice by an Intratracheal infection (B). Cllck
reE 10 visw ISR IMEge.

Copyrnight © 2014 Joumal of Visssiized Sxperments Mazrch 2014 | 85 | e51018 [ Page3 of 10
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3. Mice Challenge with Agar-beads

In=tine

1. Count the nummber of Coiony Foming Usis (CFU) on e TSA pisiss i defemmine fhe number of CFLI In fhe sger-besds suspension.
Dilt= the agar-heads wih slede PES in 2-£ x 107 COFLEmi 1o reach 3n opimel Inocuum of -2 x 10° In S0l

2 Anecthefire CSTRISNDT (20-27 g -5 weeks oit) maie mice wilh ketamine (S0 mginl) and xybzine (S mg/mi) in 0.9 % NaCl sdminisierad =t
2 volume: of 002 miig body weight by Intaperfioneal Injeclion.

NOTE: Anesmects |5 consiens Stequsis When e animel Sy S quisly, I UTesponeie i exiemsl Simul, 3nd has const=nt hes and
==

3. Piace ihe mouse I supine poelion. Disinfsc! he cost of he mosss Wil 705 efanol.

4. Expose the iraches by 2 vesical cut of The Skin and inksbss Whe iraches wilh 3 sexe. fede 22 G 0.0 mmx 25 mm LV, caiheler keeping
SHENTON i FEMOVE e Eyiche while moving doen i e Yaches. INses Me cameter not 0o teep iInln ke Taches. Siop Delon: rescing
e CaTing (IurCEton).

5. Immediaisy e 3 voume of 50 of agar bead saspension by 3 1 mi syinge and aiisch I o he calbeier Ganily push he pionger of e
Eyiinge. alowing e best 0 be Impisnied inin e ng_ Ciose The Incision ssing sule cips.

6. Piace the animsl on 3 hesing par sl fuly Sesis.

4. Mice Evaluation

1. {DbSSNVE the mice dally for tinical Signs INCAuing Cost qusity, PoShE. SMbuiSion, SN hyorsSon SSius. Monkor dsily Dody WElght. Mice that
I06E 220F% booy weight MUEt be euthEnzed.
2 Follow Point 5 for coliection of bronchoalveotsr ivage Suld (SAL) and Roints £ or 7 for the coliection of ings and the snayels of total CFU,

histoiogical anaysk. Infammsiony response Ini=me of iotal and dSerenisl cell court In e SAL. oyioidre aralyeis. and myelcpanmddase
(M) oy,

5. BAL Fluid Collection and Analysis

Enihamize fhe mics by GO, Inhailion.
Pliace: fhe mouss In e Supine poeiion. Disinkc fhe eost of e mouss Wil 705 elfanol.

Expos: the IrEches Snd the MOECE c3ge by 3 VENicsl oot of he sin. Sxposs Me kNgs by Culling e daphragm

5= 3 BURIE MVES0 I e Faches LSiNG SNESPErs Snd Nt ihe aches Wi 3 sere. fede 22 q 0.0 mm x 25 mm L cametes.
Pull e iwo £nds of fhe sulsre Thresd in bind the caiheler in e i=aches and knot he Tresd amund e Scthea.

Taie 3 voiume of 1 miof RPWE 1580 ssing 3 1 mi syinge and aiach | i fhe calheier Push the plunger of ihe syinge o wash Me ings and

Immedisi=ly FEcover Tz liquid, Shonng B In 3 15 mi e

NOTE: If cyiniines are i be anakzed, a0d proEsse iInhiDiors i RPM 1640
&. Fepeat hie sep three mes wilh 3 iotal of 3 mil of PG From now on, siore fhe BAL fuld on ice. Go o siep 6 for e collection and anaysis
of lunge.

MOTE: Plesse note tht not 3l of the guid will be nerisved (2.5 mi menomm).

7. FOr QUENSGENon of DEseTs present in e GAL Suld, sample 3 Sl Siuot (300 L), sty diste 1710 I sele PES, pite on TSA plates
and InCubite 3t 37 *C overmight

8. Coumtintl celis USinG SN nveried light Opiicsl MicRsCope dluSng S Slguot of the SAL fiuid 12 Wil TUSATS0USon In 3 Burker cel count
ChEmber.

5. Centifuge fhe Femsining BAL Suid St 530 X g fr 5 min 5t £ °C. THE e SUpSmStsnt for ELISA, cyine analysls, sionng it =t-50 °C. Folos
E8Ep 5. 10-5.13 flor cHMiSrensial el Soun by Cyinepin.

0 lnapeunau.mummmmnmuummmwrmnmmmus

i, Meutrsites wih 3 ml PSS Snd centiuge &t 330 Fghramn s £ °C.

11. DISCar he SUpSmatant and rEsuspend Tie peliet In FEMI 0% 4= Dovine senum (FES). Uise: 3 WOlume st will provice 1 3 10° cells/m,
BEEEd on the ikl cell coumt.

1Z. Piace micscops Slies 3nd MISME IND SpEE S0t In e oyinepin Wil Me camiboard Milers tcing ihe center of the Cyinspin. Fipats
150 pil of £30h E3MpEE Inin e SNpists Welks of e CYDS(in 30 Cenifugs IN 3 CYDCenTiuge =t 300 X g for 5 min.

15. Stain Eld=s by ROMENOWSy SENnG USNg 3 COMMETS K. SCComing i e MEnESChrers IRSnctons Snd 25 descrbed previousty'™.
Folow SIEpE 5.14-5.17 for MPD ScHsy SnEsE.

14, Cenifiugs the remaining volume of SAL 5 330 x g for S min = £ “C. Discant e supematsnt and resuspend e pelist In 250 Wi of

Chiorige [L5% In ulie-pure dsilled waler in vee e cele. The Suspension can be frzen at -20 “C for seversl

dsyE bethre performing the 353w

15. Cenptiups & 15,000 X § Tor 30/min 2t £ "C 3nd 552 N Supemstant o peronm MPO 3553y In S5-well plEtes, 30ng e sample In dupiicate
10 £sch weill and If Nesten, SIS0 PRper SnE of e SETpie.

1&mnmmhmﬁmmmuuﬁﬁmmaammmmmmn

k= piace In e ek for =t kesst S min =nd sl thers | no furiher development In e color.
17. Siop ME MEa080n by 300ng 2 M H.S0, 3na messms he OO 38 450 nm. The 00 vakoe will be dreciy proporions i perEsse aciy.

B pa

£n
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6. Measurement of Bacterial Load in Lung and Cytokine Analysis

1. Immedisisly S%=r AL fuld collieciion, excise Ungs fom he mouse, fnse them In sterlle PES, saparate obes, put tham In 3 round-botiom
‘uihe wilh 2 mil of sierle PSS and siore on lce.

NOTE: ¥ cyfioines 3re i be anshyzed, 300 protesee Inhibitors ho PES 10 the fubes.
2 AsEpicaly NOMOQENiZE lungs, ke 3 Emal iguat (300 i) Som the homogenate, seraly it 1:10 In PES, piate on TSA plates and
Incut=te 3t 37 “C ovemight. Pieses note Mat e totl aireEy bactenal load wil be the sum of the CFLE found in BAL Suid 3nd lung.

3 Ceniifuge fe FEmaining homegensée ot 15,000 x g for 30 min 3t 4 *C. Takea the supematant for ELISA cytokine analyls, and siore 2 -50 °C.
7. Histological Examination

1. Periomm hisiviogical analysis only on fhe ungs In which BAL flukd Fas nok been callecied, 1o prEEENvVe lung 3spect and properties.
2 Eulenize e mouse by GO, Infiskslon.

el mmmmmammmmmwmwwmmmqm

4 Exmss ngs, Fnse hem In PSS, separse the Iobes, put them In 3 uble cortning 510 mi 10% Neusrsl buffered Samalin (43 formalteyde)
30l s 3t 4 T proectes mm ight.

Embed ings In p=rEme, usng GEndsr procedurss.

Cait 5 prm ik seclions using 3 miciome.

St5in slides Wi hemstoxyin 3nd eosin and cover Me Slides Wil 3 COVETSID, SCCoring 50 SENCan procedunes.

Examine sifes USing 30 Invened brightisi micscope Snd SCOUINE IMBgES by CONNECEng the MICTISCODE ba 3 Camen,

¥When the protocol ks Sone comectly, the P serugingss agar-besds will messure bebwesn 100-200 pm and can be obsarved with an Inverted ight
micmscope by pipeling 3 small voilme of the 3gar-besds suspension on 3 5182, Zingle bacteral cals are viskle In the agar baads, as shown In
dessil In Figure 1.

The chaice of B Sonugingss Sirain used In the 3gar-besis prepsration ks criicsl. Figure 2 and Table 1 show Se data obtzined following the
Irsf=ction of mice Wi £ ssrugingss BAD reference Sborstory Strain compared i RET3 clinica Isciste. Mortity, absered within the first 3 days
of Infecsion, ks low for bofh Sirains, bt higher for PAC (Figures 24, and 28). Coreldershie differences In fenms of e parcantags of chonk:
inf=ction In the: suribing mice c3n be cbeened bebwesn A0 and ROT3 challengad mica. While 3t 3 days pestnfection, all mica were sl
inf=cted by bol F senugingss sirsins, after fis me-peint some mice dieaned the bactera and ofers developed 3 stable chronks Infectian. From
7 tovs onaars the percertsge of chronicaly-nfected mice rEMEned stable Up 1o 23 f3ys for both e Straing. PAOA leads o chronic Infsctian In
3 pementsge of mice that ranged between 20-27 8% (Figurs 24, whlle for AE73 the pementage was 75-37.1% (Figurs 2B), Indicaiing that the
P> s=rugingss clinical srain ws more eficient In establishing = Chirank: Infection compared o f1e PAQT Isbaraiory sirain. Numbers of bactesia
3l 3 =y= postintection were higher Tor BACT (5 107 CFLFURG) (Figure 2C and Table 1) compared o RT3 (1.5 % 10° CFLNLNG) (Figune
20, Men tom 7 days onaants, when chmnkc Infecticn wes established, the bakenal load stebillzes 5t bebween 10° and 107 CAung for bos
mmmm:mmmwmmmmmnmmmmmmmm
ioad In the aineays  similar among mice challenged wilh different bacteral strains®

Ofher restt-outs, Including e host Iflsmmstony FEsponse mmmmmmmnmmmlmamum
% chows e INfismmastony FESpons2 In terme of leskocyte recruftment In molse SAL fuld 7 d=ye from challzngs with P

clirical siain embended In 3garbesds. RPT3-inected mice were compared bo uninfaciad mice. ummmmmmmmmls
mecTphages, and iymphocytes. The mumber of total cedls | conslderably Righer In RP73-niscied mica compared b urinfecied mice.,
resutropnils, I paricolsn. SETCSt cOTRistsly SDsentin the SAL fukd of notHnfiected mice. were e Most representzd cellular type In RETI-
Inf=cted mice. INGCSENg 3 considerabie FESponse by e INRGEIE IMmune Systerm to chnankc Infsction.

P4 R

The histopathoiogical analysls of lungs Trom mice, chronically Infiectad with B Scrugingsa RPT3, showe that the Infection ks plur-Socal,
4C nd 4F show cne lobe Mt ks more Imvolved Shan ofher lobes Tt are unafiected or marginally Imuohved (Figures 4B and 4E). Beads can be
cibsenyed In beonchisl lemen and microceieries of bacteal cells are visibie In e bescs (Figures AC and 4F). Lung histopathology In the aneas
involved by infeciion showed Inflammatony lesions In he bronchia and In the pulmanary parenchyma. The branchia were filied by 3 massive
neuimophl Infammaticn surtunding e besds, wheress e parenciyma was Infirsted by macrophages, lymphocyies and some neutraphils.
Hisioiogy 0f 3 Uninfected MOUSS WaE LSed 25 3 control; both parenchyma and bronchia were clear from InSammatory oals (Figuroe 44 and 40),

ComyngM O 2014 Joumal o ViELSIzEd Expenments MIarch 2014 | 85 | 51019 | Page 5 of 10

99



Published paper 1V

}Uve Joumal of Visusikzed Experiments WANL[OVE.COm

A

% WORTALITY, SURVIVAL,
CHROMIC MFECTION AND CLEARAMCE
J

58

STTIIIIT
1 of

»

‘

L3335

3 7 " - a1 " ]
Days post infection Days post infection

[Figure 2. Tme cowrss of P ermgingsa chinic Infaction wilh PAOH refersnce sirain and RPTS clinlcal sfrain. CSTELSNCT (20-22 g)
miaie mice were Infecied by InfrEirachesl Injeciion wilh 1 10 5 X 10 CFU of F senginss siain FADT (A and C) or AFTS (B and D) embedded
In Sgar-bests. For esch Sme-point, hiSQrEmE feprecent he pEmeniage monsity Indeced by bectersmis (o) and Suribal [grey) or the

of snimEE at cesred the Infsclion (s} 3nd Mose shis i estshiish 3 chronkc Imisction (resn) (A and B). Suniing mice were
euantzed 3t the Indicsied Tme-point=:. 3nd the IUNGE Were Manesied homogenized, and cuured on T=A plates i cetemine he tactana oad.
The growth curves of BACA and RET3 sireing I muFne unigs 3ne shown (T 3nd ). Dots represent Indhidisl messurements and haitzontal Ines
represent median valses. Sttisical signiicance by Fieher's st s nclicsied: © p<0 05, < p<0.01, ~~ p<0.001. Click here o view larger Image.
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Mortality %

Chronic infection %

Strain r""""l past (No. of dead/ (No. of infected, In:::‘:"‘;'ﬁ:m
total mice) surviving mice)
PADYL 3 24.2 [16/66) 100 [4/4) 410" (4]
7 0 03] 7.8 (3/18) 130" (%)
W 0 0541 4.1 (13/54) 280" (13)
= 0 0/ 20y 20 {4,20) 1.4%10° (&)
Ty 3 163 (78] 100 [#/8) 1.3%10" {8}
7 0 0/61) J'HE.H.IJ. 4.810° (7}
14 0 /) sy 5.5°10° (25)
= 0 iev/s1) 80 {8/10) 2.7°10" (6}

Tabks 1. Time cowrss of P aemginoss chonic infsction with A0 refersnce sirain end RPTS clinkcal straln. Percentages of moraliy and
off cihmonic: iInfeclion of FAC and RPT3 infiecied mice and number of CRUs per lung (medan) are shown. alues are selecied from 2-4 diferent
m. o, of poied mice analyzed for esch condition. SiEtistical significance by Fishar's fest s Indieated: * p<0l05, “ p<001, =

00 . Clck here 0 view Iaper Image.
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Figure 3. Evalustion of Inflammation in SAL fuld sfisr 7 days of chionic INscSon with RETS clnical strain. (A) The graoh shoas he
COMENT of 10t IELRDoyISs, NELDpNS SN MONDCyES MECTpRE0es FECoversd In Me BAL fuld of RPT3 chronicaly INfecied mice St 7 0sys
i ChalEnge COmpaned 10 Lninfscied mice (Conmi). Mesn values 3nd SEM 3 epresenisd. (B) I Me D below SITOSE INcicsts Nesmphiis
3nd 3 MEsOENEDE 35 5eSn In 3 500t on 3 slide S ovinepin. Clck here 0 visw ISn0er ImEge
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Flgurs £. Hematozyiin 2nd s02in st3ining on histological sectons of lungs afar 7 daye of chronic infection with RPT3 clindcal strain.
The pemsl SNOWS heTEamin 3nd S0Sin SEining of ung S2cI0ns of uninfiecied mice (4 and O 3nd of mice challenged win sgar-beats
mm’ﬂ{&ﬂ.l—;ﬁ.mm & piur-focal and generally Invoives one or more iung obes [T 2nd F). whareas the others are

Imuciead (B and E). Arvowes Indicste agar beads deposked In e bronchial lumen (b). Lines (4, B, C) 250 e lines (D),
E.F:l 1mmmthmhﬂhgﬂiruge

The coicsl sieps In the B ssuginess-beads praparsiion and mouse challengs re Feparied balow:,

The B erugingss SN usad for mice challenge |5 orftical. Moraity, chmnic Infection of clesrance may difier signilcantly depending an mha
Eachentsl sirain wsed for e chaliengs The F Ssugingss RFT3E ciinical svr=in was prefemed aver the PRICT ressnance Isboratory s3rain since
& result=d In 3 comparstively lower monsiity. more Sevens lesions, 3nd higher chronic Infiection. Dinug testing in precinical studies should be
performed Wil P S2uginess siEing salectsd for thelr high efMcency In estanlzhing leng-term chromic InSzctian. This minimizes e number of
micE St T CONSELETt Wi Ihe requirsments of soierafic aistion and stEtstos anatyes

The Indvidesl B senyginess agar-basd preparations vary In skze and in CFUATIL An average diameler of 150 pm wiln 2x 107 CRimi IS
comskiered opimel. Sesd sze i afected by the sBming IEis during the cooling phase (siep 2.5). Beads stimed at top speed are smal and
Ephenical (<50 ) while Mose SImed Very Sowly SrE ISre and SMorphous (=1 mim). In atdtion, when e fnal diulion for challengs |5
prepared, bess W 3 ow bectersl ioad C3n be Eicy while those wilh Nigh Bacteral s can be excasshvey diuted. Inoculatian of mice
Wil SScky beads ks EE0TitEd with Nigh Marsity due in mice chokdng 5000 aNer chalenge, while ExcesEively ditted Dears may resuft In
N 3beEnce of chyonic Infecsion. The GEtimsl Wilme of ITTErsches IRection & 50 pi Dut foher wilumes af up 1o 100 i can be Noculatsd.
mnmnmmumummmmmmm btwean 5 x 10°F and 5 X 10° CFLY

Appmprisie bacteral growih medium mist be used for 3gar beads formation. [N Mis insance. P aenuginoss was embedded In TSA olhar papers
reporisd Mt Eurithoiiens CEN0CENeaCS WaE Included in puirient broth agar ™. Agar beads should provide 3 microanaanoblc environment with
essenti=l nuirients svalisbie for bacteral profferasion from single cells i microglonies®.

FRespirsiony eSort difiers depending on e SNEsthetic and d06e USad, and Sfects mortity afer surgery. KEEmine 3t & dose of 0.1 mg'g body
Wit andyizine 5t 3 dose of (01 Mgy booy welght Sre the opemal cholces. REEPIton |5 Nonal Whan mice ane inubaied wih fie catheter
and visily Snaliower when mice 3 noculsted by F seruqiness 3gar-esds. Ioeally, the Nlacion of B S2mgingss agar-baatk shouk be
pErRormEd Simwly Wil SN OpimEl VoleTE of S i, Higher Volumes Of 1 0 100 i coukd FEsURE In Rgher mortitty ard gressar diculties In mice
recovery. All TGS SIE Sdequatey Infected when cnalienged by INTSTachas] SUNgery.

The F semuginoss RPTE agar best{nduced chonic preumenis indicaies that In his model e Infecion s plur-iecal and generlly Inolves one
o more iung iohes without compromising e enfre Lng. Consequenty, evalistion of bactenal liad and Ifammeiony respanse must be camed
ot on fotsl Ry, The EnSiSis OF SSiectve I0bes 0025 Mot procuce valid resulis. AN Uninfected group of mice should be dded 35 3 control and
0 Infected mice io detect 3Ny POtensal SbnormEkty In oel FECTUBMEN: i BAL fuid or In the hisiology of the lng due b cantEminations
T mistske In M= procedurs. Ths modsl Was est=nished In 3 G5L-2 Bborstony Win 3l [Shorstory personnel Ehould be rEined In Me appropriate
Siilis for MOUSE Chesn=Son. The Mice Wens Monlonsd tice per 43y far Me fliowing parEmeters. pioarecion, Seude. InGomodion, brEsting,
EanEity, NSES SECrElion, qRICINg and SefydrEnon. Mice ihat st <207 Dory Weight and showed evidence of severs cinical diseasa, Guch
B SCPUTy COSE INSCHviEy. 1055 Of Sppedte. poor locometion, O painfl posture, Were euthanized bedors the {ENMTINES0N of he sxperment. Mica
ImSscted Wil F Serugingss RPTS 30er-besds SNowed IOWEr SIgns of dSCOort wilhin thres days rom infection when compared o RacH-
ImSscted mice. ARET TS M point SOMe Mice Cieansd the bEcena and Gihers deveopen 3 SEbie chnonk: Infection, |Zsing up 1 25 daye.
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Vi OsmonsITEed SISt e Moo of Chionis INECTon W Droposs N TS fSper S Shie i Induce 3 SEkie B SSugingss SR Infection In mice.
TNiE MEthind has Desn DPITIZED I 5200y e MISCUEr MECNaNiSTE ENOSnyIng Te PSN00En Wience 3nd nost sefense™"* or for anug tesang
of alinactents] nd SnS-rMsmITSlony moEses - The precinicsl vElisTon Of Mess COTDOUncE I Scoropriste animal mooss |5 Sssental tr
fuiure SeEpesiic Intenveniions T ung infecion: I paliests wilh CF
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Anti-inflammatory action of lipid nanocarrier-delivered Myriocin:
therapeutic potential in Cystic Fibrosis
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Paolo Gasco®, Claudia Musicanti®, Josefina Casas®, Gemma Fabrias*, Riccardo Ghidoni',
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Ynfactions and Cystic Fibrosis Unit, San Rafaele Scientific Institute. Milan, Italy

*manovector S.rl. Turin, Haly

‘Research Unit on BioActive Molecules, Department of Biomedicinal Chemistry, Catalan Instifute
of Advanced Chemistry (IQAC/CSIC), Barcelona, Spain

Abstract
Background—Sphingalipids take part in inwwone response and can inftiste and'or sustain
inflarmmation Various mflawmatory disesses have been associsted with increased ceramide
content, and phanmacologics] reduction of ceramids diminishes inflarpmation damsze i Weg.
Inflawmation snd sasceptibility o microbizl infection are temo elesments in a viclons circla.
F.ecently, sphinsolipid metabolizm imhibitors were uzed to reduce infection. Cystic Fibeosis (CF)
iz characterized by 3 byper-inflanmmation and sn excessive nate mymume responzs, which fails w
eplve imto adaptive mrpunity and to eradicsts acute infection. This rezolts in chromic mfections,
tmng damnage and patient morbidity. Indesd, ceramide camtent in pmcosa invays is hisher in CF
mone models and in patients than in control mice ar bealthy suhjacts.

Methods—The potential of the de move caramide synthesis inhibitor myriocn in CF therapy was
irvestizated in calls and mice models.

Resulis—We waated CF noman respiratory epithelial calls with myriocing an inhibitor of the rate
lmiting ensyme volved i de Aovo ceramide synthesis Serine Pabmitoy] Transferase (SPT). This
ireatment resaltad m reduced basal, az well as THFa -stimuolated. inflanmstion. In tom, THEa
induced an imcresse i SPT in these cells, Imbong de aove sypthesis of ceramide and inflarmmation
in & nordous boop. Farthenmore, npriocin-loaded nanocarrier, injectad inratrachea prios to
F.oerugingsg challense allowed 2 sigmificant reduction of lunz infection and reduced
inflammmation.

© 2013 Elsevzar BV Al rights rasarced.

Carmepording mmthor Paola Signoealli, Daparment of Health Sciencas, Univwsity of Ml San Pacls Hospital, Via A i Fndim &
20142 M, Fraby, Phoea 739 02 50323257, Fax ++30 02 50323247, pacly signoeslliSmimi it
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Conclusion—The presentad dats snsrest thet gt ey sphinsoliped synthesiz i constinmively
enhencad in CF mnooss and that i can be emizared 5= pharmacolorical taresr fior modnletine
inflermmation and restorms sFeciive MnEE ey et sone Dfschen

General significance—3briodn stands 2: 3 poweril imrmmomnodnlaton: szem for

Introduction

‘Sphinzolipids (SPL) 2re 2 broad cle=z of membrane components and sisnsline medisnors
imvolved in cell survivel and fimction It & becomine nressinety apparent that SPL. take
part to inflameration @nd to host nste response mpon infection (1-3). The sphinonkipid
ceramide iz hishly effective in the acivation of inflanenation related ransoription fctors
such 25 WNFAE (4) and APL(T) end in receptors chstenine | sensline upon nflamensrony
stinmla (§). Patients sufferine from chronic mflemmaetion snch 2= imitsble bowel syndrome
(7)., enpinzema hms injory @od choomic obstmictive polmoney disesss (B-100, exhibic
imvessed levels of mmcossl cersmmide 2: compared to conols. A vidions koop relstss the
exressive inflanrnetion to the sosceptibiliny i mirrobisl infertion Hyper-infiammation
azspcistes With the inshiliny to cesr mfactions & thedr sarly stase. 5z well &= o menme the
adapiie mmeme response. thie allowins the chromic estabiizhment of pathosens
comemmites Caramnds scommbation mey demve Som moressed syathesis de move or from
altered metsholizm of complex sphmsolipids snch 2= sphinspnmelin or ghroosphimsolipids.
The role of sphineomyrelinsses. nenival #ad acdic. n misrrmetion hes been exensmel
imvestizsted (11; 12). The hydroby=iz of plasmse membrane sphinsonmeln i responsible for
ceramide-rich membrane platfiormes formstion and required fir siznel trensdoction of
inflsmrrstory stivmla =ach a5 THFe, ILS, INFy (i 8; 13; 14), inwessed vasmlear
permeshility (15; 18) 2z well 2= fior the imemslization of microar=ssioms (13; 17). On the
other Dde only & f=w reports mderscore the volvement of de move syathesis of ceramide
i the mflsmmatony responses (10; 15-20). Thos, empéinsemna hns damsse (10) =nd
Ermmme-reactivity in murine dorsz] hom of the homter spins] cord were redoced by
Fumamizin Bl zn mbibiior of ceramide synihsse (15). Farthermone mice fodine with
hbriocn (A&T), an inhibitor of Sarine Pabmitoy] Trensfersse (SPT), decressed radistion-
indured mflemstion and fwess (21) A recent fndne demonstrated thet redoced de nono
ditrvdroceramids fmpairs bactenisl infection in marrophases (19

Cr=tic Fibrozis (CF) iz an inherited stosoms] receszive disssse cansed by CF
iran=mernbrane condnrisnre resalaior (CFTR) meisnons. CF patent develop mmoms
viscosity, inpaived smopclisny ranspart. byvper- inflamemetion and sevae sheration of 21
Prendomont: aerusmoca Blariolderio ceparia compler, and Stopindocoocus aerews)
remainine the main capse of miorbidity: and moreslin: (24 23). Inflemmesion i= an
indenendent rick Srtor for CF disesse prosression. Even the mminfected CF hm== of fsemsss
or tan vesrs old infens develop 2 patholnsics] nflarmretony condition (26-20). confimmine
the severe momme akisraiion of mmosss I the respiraiony mart

ik Baeins desn. Anihr =onmeripe; rrsbible o PRIC 2015 Teeoer 00
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In mouze models of CF, an age-related acommmlation of ceramids in respiratory epithelium
was @zsociated to the pathological inflammatory state and infection swacaptibility.
Sphinzormrelinaze (%; 30; 31), or ceramide synthase (9) inhibition, or fenretinide an
mbibitor of ceramide foomation fom s preousor dibydro-ceramnde (32), redoced
mflanmration and infection n CF mica.

Similarly, in CF patients, increasad cerarmide content was fmmd in nazal respirabory
epithelivm and longs (30; 33; 34). Amiriptyline, :m mhibitor of acd sphinsomyelmazs used
m 2 phase I smdy, reduced cerarmide levals in the respiratory epithelial cells of Teated
patients and thiz was acconypanied by a significant wres:s m luns fonction (30; 310

In spite of the increased ceramide mass in OF nmacosa, there is no evidence on what is the
rate of ceramide symthesis versus its relesss fom membrans sphinsonryelin. We
lypothesized that preveating de nove sphinselipid synthesis with T could reduce
excessive hmg inflammstion m CF and sllow an efficient mnste response to acote infection.
In this article we demonstrated that by reduces IT-8 and IT.6 releaze in hwman CF
respiratory epithelimn Given the bydrophobiciny of the commpoumd, we sought to daliver
Mbr i vivo, in nmmine sirvvays, by means of Solid Lipid Manoparticles (SLI) (35). We
demaonstratad that Blyr- loadad S1.M are abls to reduce inflammation and infaction in CF
rmice mz.

Materials and Methods
Reagents and Antibodies

M was purchesed from Fermentel LTD (Tsrael), BITT and bovine semm albaredn (BSA)
were Fom Sizms-Aldrich (U5). LHC Basal, LHC-8 w'o gentamicin cultore medis (Giboo,
S}, Pamicillin and strepiomyycin (InviTogen) were purchazed from Life Technologies Italia
{Iizly). Fetal bovine serum (FES) and the chemilominescence system LiteAbLot were
purchazed from EuraClone Life Soenca Divizion (Traly’). Human Fibronectin and Bovine
Collzgen wers fom Becton-Dickinsea Italis (Ttaly). Human and poouss IL-8, IL-§ mind
EDE and Homan THF-o were fom Peprotech (UE). The mynthetic olizomicleotides nsed in
this study were parchazad fam B-Dladical (Traly). All raazents were of the maximal
available purity dezras.

Myriccin stock solution preparation

M powder was waighted and diszolved i DRE0 by warming up at 37°C, to a fina]
conceniraton of 2 mhl Sohrbon was sterile fittered {022 pm pore diarmeter, MNalgens) and
stared at 4°C uwnil weed This stock solution was dilofed in medivm for cell Testment (fnal
treamnent concentration: 10 phd) and in sterile saline for animal westmerts |l reatnent
conceniraton: 420 phl egosl to 11,85 u= of hiyr per mouse).

Myriocin loaded-5olid Lipid Nanoparticles | SLN) used for mice treatment

Trestment of mice with hyr was achieved by uzing hyr-loaded SLIE (MNanovectar sl
Italy) prepared &= pravigusly described (33). SLI loaded with drug were measured for hyr
comtent and 3 1 mAJ Riyr-51M stock solution was prepared. This solation was dihtted 1:12

Ficekin Siagkys dera. Author sommsaript; avzilable m PRC 1015 Jamary 01
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= sierile saline and 75 pl (1.7 pe of My and 8% S1N) were nsed for each monse
adminisiration @b the arwaEyE.

Cell lines and treatmeants

MTT assay

ELISA

IB3-1 cellz, an adenp-gszocizted vime-mensformed umen bronchizl epithelizl cell ne
derived from 2 CF pationt (AF308 W1 2815) and it= isosenic C38 cells, corected by
imsertion of CFTR. have been both obtained fiom LG Promochemn (175) and indly
hfilan Ttshy) Cells were srown in LHC-E medis supplemented with 3% FES. Both olimre
flacks and plates were costed with 2 sobution of LHC-bezsl mediom contamine 35 pe ml
ovine collamen 1 = 'mil hovine semen slxomin snd 10 1= ml homen Shronectn s
desaribed (36). For experiments cells were sesded in § mmit-wells plete or 100 nen peiri
diches 2t 3x107 and 2%106 colls 'plate respactively. Toenty four b sfter seedine. when cells
(20 phd) or vehicle (DRIS0). Eicht b afier My trestment boman THFo (20ne ') was
added to hoth trested and mtrested cell:. Inmbation proceeded for forther 18 b and then
zammles were collecied for snshyess

Cell probifsration was exsmmed I triphcate ssmples by the MTT 2=y &5 previoshy
desoribed (37). Profiferstion mdew reprecents fiold ncresse proliferation over vehicle-remed
cell= &t tme Fero.

Felpzzad IT.-8 and I wers determined in sopermatanty collected from the cell oaltores
ning ELTSA kits acoonding to the mamiactores's instroctions. (Vind Biochem Tishy).
Vilnes were nommslized to 108 cells. EIC and 115 conceniration were determined in bme
hompeenates by ELISA sccondme i memniscinre's insrnciions.

LC-M5 analysis

mEnderds (Wdodecenovisphinsgsine. Wdpdecenmvlsincosisphinepsine. N©
dodecanolephingon phosphordcholins. C17-spninganine (0.2 ool ezch) and C17-
sphineanine- | -phosphate (1] mnol), were prepared and anshzed s reporied (3E)L

Western blotting

Cells were soraped i ice-cold phosphets offered zsline (PEL) contzinime protesses
imbibitors (Funche Ttslia, hfilen Traby) and spom st 1 200 = g for 5 min 2t 4°C. An shopot was
Toiled for & min and stored 2t -20°C. Cytosolic and moclesr extracts were obtzined by ME-
PER: Mnclesr and Cryviople=rmic Exirartion Fessenes (Pisrce 175), accordins to measmfarimer
protocalz. Equsl amount of proteins (20 1= for SPT and 15ps for NF-AE 40us for TE-Ba)
were separated on 102 aoylemide gels by SDE-slecmophoresiz and fransfered omto

Sivckiw Bispkns dess Anfaor =owmere; arbible = PAC 215 Ry 00
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milk in PEE-Tween 0.1% (PBET), the membranes were incuhated (47™Covamight) with
primary antibodies (Ant-Serme Palmitovitransferase. ant-SPTLC 1 and 2, antibodies wera
kindly provided by Dir. T. Homesmarm Tniversity Hospital Zirich, Switzerland; anti [K-Ba
and ant MNE-KE pi3 wers from Calbiochem TS diluted 1:1,000 m PEST-3%: B5A,
followed by incubation (Toom tempersiore2 b with the spproprizte HEP-secondary
antibodies (Tackson Lahoratorias TJS) dihoed 1:10,000 in PEST-3% BSA. The same
membranes ware inrnanoblotted againet f-actin (dihetion 105,000} for data normalization.
Protein: were datected by chemiluminsscance and hands intensity was guantifad by Gel
Do 2000, nsing Cuantity One Software (BioF.ad Life Scieace, TIE).

RMA extraction and quantitative RT-PCR

F2A exciraction and guaniitative F.T-PCE fior murine EC and IL-§ and buman I1-8 and IL-§
were parformed 2z previpushy reparted (39). Hionen SPTLC 1 and 2 transcripts (mBR A
were evahuated by ET-PCE 22 previoasly reparted (400,

Jduasnuely Jouny Yd-HIN

Mice treatment and infection

Fourteen weeks old got-corrected CFTR daficiant mice B4 12082
Cir= ' NCT A FARPCFTR) (zroup EO) and conganic wild-type (Case Westem Reserve
Uhmiversity, Cleveland  Ohio, TT3A) (zroup W) male and female mice were used (41; 42).

Dfce wers housed m filiered cages under specific-pathogen condifions and permmitted
1mlimited access to food and water. Once a deep stage of anesthesia with 222 -
tribromoethanol (Averting Sigme-Aldrich, T75) was reached, M either dissolved in DRSO
or uploaded m SLIV, was intra-raches mstilled by mesns of MicoSprayer® Asrcsolizer -
Blodel TALC, attachad to “FRIF-230 High Pressure Syringe” (Panm-Cennmry Inc., TVE)
Canirol animals wers Tested with the comespondine empty vehicle. The total vohmme
mradoced in hmes was 75 pl, in mice of approsdrmately 30 gy each. This vobume contained
either 11.95 p= of compound monse in 10%eDBI50-5akine sohrtan ar 1.75 pE of compound’
manse in 3%eELM-ssline solution. 24 h after reatment. apimals (oth EXO and WT) were
infactad with 3-10 = 107 CFU of P. gerugingsa strain PAO] pleaktonic cells, 2= pravioushy
dascribed (43). After 18 b post-infection, mice were euthanized apd lonss were perfused
with PFES and homaogenized in 1 ml of PES contaming protease inhibitors (Foche Italia,
Italy). Part of the hms homosenates was centifuged st 13,000 rpm for 30 mimites at 4°C
angd the supsmatants wers stared at —20°C for oytokine anslyziz. The remainins lans
homogenate was divided in two aliquots: one part was hophilized and lipids wers exracted
for LC-WIS anatysis; the other aliquot was serially diluted 1:10 in PBE and plated onto TSA
pletes to determine hmg hacteriz] load. All experiments wess performed with & minivnm of
five animals per sToUp.
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Statistical analysis

Diata significeance was evalusted by mnpaired two-t=lled Smdent t-fest (P 0U05) or 'y one-
way ANOVA followed by the Bosfermom rmiiple comparisons fest when sienificest (P <
0U0Z). Dhata sve expressed 5 mesn =5EAL

1. Myriocin differently affects proliferation of 123 vs C38 cells

To assesz whether IB3 cells (2 cystic fSboosis cell line. AS0E WI2E) and C38 cells (2 c2ll
line derived from TB3_ bt stably expressine the wild-type CFTE) respond to sphineolipid de
movg synthesis inhibitor, we evelnsied the proliferstion raie of cells Teated with AT w
tmireated comtrol cells (DR S0 velncks anly) for differest temes. by mhibitory effect aa
proliferation wes sisnificanthy lowsr (50%) on [B3 with respect to C38 cells st 48 and = 72
b (Fizmre 1A znd B). In order to excinds that sphineolipid synthesiz mhibition was effectins
cell survival, we performed 2 Trypan bloe exclesion test in [B3 and C38 cells treated with
Lbr As chomm in Fizors 1C, percentass of sive cell: wes not sfeced e My Testment =
amy time point (24, 48, T2 h).

2. Inflammation increases ceramide de novo synthesis and Myriocin reduces the
inflammatory response in 1B2 cells

To umderstand the shove reparted different behanionr of the two =il lines upon sphinealipid
de meneo symthesis inhibition. we mesored cearamide m By pre-mested (3 B) and 'or THFa
treated (24 h) cells. First of 2ll, we observed 2 hisher comtent of ceramide in IB3 then in C38
tmstimmlated cells (Fizmre 24). The hisher ceramide level: found in TB3 may accomt for
their reduced sensitivity to the anti-proliferstive effect of sphineolipid synthesis inhibition
(zee Ficore 1 A} Second we observed thet ceramide was elevated by tono folds i THNF
treated TE3 tut mot in C38 cells (Fizme 14), indicatine that o nove synthesis of ceramide i=
by per-stimmlsted in the CFTER. potant calls upon inflerwmetory stiemlation. As expected.
b trestment drastically rednced ceramide levels in both B3 and C38 cell lines. Motshiy,
in THFx stimmilsted TB3 cells, hyr rednced ceramids levels fom 000 = 683 o 187=4607
pmnles ‘me protein. To Srther auzeas the comelstion between sphineplipid de mnae synthesis
and inflawenetony sisnsline. we stmmlsted B3 and C38 cellz with TMNFo and messored
EPT (the sphineplipid syathess rafe-Tmitine erryme. SPT] and 1 sobomits) transoription by
Fesl Teme PCE. THFz induced an incresss i SPT 1 and 2 mBNA levels. Soch an inoresss
was sigmificantty hisher in IB3 then in C38 cells (Fimme 1B). The ranscript Doresse Was
confirmed by &n snsmented protein empreszion of both sobonit of the enmyme (Fizmre 210
and 2 0. We then evainated if sphinsolipid syathesiz inhibition wes sble to modnlsts
Cytolcines reless: upon THFa stimulation TB3 and C38 cells were trested with THFa (24 b,
gither slone ar in combinstion with 2 pre-treammens with M (B ). My sisnificesyr
redured THFz stimmilsted 11.-§ mBEM 4 expression and protein relesse i [B3 cells. wheress
Cytoitnes expreszion and relesss was slishthy sfected m C38 teated cells (Fizme 3 A and
IO IL~6 mAMN A expression wes domes-resnl=ed by M alone both in C38 and TEF cells.
When cell: were stmmilated with THFo, My was able to redoce (shout 2 folds) the IL-§
mBMA inTB3 bat no sisnificent rednction wes observed in C38 cell Bne (Fizure 3 B). IL-§
protein relesse was mot affected by either THFo or by My stimml=tion = C38 cells.
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Whereas By alone did not alter tha levels of seceted IL-6 protein in TB3 calls, it was
effactive m decreasing cyiakines release induced by THFz m B3 (Figure 3 IN).

3. Myriccin downregulates NF-kB activation in I1B2 cells

Human and muorine CF apithelinm was demanstrated to sustam mflawimatory signaling via
MF-KB activation (44-44) Therefore we imvestizgated on Wbt ahility to zler ME-LE
activation in lnman CF epithelial call line. TE3 cells were traated with THFa (24 b} either
alome ar in combinstion with MT pre-treaoment (8 h). Cytozolic fractions were separatad
from muclear fractions. Wi obzerved that THFa-indaced degradstion of the cytosolic Ie-Ba
(the MF-KE inkibitor, Fizre 4 A and B} and moclear acoommilztion of WF-KE pd5 (Figure 4
C and I}, wers both reversed by Mo

4. Myriocin modulates P. seruginosa airways inflammation in Cir™IUNCToN(FABPCFTR)

mice

At the sitn of validatins the rezults obtzined on harean cell lines in an i vive modal,

G S TN F A BPCFTR) mica (B0 and conzenic conmal (W) mice were reated with
Mlyr dissobved in 10% DRSO, by ntra-tracheal micro-sprayer nebulisation for 24 b prior to
infaction with P geruginesa (FAOL) by intra-macheal injection. Animals were sacrificed 13
b after mfeciion iy restment was significantly efactive i reducing linss Car level in
mfacted EO mice (fom 7I2 =9 to 3133 = 6.9 pmoles'me protein) and small reduction was
detected in infected WT mice hmgs (from 784.5 = 80,5 to §12.5 = 120.5 pmolesimg protein)
(Figure 5.

O the contrary, sphingolipid synthezis mbibition was asmociated to 2 redoced EC mBMNA
comtent (Figure § A) 2z wall as in EC protein level (Figars § C), both in KO and in WT mice
hmzs homogenate. [L-§ mEMA was down-modulated by BT in both KO and WT animals
angd IT.~§ protein ralease was reduced in both animal srowps (Fizars § B and Dy
rezpectivaly). All anims] sxperiments have been repaared three times.

5. 5LN delivery of Myriocin enhances its effects on infection and inflammation in murine

ainways

Byt iz hishly lipophilic and poorly sohubles, sven in 2 10% DWSO sohrdon. At the aim of
optimizing hmss delivery and prolonging the effect of the mhibitar by incressing its half-life
in the lunzs, WhT was loaded into 5L and injected as asrasol sohrtbion, by inra-wracheal
rnicrosprayer nefmlisation. 24 h prior to infection with P, geruginosa Animals woers
sarrificed at 18 b post infaction. SLI- mediated Ry delivery enmumed a hish aficacy on
sphingplipid symthesis inhibition a5 demonsrated by 3% or G0% of longs ceramide
reduction in WT and KO infected animals respectively (Figure 7 A). The inkibition of de
meve cerarmide synthasis in CF mouse sirways wes assodisted to 2 marked reduction of
glocosyl-galactosy] ceramide pool. 1o changes were detected in the overall content of
sphingoaryeling (supplementary Figare 1), This suggests that in CF medels, de movo
generated ceramids can be praferantially metsbolized by ghycosylation This hypothesis iz in
line with the ant-mflammatory effsct of mighistat, 20 inkibitor of ceramids sivoosylation,
obtained by Dechacchi and coworkers (39).
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Motshly, SL1- mediated My delivery reduced P osrysiaoss lms colonies § times in trested
ED mested compared 1o mmrested EIO mice while no differenres were fimmed hetween
treated and mtrested WT mice (Fizure 7 B). Sphinsplimed synthesis inhibition vz Ao-
loaded B wes azsocisted to 2 sisnificent redoction in hmes EIC and IL-§ mB3A
expreszion (Fizare 8 A and B Lung EC and 115 protein levels wers similarly dows-
reglatad by Myr hoth in KO and WT infected mice Al snims] sxperiments have heen
repested thres dmes.

Discussion
The role of sphineolipid g aove synthesi: pathwey in inflammation is =5l lareshr
menplored The dats pressntad in this article demonstrate fior the St time thet de move
sphineolipid synthesiz = enhanced dorine nflarenetion @nd 0 i promotes the
production of inflawmsinry medisiors (Fimme 2 @nd 4). In CF mice model we proved that
blockine SPL. de movig symihesic can rednce byper-mflsmmetion fnoorine the recovery of
=n effeciive respanse o P.osrysiong infechion m the respirsiony ract. [t &= Bmporiant to
consider that CF & 2 chromic mflemmetnry disesse. prior o becoms an infeciive chromic
dizesze: notewarthy even CF minfected infants exhibit hich levels of pulmonary
imflesrmstion (27). Hence, it is mendstory to Ome innste ity in CF patients and
infaction stehiliz=tion. From litersture evidences it is clesr that amt= and chromic
inflasmstion modulats sphineolipids and are in o tmed by sphineolipid metsholites (2;
31; 39; 47). Accordinsly, in CF homan cells we showed: 1) 2 hezs] hisher amount of
overcone the sntiproliferative effeo of sphinenlipgd de movwe syathesis inhibition: i) 2
miTessed expression of the raie limitne enzyme of sphincolipid de moo Synthesi mpon
T:Fa stimmlstion (Fisure 2 B). We glso proved that de move sphimeplipid synthesiz
imbibition in thiz cells redoced NF-AE acthvation (Fizure 4) and ILE and 116 relesse (Fiome
3) upon THFo stimmlstion These evidencss demonsiraie the exsience of 2 nomiows loop
betwesn ceramide de e symthesis snd inflewenesion in CF. Gulbin: and collessmes
demonstrated first in CF mice and then in CF lnmen patients thet ishelafion of an acd
imflzsrmestion and infection (31). On the other side n pulmonery infections. rapid acd
shoom to be required for the mtemslizstion clesvenrce of diffrent bartenia nchdine
Pogerusinosa (17; 48). It was glso fnmnd thet infection of acd sphincpemyelinsse deficiont
mice with P. aemeinoss cansed incresssd hacteris] load . cytoicne stom (49) and fnslly
death of the mice (30). Tins the aciviy of a0d sphinconmimes seemns i be regored for 2
proper inflammaiory responss @nd for pathosens dearsnce (48; 51, cestine doubt on 2 lons
systam of the respirstary tract. Perache and co-workers demonstrarsd thet mcres=ed rete of
sphinsolipid de neve synthesis is associsted with nflermstion aad . Enportantty, with 2
mresse 1 the sacrelon of a0d sphinsemelinsse which & responsible for 2 hich relesse of
ceramide in respirstory mmooss of COPD mice. This ceramide contributes o mmoms
thickmess and inflamemation (10). Our bypothesis is thet CFTR. mmtstion possibly by
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mducing endogsnons soess, aszocistes with an enhamced rete of g neve sphinselipid
pymrhesiz and with an increzse in the comtent of ceramdde within the respiratory mocoesz. In
addition to the block of ceramide relesse o secreted sphinsonmyvelinaze activity by
armiriphteline. the comrection of the hyper-stimnlated de nove synthesis, which ray be
responsible of increased sphinsonmelimess activity (10} by hdyr, is able to connteract the
exressive mflammatory reaction npon mfaction and to fSvor bacteria clesrance.

Sphinzolipid targeting for uman therapy has the problem of hydrophobicity of most of the
Imovm metabaolism inhibiters. Lipophilic ceramide was previoushy delivered i vive by
means of posomes camiers (31). Becently, the use of solid lipid nanocarmers was
successflly experienced in monse eve, by external sdministration of eve drops containing
Lbr-loaded SLIM (35). We hare damonsirate that surfactant like containing nanoparticles
allow a good uptake and delivery of M. Comparng the efficacy of the compamd i terms
of cerammide cortent reduction, we observed spprosdmetsly a 7 fold decaesse i the effactive
dmig conceniration when using 3L dalivery in respect to the concentration required wien
Byt was dizzobeed im DRSO and directly dibated into szline. It is feazible that aqueous
suspensions and perhaps dry powder fornmlations of 3L can be used for pulmonsry
mhslation We think that 51 may be a very impartant tool for aay drms targeting
sphingolipid metaboliszm i e,

Supplementary Material

Paafier to Web version on Pubded Ceniral for supplementary material
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Fizmre 1. Mymincn differenty sffect profiferstion of C38 v [B3 ol

Inhibitory effect of kisy (10 phd) on IB3 and C38 cells profiferation at 24 43, T1h
expressad 25 percemtace of proliferetion inhibition in ested v comol (A). Sienificance wes
evainstad by one-way ANOVA 2 reparted in Table 1= w C38 cells. Cell vishility,
calmiated &= percentase of slive v totzl cells in IB3 and C38 cells treated with My (10 phd)
for 24, 48, T2 R (B).

Eiswkew Baveins dess. Anfhy sommerie; srsilsble i AT 2115 heeory 0L

117



Published paper V

Jduasnuely Jouny d-HIN

jdusnuepy Jouyny Yd4-HIN

JduasnUeR] JOuIny d-HIN

Carst ot 2l

Cormmid
[T el LR L

13

B

o

L.

Biedetd

P

om
) L] . .
[ HEHA
Flla A
:
i
-
s ’

ThF

XX

—

=

-

= (-1
v

k=g L] IB1

Pags 15

e e v
PR R e

[ — | ———| [} B o

BT
F«001
. ‘
. ul H
Ll . Ll . "

Fizure I. TFa differenthy indwces de nevo ceramide symthesis in TB3 vr C38 cells

Cer quartitation, by LC-2S analysiz, in IB3 and C38 cells stimulated with THFa (20
neml) either zlone or in combiration with hiyr (10 phd, 8 h pre-trestment) for 24 b
Significance was evaluated by one-way ANOVA (value reporied on the graphs). = * 1=
TrFa-mested and imirearad calls (Bonfarront post-test: P<0.01 and P-=0.001 in C38 and
IB3, respectively) (A). Feal time PCR of 5PT 1 and 2 transcripts in C38 and IB3 cells cells
stimmlated with THFa (20 nz'ml) for 24 hours, IL2 was evaliated &= positive conirol of
T Fa-ndoced imflanwnation. Diata are expressed as fold moes:se of meated cells v
imiraated cells (B). SPT protein exprezzion (SPT1, 3PTI) in IE3 and C38 cells THFa-
treated and umireated for 24 b § actin was nzed as leading control (C). Densitomatric
analyzis of the SPT protein bends normalizsd on the correspoadins B actin valos. Mediem
value of thres ndependsnt experments. Siznifcance was evaluated by one-way ANOVA
[valee reported on the graphs). SPT2: #, v THFo-Testad B3 and miraatad C38 cells.
SPT1: *, wr ToFo-treated C33 cells (Bonferroni post-test P -00.03) ().
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Tﬂg.ﬁlhm in effect on I1-5 snd 11§ transoription and relesse in TNFo—=timmlsted TB3
I1.-5 =nd IT.-6 mPM A expreszion (A snd B, respectively’s and protein relesss (iC and I,
respectively) in [B3 and C38 cells stimmilated with TNFo (20 ne'mil) either slone or in
combination with hyz (10 phd 2 b pre-restment) fior 24 b Sienificance was evelnsted by
ome-wEy ANV A (valoe reported on the sraphs), Panel 4 C: = w THFo-mested cellz (P
<10.001, Bonfermoni post-test). Panel B, I = *_ 1z THFo-trested and untrested cells,
respectively (P03, Bonfermoni post-fest).
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Fizure 4. Myriocn effect on NF-LB sctivation in TNFo—stimulsted IB3

IE3 cells stimulated with THFa (20 ng'ml) for 24 b Western blotting evalustion of I-kE
fram cytosalic exracts, compared to B-actin expression (4. OD fam optics] densitomemy
of 3 independent experiments was reparted (B). Westem blotting svaheation of WF-LB pf5
from moclear extracts, compared to histone H3. Significance was evalosted by one-way
AMOWA (vahie reported on the graphs, P<0.001, Bonfarrani post-test).
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Fiznre 5. Mmiocn effect on ceremide lone comtent snd infection m KD and WT mice

Cer quantitation by LC-3IS anshziz in B0 and WT mice trested (or matrested DA S0
wehicle only) with DRIS0-solved hvr (1195 pe of My monse hmes) 24 b prior to infection
with P. aerusimose Animsl wess samificed 18 b post infection Sienificence was evalnsied
b umpeired too-tziled Smdent t-fest = 1T unireated mhice
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EC and IL-§ mBMA axpression (A and B, respectively) and bang protein comtent (C and D),
respectivaly) im IO and WT mice treated with DRIS0-solved T (1195 pe of My mouze
hmzs) 24 h priar to infection with P. aeruginaza (PAOL). Animals were sacrificed 18 h post
mfaction mBEMA vahes sre expressed as fold change vz or (untreatsd mice). Proteim values
are expressed s fold increase vr or. Significance was evaluated by mpaived tom-tailed
Smdent t-test. =, 10 OF mucE.
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Fiznre 7. Mimiocn-5LN effect on ceramide and infection in KO snd WT msice
ED znd WT mice treated with Myr-SLM (1.7 pe of M monss e} or unirested (smpty
SLM), 24 h prior to infection with P asruginose (PAOT). Animsls were sacrificed 18 b post
mfection Cer quantitation by LC-M5 anshyzis (A). PAO] colonies formation ss=ay fiom
mes homorenste of mfsried FIO and WT mice trested or mivested (B). Sienificance was
evainsted by unpeied two-tailed Stodent t-test = v oivested mice.
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%B.Hﬂm—ﬂ.ﬂ' in effect on K and IT.-§ transcription and relesse in PAD]-mfected hng
and WT mice

EO znd WT mice reated with Bbr-5L1 (1.7 ug of Mhr'mouss hmes) or untraated (smpty
ELI), 24 b prior to infection with P. asruginosa (PAOT). Animals wers sacrificed 18 b post
mfaction EC and IL-§ mEMA expreszion (A and B, respectively) and langs protein content
(C and D, respectively) in KO and WT mice. mPMA vahies are expressed as fold changze v
o (umrested mice). Protein values are expressed &= fold increase vs or. Significance was
evaluated v mnpaired too-tailed Student t-test. = v ot
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