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2 . Abstract

Background: Cystic fibrosis (CF) lung infection is a complex cdrmah where
opportunistic pathogens and defective immune system cooperate in developing a
constant cycle of infection and inflammation. Despite the polymicrobial nature of
this pathology, Pseudomonas aeruginosa considered the major pathogen.
Several mecanisms contribute to its successful colonization of CF airways;
among these, virulence factors are important players. fhlesisincludes two
studies aimed to evaluate aspect® oheruginosanteraction with both host and
other microorganisms, likine emerging pathogeAchromobacter xylosoxidans

PROJECT 1 - Role of Pseudomonas aeruginosa virulence factors on lung
inflammatory response: an in vivo imaging approach

Methods: Pyocyanin, pyoverdine and proteases were measured in bacterial
culture supernatd. Lung inflammatory respons® bacterial exoproductaas
monitored by in vivo imaging in wildype and CFTRknockout mice expressing
luciferase gene under control afbovine IL-8 promoter, and by evaluation of
immune cells and cytokines in bronchoallsedavage.

Results: P. aeruginosagrown in presence of stibhibitory doses of macrolides
azithromycin and clarithromycin showed diminished levels of the secreted
virulence factors. Intratracheal challenge with culture supernatant induced a
strong inflamnatory response in mouse lungs, while lack of virulence factors
corresponded to reduction of inflammation. Particularly, inactivation of bacterial
proteases by human matrix metalloprotease inhibitors llomastat and Marimastat
also resulted in decreased lumgflammation, similarly to what previously
observed with macrolides.

Conclusions: Our data suggest that virulence factors are involvedPin
aeruginosapro-inflammatory activity. Particularly, proteases seem to play a
critical role; thus, their inhibitiorpotentially represents an additional therapeutic
approach foP. aeruginosanfected CF patients.

PROJECT 2 - Adaptive microbial interactions between Pseudomonas aeruginosa
and Achromobacter xylosoxidans

Methods: P. aeruginosandA. xylosoxidanglinical isolates were longitudinally
collected from a chronically emfected patient. Genotypic analysis was
performed by pulsifield gel electrophoresis. Phenotype was evaluated in terms
of colony morphology, gwth rate, adhesion abilitypiofilm formation and
protease secretion

Results: The patient wasolonizedwith the same clonetypes for 3 years. During
this time, P. aeruginosaunderwent phenotypic evolution whik. xylosoxidans
showed no phenotypic changeA. xylosoxidanscould initially affect P.
aeruginosagrowth, adhesionand biofilm formation later, this inhibitory effect
disappeare@nd the two pathogens could form mixed bioflmA. xylosoxidans

MM



proteases dowregulation was observedver time along with P. aeruginosa
increased resistance tttese exoproducts.

Conclusions: During long term cohabitation in CF lungs, initial competitive
interactions betweeA. xylosoxidansand P. aeruginosaseem toevolve towards
reciprocal adaptation, which might represent a survival advantage.

General conclusons: Understanding which mechanisms are primarily involved
in P. aeruginosasuccessful colonization of CF lungs is essentigbrevent the
establishment of chronic infection and find new therapeutic approaches. The
studies here presented contributéhis knowledge, pointing at bacterial virulence
and interspecies interactions as critical players.



3 . Abbreviations

AprA: alkaline protease

ASL.: airway surface liquid

BALF: bronchoalveolar lavagéuid

bIL-8-Luc: bovine IL-8 promoter/luciferase reporter
CF: cystic fibrosis

CFTR: cystic fibrosis transmembraocenductanceegulator
DPB: diffuse panbronchiolitis

EMEM: Eaglés minimum essential medium
EPS: exopolysaccharide

FEV1: Forced expiratory volume in tHst second
FVC: forced vital capacity

GFP: greerfluorescent protein

KO: CFTRknockout

IL: interleukin

LB: Luria Bertani medium

LPS: lipopolysaccharide

LasB elastase B

MIC: minimum inhibitory concentration

MMP: matrix metalloprotease

PFGE: pulsedield gel electrophoresis

QS: quorum sensing

TSB: tryptic soy broth

WBC: white blood cells

WT: wild-type



4 . Background
4 . Qystic fibrosis

Epidemiology
Cystic fibrosis (CF) is the most common litereatening recessively inherited
disease in the Caucasian populati@ounting approximately 80.00Gdiagnosed
people in he world Incidence shows widgeographic variations;anging from 1
in 1400 to 600 live births in EuropdéexcludedFinland, where it isare. Other
areas ohigh diffusion ae North America,Austraia and New Zealand, Israel and
Lebanon while it isextremelyrare inAsia, especially in China and Jap@ng. 1).

However, it is likely that CF is undeliagnosed in South America, Africa and
Asia[1].
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Figure 1. CF prevalence and most commorCFTR mutations by country. Birth
prevalence is repted as number of live births per case of CF. Common/important
mutations in each region are listed below the prevalence. The birth prevalence can vary
greatly between ethnic groups in a country. (O'Sullivan BP, Freedmama8Bet2009)

Geneticdefect

Thedisease is caused by mutations in @€l'R (CF transmembrane conductance
regulator) gene, situated in the long arm of chromosome 7 (7q¢f21.3] and
encoding the CFTR protein, which mainly functions as a chlocitgnnel in
exocrine epitheliaUp to date, over 2000 differe@FTR mutations have been
identified (www.genet.sickkids.on.¢a causing CFTR dysfunction through a
variety of different mechanisms, categorized in 6 major clg&$gs2). Mutations
belongingto classes 1 to 3 causi@minishedor nonfunctional CFTR protein at
the membranand are associated wisievere CF phenotypes, whikass 4 and 5
mutations are associated with residual CHWe&diated chloride transpoend
milder phenotypesRelatively rovel class 6 mutationare characterized by high
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CFTR turnover at the cell surface, promotiagunctional but unstablmature
CFTR protein4, 5].

Figure 2. Classification of CFTR mutations. Class I: lack of CFTR synthesis; class II:
defective protein processing; class lll: defective channel regulation or gating; class IV:
defective chloride conductance; class V: reduced amount of QFJiBin; class VI:
increased turnover of CFTR chanagkhe cell surface. (Rowe SM, Miller S, Sorscher EJ.

N Engl J Med2005).

CFTRfunctiors

The CFTR channel belongs the superfamily ofABC (ATP binding cassette)
transmembrandransporters It is mainly locatedin the apical membrane of
epithelial cellslining secretory organslthough it is also found in negpithelial
tissues like cardiac myocytes, smooth muscle, erythrocytes and immungs-cells
l1BStruc,tQFTaR liys a 1480 awriorun dgpagibdy e mambr
comprised of two skspan transmembrane domaiMSD1 and MSD2, each
connected to a cytoplasmatic nucleotideding domain (NBD) that hydrolyses
ATP. These two units are connectddrough a regulatorydomain, which is a
unique feature oCFTR withn the ABC superfamily{12, 13] CFTR gatingis
thought to occurby protein kinase Aphosphorylation ofthe R domainand
recruitment of ATP on the NBDs, that induce conformational changes in the
protein resultingn channel openingnd closing upon ATP hydrolysigig. 3)
[14-16].
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Figure 3. Structure of CFTR channel. CFTR is composed of five domains: two -six
span transmembrane domains (MSDs), twaleotidebinding domains (NBDs), and a
regulatory (R) domain. MSI2 and MSD2 are each bound to a NBD, forming two units
connected through the R domain. The MSDs form the channel pore, phosphorylation of
the R domain determines channel activity, and Aiydrolysis by the NBDs controls
channel gating. (Davidson DJ and Dorin Jpert Reviews in Molecular Medicine
20p1

CFTR has an additional roie the regulation ofcell ionic transportby repressing

the epithelial sodium channdENaC and controllingthe renal outer edullary
potassium channel ROMXKthe outwardly rectifying chloride channel ORCC, the
calciumactivated chloride channel CaCC, the sodium/proton exchanger NHE3,
and an aquaporin chann¢l7-21]. Moreover, CFTR is also involved in
bicarbonatechloride exchange ATP transfey intracellular vesicle transport,
acidification of intracellularorganelles, glutathionextracellular transpartand
inflammation processd22-27].

Clinical manifestations

CFTR absence or lofunctioning leads to insufficient chloridgecretionin the
secretory epithelia, causing excessive reabsorption of ions and water and final
dehydrationand thickeningof secretionsAn exception aresweat glands, where
CFTR channel function is reversad its dysfunctiorproducessweatcontaining
elevated chlorid¢>60mmol/L)and sodium concentratiofd8]. The nameicystic
fibrosisd refers to the characteristic fibrosis and cyst formation within the
pancreas, due to the stasis of viscous pancreatic juices into pancreatic ducts. The
resulting pancreatic insufficiency, observedaimound85% of pdients, leads to
steatorrhea, malabsorption syndrome, malnutrition, hypoproteinemia, and
pancreatitis Pancreatic abnormalities can also causerél&ted diabetes, which

has a prevalence around 25% in patients aged >25 ydackened secretions

also caus liver problems because of bile ducts obstruc¢tieading to cirrhosis

and yellow jaundiceln addition, ionic imbalance in the biliary tract may lead to
increased risk of gall stone and hepatobiliary dis¢28p Early gastrointestinal
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manifestations include meconium ileus, occurring iR1Z@6 of patients within

the first days of lifg30]. Around 9798% of male patientare infertile because of
atrophic or absent vasa deferentia, whilertility problems due to thickened
cervical mucusaffect 25% of CFfemales[31, 32] While CF is a multiorgan
disease pulmonaryinvolvementis the major cause of morbidity and ultimate
mortality. Thickened mucus obstructs distal airways, promoting bronchiectasis
and bacterial infections, followed by intense neutrophil recruitment. Chronic
infectionsand progressive inflammation favtissue degradatioeading to final

lung failure[33].

4 . [2ung pathophysiology

Pathogenesis

CFTR is expressed in the submucosal glands and the apical surface of ciliated
epithelial cells[34, 35] In normal airways, mucus is constantly cleared by the
mucociliarysystemthanks ¢ airway surface liquidASL) volume autoregulation.
Although pathogenesis of CF lung disease is not completely clear yet, studies
have suggested thaefective chloride and bicarbonate transport, coupled with
altered regulation of sodium transport, leadekcessive reabsorption of sodium
and water from the airway surface liquid, causing dehydration of the mucus layer
and depletion of the periciliary layer, with consequent inability of the cilia to
remove the thickened muci®6]. Mucus stasis promotes airways blockage and
bronchiectasis, andmpairs clearance of inhaled microorganisnielatively

mi nor early infections may induce an
response. Infection persistence leads to chronic inflammation and finally to
progressive loss of lung functighrig. 4) [37, 38}
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Figura 4. The CF pathogenesis cascade in the lunghe mechanism of CF dysfunction
starts with the primary CFTR gene defect, which alters the airway surface volume (ASL)
and leads to bronchiectasis, lung damage by a cycle of inflammreaticb infection, and
ultimate severe lung deficiency. (Amaral MIhurnal of Internal Medicin@015).



Inflammation

Normal airways are protected from infection by host defense system, and airway
macrophages complement epithelial defenses. In the CF ajrwaysn pa mmat i on
begins early in life and may occur independently of infection. Chronic
inflammation mainly characterized by neutrophils recruitmeastthe result of

i ncreased activation of the i npammatory
terminateandes ol ve i npammati on. Il nhi bition of
epithelial cell lines was associated with increased activation of the pro

i npammatory transcription fact erthatNFk B, €
leads to stimulation of neutrophil chemog&s [39-44]. The CF airway contains

large concentrations of several pfron p ammat ory medi dtleor s i ncl

10l,6, -8I, :1117L-33 L-CEBW;CSGE, and  HMGB nly involyv
neutrophil stimulationclearance regulation, oxidative and secretory responses

[44-47]. Particularly, 1l-:8 and Il-17 are strong promoters of neutrophils
recruitment[48, 49] CF airways are alsd ey ci en't i n -regatoy r a | C 0L
molecules including I£10, nitric oxide, and lipoxi#A4, mainly involved in

inflammatory response downregulation and terminafé® 5055]. Thus, an

imbalance in ardinflammatory molecules may be as important as the numerous

proi npammatory pathways for the persisten
hel ping to explain observations of i npami

Neutrophils normally secrete antimicrobial peptideBminate microorganisms
through opsonophagocytosis, trap bacteria in extracellular traps consisting of
extruded DNA, and digest bacteria intracellularly by autophagy. Recent studies
demonstrated that neutrophil phagolysosomes express CFTR, whose ajysence
defect cause abnormal chlorination of engulfed pathogens and impaired microbial
killing [11, 56, 57] In CF, these potentially malfunctioning neutrophils
accumulate in the airways by a combination of excessifhlex and decreased
clearance. Massive amounts of neutrophil chemoattractants are present in CF
airways [58]. Particularly, I-8 concentration inbronchoalveolar lavage fluid
(BALF) has been shown to often cortelavith the concentration of neutrophils

and their product$48]. Neutrophils are usually removed by cough clearance or
alveolar macrophages phagocytosis, but in CF cough clearance is reduced and the
ability of macophages to scavenge apoptotic neutrophils (efferocytosis) also
appears abnormgb9]. Rather than clearance by normal apoptotic mechanisms,
CF neutrophils often undergo necro$@]. Decomposing neutrophils release
large amounts of intracellular cemis: chemoattractants fuel further neutrophils
influx, DNA increases the viscosity of endobronchial secretions, oxidants induce
oxidative stress and promote -8 production, and proteases mainly damage
airways structurg6l, 62] Particularly, neutrophil elastase can disrupt lung tissue,
contribute to mucociliary impairment, support neutrophils influx, hinder
phagocytosis and efferocytosis, and degrade CH®B69]. Detecton of
neutrophil elastase in BALhas been shown to predict early bronchiectasis in CF
children, and its concentration in sputum correlates with FEV1 deldiz&?2].
Recently also macrophages demonstrated to phaycritical role in CF
inflammation process. Macrophages normally phagocyte microbes, microbial
products and cellular debris, and produceipflammatory cytokines in response

to pathogen exposure. In CF, macrophages are present in high concentrations in
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the BALF of young patients, but appear to be dysregulated: differentiation in cell
subtypes is altered, exposure to bacterial lipopolysaccharide sana@xcessive
production of prenflammatory mediators, bacterial killing and efferocytosis
abilities arampaired[10, 59, 7376].

Infection

Ineffective mucociliary clearance and defective innatenune defenses allow
bacterial infection to establish inCF airway. Early acquisition of pathogenic
bacteria anddevebpment ofchronic infectiols are associated with increased
morbidity and mortality Colonization withPseudomonas aerugingsthe most
common pathogen isolated from CF airways, is particularly difficult to eradicate
and is associated with acceleration etlthe in lung function and with poorer
prognosis[77]. Other respiratory pathogens play a role at different stages of the
lung diseaseStaphylococcus aureusnd Haemophilus influenzaare the main
pediatric pathgens, whileBurkholderia cepaciacomplex(Bcc), Achromobacter
xylosoxidans Stenotrophomonas maltophiliand rontuberculous mycobacteria
are mainly found in adultéFig. 5) [78]. Particularly, A. xylosoxidangecently
gained attention as an important emerging pathogercémacause severe chronic
infection associated with lung inflammation and decline of respiratory function
[79-81], further complicated by its innate and acquired multidrug resistance
hindering eradication theragi¢82, 83] Bccis agroup of phenotypically similar
specief the genuBurkholderiathat have been associated with worse outcomes
and survival in CF patients, and heightened mortality following Ilung
transplantabn [84]. Also, anaerobe bacterseemto have a role in exacerbations
[85, 86] In addition to bacterial infectiongyany patientspresent infectionsvith
Aspergillus spand some exhibit the syndrome of allergic bronchamaumary
aspergillosi487].

Prevalence of Respiratory Microorganisms by Age Cohort, 2014
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Figure 5. Prevalence of respiratory CF pathogens by age of patientS. aureusaandH.
influenzaeare the main pediatric pathogens, wifeaeruginosa, B. cepacia complex
Achromobacter sppand S. maltophiliaare mainly found in adults. Multidrug resist&ht
aureusandP. aeruginosaare reported as MRSA and MBEPA, respectively. (US CFF
Patient Registry, Annual Data Rep2f@i14.

Apart from classical pathogens, a large number @foorganisns described as
the ACF microbiomeé hasbeen identified88], and CF lung infection has been
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highlighted as a polymicrobial condition, highly heterogeneous between patient
and fluctuating over timg9]. It is likely that pathogens and commensals could
engage intraand interspecies interactions, acting competitively or synergistically
with each other to gain an adaptive advantage through the production of
antimicrobial chemicals to compete and signal molecules to cooperate, thereby
influencing community composition, resistance to antibiotics, and course of
airway disease[90, 91] Interactions are favored by microbial proximity,
promoted by intraand interspecies caaggregation in biofilm communitid®2,
93Biofilm mode tgfpi gabwixit i omsoniad | iows
form highly organized, structuredggregates attachemh the epithelial surface,
using seHproducel extracelular polymeric substance (EP$dntainingnucleic

acids polysaccharidesand a@her macromolecular components likgoteins,
lipids, biosurfactants, flagella and pilihe EPS matrix imparts both a physical
and chemical robustness to the community by resisting mechanical forces and
decreasing the penetration of toxic chemicals like antibiotics and host defense
molecules [94, 95] Thus, hofilms decrease bacterial susceptibility to
antimicrobial agents, promotirgacterialtoleranceandbr resistace, and favoring

the failure of eradication therapif6].

4 . Bseudomonas aeruginosa

CF arways infection

P. aerughosais a Gramnegative rod that can act as an opportunistic pathogen
causingchronic respimatory infections in more than 50% of CF patients, with
higher prevalence in adulf®7-99]. A period of intermittent, recuent lung
colonization with P. aeruginosais described, when antibiotic treatment can
temporarily eradicate the infection and recolonization with another genotype
occurs [100]. However, a recolonization with the same genotype occurs in
approximately 25% of the patients, probably by bacterial aspiration from the
sinuses in which the bacteria might adapt before infecting the[lLolg 102]

This intermittent colonization phase, which can last for years, sooner or later
transitions into a chronic infectio(Fig. 6). In the lower respiratory tract, the
biofilm mode of growth oP. aeruginosanducesa state of chronic inflammian,

which is unable to clear the infection and causes instead pulmonary dd®age

The gradual decrease in lung function is most likely the result of accumulation of
focal infections over timeg104]. Increased numbeof neutrophils, alveolar
macrophages and T lymphocytes wévand in alveoli of explanted lungs from
infected CF patients[105]. Despite the inflammatory response and intensive
antibiotic therapy, most infections causedmyeruginosapersistfor long time
eventually leanhg to respiratory failure and lung transplantation or dgEg).
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Figure 6. Schematic representation of the typical progression oP.aeruginosa
infection. Different colors represent phylogenetically independraeruginosaclones.
Intermittent colonization can be eredied, and the patients can be negative for
P. aeruginosafor up to several years. The process is repeated until a chronic infection is
established. (Folkesson A et Hiature Review2012

Genotypic and Ipenotypic diversification of. aeruginosaoccus both in the
lungs and in the paranasal sinyseigh emergence of alginate hyperprodg;i
mucoid isolategFig. 7)[101, 107, 108] The most common mutations responsible
for the mucoid conversion are foundnmucA which encodes an innenembrane
asso@ted antili-factor [109, 110] MucA normally limits the expression of the
algD operon, which encodes the enzymes required for alginate synthesis, by
sequestering the alternative RNA polymerédactor (2%, encodedby algU (also
known asalgT) [111-115]. Additionally, &% regulates a large number of stress
response and virulen@ssociated genes and is involved in the regulation of
virulence and motility (Fig. 8) [115-118]. The mucoid phenotype has been
associated with biofilm mode of growth, increased endobronetflaimmation
increased antibody resporeed poorer lung functiof119, 120]

Figure 7. Typical morphology of nornrmucoid (left) and mucoid (right) P. aeruginosa
clinical isolates. Mucoid phenotype is due to alginate overproduction. (VeBzé
unpublished).
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Figure 8. Regulation network of MucAT (2 The function of the RNA polymerase
factor (2 is antagonized through protéprotein binding by the anfi-factor MucA.
Mucoid P. aeruginosdsolates often carry knockout mutationsnmicA leaving(?? free

to activate transcriptionf many genes, such as those involved in alginate production and

the responses to heat shock, osmotic stress and oxidative sffeatso negatively
regulates several virulence factors, including flagella, pili, the liymecretion system
(T3SS), Rhlquorum sensing signals, as well as-Bbitrolled rhamnolipids. (Folkesson

A et al,Nature Review2012).

Infections byP. aeruginosaa r e

di fycult to
resist many classes of antibiotics as well as its ability dguiae resistance.
Intrinsic resistance is due to the low permeability of its outer membrane, the
constitutive expression of

treat

me mbr ane
occurrence of an inducible chromosorbdhctamase, AmpC. Acquired resistance
can resul from genetic transfer of resistance genes, or mutations in antibiotic

becaus:

ef p

targets or genes regulating intrinsic resistance mechanisms. Adaptive resistance
occurs when environmental stressing conditions cause a change in gene
expressionresulting inupreguléion of genes that can confer resistaft2l,
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nonmucoid isolates and has been associated with occurrence of hypermutability
[123]. Acquisition of multdrugresistan{MDR) P. aeruginosavas not foundo
be associated witdecline oflung functionin CF patientg§124]; thus,MDR P.

aeruginosas rather a marker of advanced disease than the cause of it.



Interactionswith other bacteria

Given the polymicrobial nature of CF lung infiect, P. aeruginosas often ce
isolated with other microbial species sharing the same environment, both
pathogens and commensals. In the case of chroAid@ctions, this cohabitation

can last for long time; thus, it is likely th&. aeruginosaand its neighbors
residing in the same niche can engage interactions, potentially influencing the
course of infection and therapig), 91].

P. aeruginosanteractions with classical main pathog@wkholderia sppandS.

aureushave extensively been studied. Cooperation betWweeaeruginosaandB.
cenocepaciawas reported: alginate production Wy. aeruginosa mucoid

phenotype contributes tdB. cenocepaciapersistence, cfection of P.
aeruginosaand B. cenocepacian mi ce resul ts I n greater
formation and enhanced i n pausce@ibledr y resp
aeruginossappear s to beneyt Bfcenmcapadiaiteintmeor e r es
same populatiorf125-127]. However, the two species also show competitive
interactions:P. aeruginosacan inhibit Burkholderia spp.by Stype pyocin, a

toxin with antibacterial activityf128]. Interestingly the bactericidal activity of

pyocin is greater in anaerobic conditions, and it is also active against cells in the

bi oyl m mod 4129 I30] (nteractionshbetweeR. aeruginosaand S.
aureusprovide a potetial explanation for the limited isolation &. aureusn

late-stage CF lung diseasP. aeruginosamucAmutants compromis&. aureus

growth, and P. aeruginosaelastase A and tetramic acids exhibit anti
staphylococcal activity131, 132] FurthermoreP. aeruginosajuinolone signals

select for the highly antibiotic resista®t aureusmall colony variants, which are

able to persist viable inside host cqliS83]. This latter ynding i
clinical data indicatig that CF patients with methicilliresistantS. aureushave

poorer outcomes when associated Withaeruginosanfection[134].

As regards interactions with emerging pathogens &kemaltophiliaand A.
xylosoxidas, the available information has lesser extent, mainly due to the recent
identification of these microorganisms as important CF pathogens. Rec&ntly,
maltophilia has been reported to have modulatory activity Ronaeruginosa
virulence in mixed biofilm; dirther investigations will reveal the outcome of this

i nteraction, which might cPo aefuginoseos e | ect i v
alternatively, increase its virulence leading to pulmonary exacerdats&i. Up

to date, studies aboulr. aeruginosapossible interactions witt. xylosoxidans
lack, despite the fragpnt ceisolation of the two mimorganisms from sputum
samplesand the increasing number of patients becoming chronically infected with
A. xylosoxidan$31, 136, 137]

Virulencefactors

Especially during early fiection, P. aeruginosaexpresssa wealth of virulence
factorsexhibiting strong pronflammatory propertieé~ig. 9) [138].
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Figure 9. A multitude of virulence factors are poduced by P. aeruginosa Flagella

and type 4 pili are the main adhesins, T3SS can inject cytotoxins directly into the host
cell, and a wealth of secreted factors have various effects on host. (Gellantly SL and
Hancock REWPathogens and Disea2013.

Flagella and type 4 pili are the main means of motility and adhesion to host
epithelial cells. EaclP. aeruginosacell possesses ansg|l e pol ar bagel |
severaltype 4 pili also localized at a cell pole. The flagellunesponsible of

swimming motility, can bind to host epithelial ganglioside asialoGM1 aad

elicit a strong NFkBme di at ed i n p a niB8Q.tMany ysolateg fsomo n s e

chronic infections demonstr at-eedadatedwnr egul
motility [140]. Type 4 pli are responsible of twitching motility andgether with
pbagella, facilitate swarming mosaidity, a

surfaces [141, 142] Moreover, theycontribute to formation of biofilms,
promoting bacteriaggregatioron target tisses[143, 144] Pili are also involved
in bacterial phagocytosis by macrophagesand pili-deficient mutants
demonstrated reduced viruler{d&5].

LipopolysaccharidéLPS)is a component ahe outer membrane arfths roles in
antigenicity, i npammatory response, excl
mediating interactions with antibiotiqd46]. P. aeruginosaproduces a three

domainLPS consisting of a membrartoundlipid A, a core region, and a highly

variable Qantigen While pentaacylated lipid A form is predominant in

laboratory strains, isolates from chronically infected CF lusigsw hexa and
sometimesheptacy | ated species with increased i
extent of these modiycations appears to
[147]. "O-s p e © polysaccharide israO-antigen variablewhich elicits a strong



antibody responsfl46]. Interestingly, many chronif. aeruginosasolates lose
the expression of thivariable over timglL48].

Type 3 secretin system (T3SS) can injeixins directly into host cells. As such,

its expression is frequently associated with acute invasive infections and has been
linked to increased mortality in infected patie[it49, 150] while T3SS mutants
displayed attenuated virulen¢&51]. Nearly all strains express one of the two
major exotoxins exoU or exoS (rarely bothpaminor exotoxinexoY and exoT

[150, 152] Recently, it was reported that nucleoside diphosphate kinase is also
translocated into host cells by T38%3]. The exact contribution of eadffector

to pathogenesis is unclear, but it is thought that the T3SS may &low
aeruginosato exploit breaches in the epithelial barrier by antagonizing wound
healing during colonizatigrand to promote cell injurfd50].

Quorum sensing (Q¥mall membrangliffusible moleculescalled autoinducers

are the mediators of bacterial coordinated adeptad the lung environment

These molecules are constitutively produced by each bacterium and act as
cofactors of speciyc transcriptional re
threshold concentrationd¥hen the bacterial population increases to a critical

mas (i.e. iquorunt), theconcentrati on of aut ot nducer s
cause activation of specifaownstream genegesulting in a coordinated response

across the entire bacterial population. It is estimated that 10% of genes and more

than 20% of the expressed bacteriabtpome are regulated by $54]. P.
aeruginosaproduces three autoinducets/o acyl homoserine lactoneAKLS)

andthe Pseudomonaguinolone signa(PQS) regulated byLas andRhl systers

[154,155] Cel | survival , bioylm formati on, a
systems; t hus, strains d e yslow eeduced i n any
pathogenicityj149, 156, 157]

P. aeruginosasecretes several proteased)ich can degrade host complement

factors, mucins, surfactant and disrupt tight junctions between epithelial leading to
dissemination of the bacterja56, 158, 159]Alkaline protease (AprA) is a type
lsecreted zinc metall opoot eds eh okt owno mfpd re
proteins a0 Iydam also encdulateninflammatory and immune

responses by reduction of the bioavailability of several cytokines and inhibition of
RANTES [161-164]. In a murine model of sepsi®prA in combination with

exotoxin A administered asianactivated toxoid vaccinrde monstr at ed si gn
protection against subsequent infectionFbyaeruginosg165]. Moreover,AprA

has been shown to degrade freeP.pagel | i
aeruginosato avoid immune detectioil66]. Furthermore AprA has been

reported to proteolytically activatENaC channel contributing to alterfluid

secretion and pathogens clearance in CF airwag3]. P. aeruginosaalso

produces two elastases, LasA and LasB, which are regulat®® byd secried

via type 2 secretion systefh68, 169] LasBis a metdbprotease that caskegrade

lung surfactant proteins A and [170] and causeuptures in the respiratory

epithelium throughtight-junction destruction, increasing epithelial permeability

and facilitating neutrophil recruitme171]. It can also decrease host immune

response througlalteration of key membrane receptors such pioteinase

activated receptor 2 androkinasetype plasnmogen activator receptorand
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inactivation of inflammatory cytokines such as TNEnd IFNo [164, 172, 173]
Interestingly,lasB mutants are less virulent and more susceptible to phagocytosis
[174]. LasA is a serine protegsthought to enhance the proteolytic activity of
LasB [169, 175] Another serine protease is protease IV, whietm degrade
complement proteing, mmunogl obul i n ®&roteaser\degyadationn o g e n .
of host surfactant proteins A and D inhgdiihe association dP. aeruginosawith
alveolar macrophagelelpingP. aeruginosaurvival during infectiorj176].

The bluegreen pigment pyocyanin causes host cells oxidative stress by disrupting
mitochondrial electron transport amzkllular protective mechanisms of host
enzymescatalase superoxide dismutase and glutathione peroxidageé179].
Puriyed pyocyanin can induce apoptosi s
phagocytosis of apoptotic bodies by macrophdd86-182]. It is also able to
modulateIL-2, IL-8 and RANTES expression by airway eplihlecells and
suppress cilia beatin§l83-187]. Moreover, pyocyanin is thought to play a
protective role against the reactive oxygen and nitrogen species produced by
phagocytic cells to induce increased levels afeutrophil elastaseand to
contribute to biofilm formation byromoting extracellular DNA releas§l88

191

The siderophore pyoverdine is both able to sequester iron from host depots and to
act as a signaling metule.lron chelation is a vital papof establishing infections

as the host environment has little free iron due to its own sequestration molecules.
Iron-bound pyoverdinestarts a celburface signaling cascade which directs the
transcription of severalgenes involved in the regulation a#xotoxin A,
endoprotease, anayoverdine itself192, 193] The dual function of pyoverdine

in iron uptake and virulence renders this siderophore essentidP. for
aeruginosanfectivity, as demonstrated in different mouse moddl34, 195]
Pyoverdine production was found to be influenced slkeyeral environmental
signals and regulatory pathways, including oxygen and nutrient avigyiabi
oxidative stressgellular aggregatiofil96, 197]

Exotoxin A inhibits hostell elongation factor 2 (EF2), thereby inhibiting protein
synthesis andeading to cell deathlt is also involved irrepression of the host
immune response anchn induce apoptosi$198-200]. In the presence of iron
ions, exotoxin A expression is upregulated by pyover{i@a].

Lipase and phospholipasean targ@t lipids in the lung surfactant and
phospholipids in host cell membraneqd156]. Surfacants degradation by
phospholipaseauss an increase in surface tensi@91].

4 . Achromobacter xylosoxidans

Infection

Achromobacterspecies are ubiquitous Gramegative bacilli, widely distributed
in aguatic environments and soil, increasingly found in nosocomial setting. They
are opporturstic pathogens in certain populations, such as subjects with CF,
where these microorganisms can survive for long time in both lower and upper
airways [308]. Among CF patients, the most often isolated specie®\.is
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xylosoxidanswhose chronic lung colonizah has been associated with decline in

respiratory function and lung inflammati¢®d, 308, 309] Infection results either

from acquisition from the environment or from direct/indirect transmisi&aA0,

311aln,d is wusually compalciqeuatreedd bmu ltth edriumgn e
carried by these microorganisms. Approximately 50 drsgjstance associated

genes have been predictedAn xylosoxidangype strain, and a rich variety of

mobile genetic elements carrying resistance genes have been idantifiaical

isolates[312, 313] All together, these features characteAzexylosoxidanss an

important emerging CF pathogen.

Virulencefactors

Similar to other grammegative pathogensiAchromobacterspp. express cell
membranebound virulence factordike the Vi capsular polysaccharide, involved

in surface adhesion and protection from phagocytosis and toxins, and-the O
antigen, which elicits host immune respori8&4]. LPS as well induces key
inflammatory cytokineg315]. A. xylosoxidanss also equiped with various
secretion systems that mediate the release of molecules to provide capability for
invasion of the host cell316, 317] but few is known about its exoproducts.
Genome analysis showed the presence of genes encoding colicin V, a protein
cytotoxic to similar bacteria, and AepA, involved in cellulase and protease
regulation [316]. In addition, production of phospholipase C and ability to
inactivate P. aeruginosaquinolone signal molecule were obsern8d8, 319]
Moreover, a heastable cytotmic factor, associated with increase of pro
inflammatory cytokines in vitro, was identifi¢820]. Jakobsen and collegues also
investigated the presence of secreted virulence factors known to be important for
other CF pathogens like. aeruginosabut repoted the absence of extracellular
proteases, chitinase and rhamnoligiBsg .

As regards the biofilm modef-growth, Achromobacterspp. is highly motile
(swimming) via long, peritrichous flagella but lacks twiching matility, which is
considered necessaifpr the development of surfaegtached biofilm, as it
probably contributes to stabilize interactions with the surfa2é]. Indeed, poor
adhesion ability in vitro was report8ll 6]. Reduction of surface attachment over
time of infection was also shown sequential CF clinical isolates, in association
with acquisition of mutations in genes with a presumptive role in surface adhesion
[317, 322] However, a recent study from Nielsen and collegues highlighted
Achromobacterspp. ability to form unattached roloosely attached aggregates,
held together by polysaccharides forming a peripheral shell around the bacterial
cells[322].

4 . Anti-inflammatory therapy in cystic fibrosis

Macrolides

Macrolide antibiotics ar@4-, 15, and 16memberactone monocycleknown to

have antibacterigbroperties(Fig. 10). They bind tothe 23S RNA in the 50S
subunit of the bacterial ribosome, thereby inhibiting protein synthesis and
bacterial growth [202]. In addition, 14 and 15members have also
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immunomodulatory effects.heyact through different mechanisms at the level of
the immune system, ultimately interfering with immune activation and cytekine
production(Fig. 10) [203, 204]

Immunomodulatory Antibacterial

Lymphocyte Neutrophil Macrophage Epithelial cells

| ’ !

< <(

TApoptosis |Superoxides M1->M2 |NF-kB TIntracellular store in
|Proliferation |Pro-inflammatory /Phagocytosis JAP-1 macrophages
cytokines |Pro-inflammatory | Bacterial protein
cytokines synthesis

| Biofilm formation
J/Quorum sensing

Figure 10. Immunomodulatory and antibacterial activity of macrolides. On the host

side, macrolides induce macrophages activation, downregulate lymphocytes, and reduce
the release of primflammatory cytokines from neutrophils and epithelial cells. On the
bacterial side, theyavor phagocytosis and downregulate protein synthesis and biofilm
formation mainly by interfering with quorum sensing system. (Wong EH diaalcet
Respiratory Medicin@014).

Azithromycin is a 15membermacrolide widely usedas lowdose continuous
treatmen in P. aeruginosachronically infected patientsAlthough it has no
bactericidalactivity againstP. aeruginosaseveral clinical investigations have
revealed that azithromycin treatment improves respiratory function and reduces
the occurrence of pulmonarexacerbations and the frequency of courses of
antibiotic therapie$205-208]. It has also been demonstrated that the amounts of
neutrophils and some plasma inflammatory markers are significantly reduced by
azithranycin treatment; these changes are associated with the improvement of
respiratory functiorj209, 210] Although the mechanissrarestill not clear, it is
thought that azithromycin beneficial effects are due to abauation of ant
pseudomonal ansnmunosuppressivactivity [211]. Sulinhibitory azithromycin
concentrationgan downregulate protein synthesisPinaeruginosaand suppress
motlity and production of several virulence factors, including proteases,
pyocyanin, exotoxin A, phospholipase C, and EPR-219]. Azithromycin also
interferes with QSystem downregulatirg the expression of mar@S-depenént
genes, as those encoding pili pagel | um, and oxidative st
[220-222]. Moreover, azithromycircanincreaseP. aeruginosasusceptibility to
serum bactericidal activity, probablyy akering lipopolysaccharides and outer
membrane proteingndto someantimicrobials, and promotalling of stationary
phase a n-tbrmiry i cell [288-227]. Azithromycin has also anti
inflammatory effects indepéent from its antvirulence activity, since it can
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reduce various serum inflammatory markers and increase pulmonary function in
norrinfected patients, although with less extent than in chronically infected
patients[209, 210, 228] Beneyci al effects have so
patients treated with azithromycin for
associated with longer treatment duration, probably dueleeelopment of
bacterial resistande its antivirulence actrity [228, 229]

Clarithromycinis a 14membermacrolideknown to modulatepro-inflammatory
cytokine expression, probably due to downregulation ofesBFand other pro
inflammatory pathway#8, 230, 231]Clarithromycin treatment was evaluated in
several chronic respiratory diseases characterized by airways inflamnhaton.
dose clarithromycin demonstrated clinical effectiveness in treating diffuse
panbronchiolitis (DPB), which shares many similarities in clinical and
pathological characteristics with CF and is often treated witthromycin
another 14membered macrolidgd232-234]. In patients with bronchiectasis,
clarithromycin treanent decreasednflammatory cytokines and leukocytes
number in BALF, exhaled breath condensate and peripheral bjadd, 235]
Moreover, short term clarithromycin administrati@®emonstrated to reduce
chronic airvays hypersecretiof236]. Different studies evaluating clarithromycin
therapy in CF patients were conducted, reporting contrasting results. In a study in
which patients were treated with 250 mg clarithromycin on alternate days for a
year, the treatmentesulted in a marked reduction of cytokine levels in both
sputum and plasma as well as a significant improvement in both FEV1 and FVC
[237]. In contrast, in two studiesxamining daily administration of5 0 0 mg
clarithromycin there was no significardifference inthe pulmonary functia, in
neutrophis number and inflammatory cytokin@s the sputunafter the treatment
[238, 239] In an additional studyusing 15 mg/kg/dayclarithromycin for 3
months, the treatent led to a decrease in acute pulmonary exacerbations and
improvement in clinical statusbut it did not cause a significant fall in
inflammatory cytokine in the BALF of CF patientg240]. Although lowdose
clarithromycin might be more effectives supported by its lodose (200 mg/day)
benefitsin treatment of DPB232], the comparison of the outcomes of these
studies is limited by the differen treatment regimens, drug doses and
formulations,and clinical factors evaluated; thusyther trials are necessaty
assess the effects of clarithromycin treatment in Chema As regardsP.
aeruginosainfection, clarithromycin has no bactericidal activity against the
microorganism, like other macrolides. Nonetheless, it showed toihaNxgtory
activity againstP. aeruginosgrotease expressiotwitching motility and fofilm
maturation, promoting biofilm permeability and favoring penetration of other
antimicrobial agentslike ciprofloxacin and tobramycin[217, 241248]
Clarithromycin formulation asdry powder inhaler (DPI) for eosol
administration is currently under investigatif2d9, 250] At present, the only
antibiotic available as DPI is tobramycirhetefore,clarithromycinrtobramycin

local co-administrationin the airwaysrepresets an interesting therapipr the
treatment of chroni®. aeruginosgulmonary infectiorj251].

H



Protease inhibitors

Excessive and dysregulated secretion of host and bacterial proteases in the CF
lung strongly cotribute to exacerbation of the inflammatory response and lung
damaggFig. 11). Althoughthe main source of protease activity is thought to be
activated neutrophildf became evident thaxogenoud?. aeruginosgproteases
disrupt key host processes by eel means such as activation of cascade
pathways, disruption of cytokinggnaling inactivation of cell receptors and host
protease inhibitor§252]. Therefore, proteas@hibiting moleculescould target

the damaging effects diacterialsecretedproteasedimiting host inflammatory
response and lung damage.
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Figure 11. Proteases in CF airways.The overwhelming of the airway innate anti
protease shield by excessive and dysregulated secretion of host and bacterial proteases in
the CF lung leads to exacerbation of the inflammatory response and lung damage. (Quinn
DJ et al,The Open Respiratory Medi@rlournal2010).

The most poternprotease inhibitors are hydroxamdigsedoroad spectrum matrix
metalloproteas¢MMP) inhibitors, which mimic collagen structure, thus binding
to the enzyme active sisnd inactivating iby chelation of the catalytic zirion.
Interestingly,their inhibitory effect can apply also to bacterial metalloproteases,
as it has been demonstrated Ilymastat(Galardin, GM6001)ability to inhibit
thermolysin andP. aeruginosaelastase[79, 253-257] Illomastat is under
evaluationas treatment for sulfur mustard inhalation igj@nd chemical burns,
ocular implantationgental cariesand as inhaled treatment fdnronic obstructive
pulmonary diseasp@58-262]. Several MMP inhibitorsalsoentered clinical trials
as anticancer agentduring the 9 G50 but their clinical performance was
disappointing[263, 264] The first MMP inhibitor to be clinically tested was
Batimastat, an irnjectable drug Although effective for malignant ascites and
malignant pleural effusiondue to its poor solubility and very low oral
bioavailability trials were stopped during phase ilil favor of thenewer,orally
available analogueMarimasat [265, 266] During clinical trials Marimastat
showed a favorable pharmacokinetic profile, high systemic bioavailability, linear
doseplasma relationship, balanced exavati(75% hepatic, 25% renalgn
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elimination halflife compatible with twicedaily dosing andmodest efficacy in
delaying disease progression; however, significance could not be established due
to doselimiting toxicity, identified with appearance of musculoskeletal symptoms
reversible upon drug discontinuatif#64, 267269].

Targeting of bacterial proteases involved in chronic infection processes such as
dysregulation of the inflammatory response would be a useful addition to CF
therapeutic treatments. Furthermore, unlike traditional antisiotrhich target
fundamental processes thereby creating enormous selection presauires,
protease therapghould be less likely to result in the generation of resistant
pathogen$252].

4 . Mouse models for studyingCF lung inflammation

CF models

CF animal models are powerful tools that enable the study of the mechanisms and
complexities of human disease. Murine models haveraeintrinsic advantages
compared with other animal models, including lower cost, maintenance, and rapid
reproduction rate. Up to date, eleven CF transgenic or knockout mouse models
have been characterized (Tab. [2Y0]. With an overall aminoacid sequence
homology of 78% between murine and human CFTR, these models have
facilitated significant strides in our understanding of this complex disease. The
first lossof-function null murine model (CFTRtm1UNC) was generated by
insertion of a stop codon in exon 10 of the CFTR coding sequence, termed S489X
mutation, in embryonic tem cells[271]. Following this model, many others
knockout models were developed on various genetic backgrounds
(CFTRtm1CAM, CFTRtm1HSC, CFTRtm3BAY, CFTRtm3UTH,
CFTRtm1HGU, CFTRtm1BAY)[272-275, 286] To overcome the limitations
imposed by the severe intestinal disease presented by many knockout strains,
figut-corrected hybrid strains were created using a transgene expressing CFTR
from a promoter specific for the intestingitnelium [307]. In addition to the CF
knockout models, various knoéhk mutants were also developed. Specific- CF
causing mutations were introduced in the endogenous mouse CFTR gene to bear
mice carrying the class Il qF508 (CFTRtm1EUR, CFTRtm1KTH,
CFTRtm2CAM) and G480C (CFTRtm3HGU) mutations, the class Il G551D
(CFTRtm2HGU) mutation, and the class IV R117H (CFTRtm2UTH) mutation
[276-280, 286] However, intramutant variationsn the survival, disease severity,

and pathology of these animals have been reported. Although not a typical CFTR
murine model, thg -ENaC mouse model has also been considered. The channel,
in concert with CFTRmediated chloride secretion, plays an impatrtale in the
proper regulation of ASL volume and in the adequate clearance of inhaled
microorganisms and environmental particulates by the mucociliary sj28di



Table 1. CF mouse moels

Identifier Mutation References
CFTRMUNC Exon 10 replacement [271]
CFTRMICAM Exon 10 replacement [272]
CFTRMHSC Exon 1 replacement [275]
CFTRm3BAY Exon 2 replacement [274]
CFTRm3UTH Exon 4 replacement [286]
CFTRmMIHGU Exon 10 insertion [286]
CFTRMBAY Exon 3 insertion [273]
CFTRM2CAM agF508, exon 10 replacement [278]
CFTRMKTH qF508, exon 10 replacement [277]
CFTRMEUR qF508, exon 10 insertion (hit and run) [276]
CFTRmM2HGU G551D, exon 11 replacement [280]
CFTRm3HCY G480C, exon linsertion (hit and run) [279]
CFTRmM2UTH R117H, exon 4 replacement [286]
Tg(FABPCFTR) ;’giitr;]seglgi(;ne expressil@FTRin intestinal villus [307]
Tg(CCSPScnnib lﬁﬂ?ﬁiﬂe expressiBgnnlhn airway surface [281]

Lung disease in CF model

While the upper respiratory tract of the murine models is representative of the
upper airways of humans with CF, the lower airways represent an entirely
different picture. No CFTR mousemodel develops spontaneous lung
inflammation without challenge, liming their usefulness in thestudy of
pulmonary disease progression in [RF1-273, 275277, 279, 280, 282]The lack

of severe spontaneous lung pathology in these mouse models has been patrtially
attributedto the expressionof a nonCFTR calciumactivatedchloride channel
(CaCC) in certain mouse tissues: @spressiommight rectify the ion imbalance
underlying CF lung diseas@nly a congenic strain of the CFTRYN® mouse
model, termed B&FTRMUNC in which the murineexpressed alternative
chloride channelis absent,was reported talevelop spontaneous lung disease
including impairedmucociliary clearanceandtissuefibrosis evenwhen bred in a
pathogeHrree environment. These congenic mice also displayed ingpametrol

of P. aeruginosainfection [283, 284] The development of chronic pulmonary
inflammation and bacterial persistence has been reported in the "GEYR
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model following intranasal challenge with cepacia with increased neutrophil
counts and cytokine level§285]. Significant pulmonary inflammation and
associated pathology were also induced @FTR™UNC mice following
intratracheal delivery of P. aeruginosaembodied agarose beads[286].
Furthermore, low ATP12A protepump expression levels in CF mice may allow
for normal ASL pH and unimpairedairway host defensesSuch findirgs may
explain why CF mice exhibit increased protection from pulmonary infection
[287].

Lung inflammationmethods andnodels

In vivo studying lung inflammation is essential for the development of new
therapies andbr the characterization of the pathological processes. Frequently in
mouse mode]gnflammation is induced by invasive lung challenge with bacterial
cells or bacterial products with pmoflammatory activity such as LPS.
Inflammation is then monitored bycovery oBALF from the killed animals and

by analyzing the presence of inflammatory markers such as immune cells and
cytokines. Thus, the conventional assessments of inflammation in mice often rely
on invasive ewivo measurements which cause the destkhe animal and are
consequently particularly onerous wherpensivetransgenic mice are utilized.
Moreover, when applied to CF transgenic mice this protocol may not be fully
reproducible, probably due to the heterogeneity of airway inflammation in CF.
Furthermore, although this approach is extensively used and highly validated, it
precludes the possibility to repeat longitudinally the assessment of test animals
[288-290]. However, invitro and invivo new protocts in animal models have
been used to study the mechanism of lung inflammation in chronic diseases and to
evaluate the aninflammatory role of some candidate molecu[@91, 292]
Recently emerging neimvasive imaging technologies such as magnetic
resonance imaging (MRI), mia@T and optical imaging have been applied to
longitudinal monitoring of airway remodeling and inflammation in murine models
[293-296]. The clinical maging system used in MRI, CT and PET, have been
further adapted to murine models of asthf@@3, 297299], to serve as a
preclinical and translational step between basic discovery and clinical practice,
whereas ojtal imaging technologies developed in experimental settings may
also slowdown their way into the clinical practice, especially in the context of
intra-operative activities[300, 301] Recently, a mouse model traargly
expressing the luciferase reporter gene under the control of a bow8e IL
promoter has been generated. Although mice do not expre8soiLa clear
homologous the cell signaling and transcriptional apparatus copktifically
activate the exogeng IL-8 promoter{302.



5 . Objectives

The main objective of this study w#s evaluatesomeaspects oP. aeruginosa
interaction with both CF host and other-ioéecting microorganisms, likéhe
emerging pathogeA. xylosoxidans

To this purpose, the thesis is divided in twoj@cts:

1 RegardingP. aeruginosainteraction with host, we studieth vivo lung
inflammation induced by. aeruginosaexoproducts, and evaluated the anti
inflammatory effects of molecules inhibiting the synthesis/activity Pof
aeruginosasecreted virulencéactors, to better understand their role in CF
lung inflammatory disease. For this study, an innovative in vivo imaging
apprach was developed and appliedCF animals.

1 About P. aeruginosainteractions with ceanfecting microorganisms, we
observed integpecies interactions betwen aeruginosandA. xylosoxidans
longitudinal isolates chronically eafecting the same patient, in order to
investigate the possible competitive/synergistic effects of their-tiemg
cohabitation and the role of bacterialtaractions ontheir survival and
persistence in the human host.



6 .PROJECT 1 - ROLE OF P. AERUGINOSA VIRULENCE FACTORS ON LUNG
INFLAMMATORY RESPONS E: AN IN VIVO IMAGING APPROACH

In the present study, using novasive imaging techniquese monitoredmouse
lung inflammation induced by virulence factors releasedPbgeruginosaand
evaluated the antnflammatory action of molecules inhibiting the
synthesis/activity of bacterial ¢eors involved in pathogenicityrhe mouse model
here used allowetb detect m vivo the activation ofin exogenous bovine H
promoter via a luciferase reporter, responsible of bioluminescence emission.
Although mice do not bear a cledr-8 homologous, activation of the exogenous
promoter could be detected in different mousdrsira

6 . Materials & Methods

Bacterial strains

Two P. aeruginosaclinical isolates were selected, VR1 and VR2. The strains
were isolated from sputum samples from two intermittently infected patients
followed at the Cystic Fibrosis Center of Verona. Straingewstored in
Microbank’™ (Pro-Lab Diagnostics, Neston, UK) &80°C.

Minimum inhibitory concentration assay

P. aeruginosastrains were streaked on Blood Columbia agar plates (Oxoid,
Milan, Italy) and incubated at 37°C for-28 hours. 12 colonies were inulated

in 10 ml LB (LuriaBertani) broth shaking at 37°C for 16 hours. dbwas
measured, cultures were diluted to 0.1 OD/ml and inoculated #we88
microtiter plates with increasing concentrations of azithromycin and
clarithromycin. Plates were incated at 37°C for 16 hours and @b was
measured. The minimum inhibitory concentration value corresponds to the lower
dose of antibiotic causing a complete inhibition of the culture turbidity.

Bacterial growth and culture supernatant collection

P. aeruginga strains were streaked on LB or TSA (tryptic soy agar) plates and
incubated at 37°C for 248 hours. 12 colonies were inoculated in 30 ml LB, KB
(Kingés broth) or TSB (tryptic soy broth) shaking at 37°C for 16 hourso@ias
measured and cultures wet#uted to 0.1 OD/ml in 30 ml of the same medium,
with/without subMIC azithromycin (8 pg/ml) or clarithromycin (45 pg/ml). After
shaking at 37°C for 16 hours, cultures were diluted to 0.2 OD/ml and centrifuged
at 7000g for 30 min at4°C. Supernatants we collected and steridtered.

Virulence factors measurement:
o Pyocyanin

Pyocyanin was chloroforraxtracted from LB supernatants. Briefly, 3 ml
chloroform were added to 5 ml supernatant, and the lower phase was mixed with
1 ml 0.2 M hydDsewes wmbéasuiride. i © the
pyocyanin concentration was calculated by multiplying foittg17,072 pg/ml

cm) and normalizing for the optical distance.
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o Pyoverdine

ODa4os5 of KB culture supernatants was measured and pyoverdine concentration
wascalculated using itd (19 mM™ cmt) and normalizing for the optical distance.

o0 Proteases

Protease activity in TSB culture supernatants was determined by azocasein assay.
Briefly, 350 pl reaction mixture containing 0.1 M TCI, pH 8.0, and 1%

azocaseai (SigmaAldrich, previously resuspended in 0.5% NaH{@as added

to 150 pl supernatant, with/without protease inhibitors (llomastat, Marimastat,
Batimastat), and incubated at 37°C for 20 minutes shaking. After addition of 1 ml

7% doéd perchltdorei csodawitd on was centri fug
hydroxide were added to the clear supernatant angsdQias measured. One

protease unit was calculated as the amount of enzyme producing an increase of
0.aD per hour.

0 Metalloproteases

Metalloprotease awity in TSB culture supernatants was assayed by gelatin
zymography. 20 ul of supernatant in Aacducing sample buffer (0.125 Mm Tris

base pH 6.8, 1.25% SDS, 5% glycerol, trace bromophenol blue) were loaded in a
polyacrylamide gel containing 0.1% gelafirhe gel was run at 200 V, 14 mA for

1-1.5 hour s, washed L4@0cdorn2P. ,%nTt egso0rs
incubated in renaturing buffer (10 Mm THCI pH 7.5, 1.25% Triton XL00, 5

mM calcium chloride, 1 puM zinc chloride) at 37°C for 16 hours shpak#iter

Coomassie Blue staining and water destaining, areas of degradation appeared as

clear bands against a dark background.

o Alkaline protease

Alkaline protease in TSB culture supernatants was quantified by western blot
using a specific ant\prA antibady (kind gift of Prof. Gerd Ddring, University of
Tubingen, Germany). 20 pl of TGprecipitated supernatant in reducing sample
buffer (0.05 mM Tris base pH 6.8, 1 % SDS, 5% glycerol Bitercaptoethanol,
trace bromophenol blue) were run in a polyacrylamide gel at 200 V, 14 mA for
1.5 hours.tPRenteransfvereed on a PVDF meml
for 1 hour. The membrane was blocked for 1 hour shaking in 5% BSA, then
incubated overnight with the ariprA primary antibody at 4°C shaking. After 1
hour incubation with antiabbit secondary antibgd chemiluminescent images
were acquired using ECL Western Blotting Substrate (Promega, Milan, ltaly).
Total proteins were quantified by electrophoresis in a polyacrylamide gel in
reducing conditions and Coomassie Blue staining.

Supernatant concentration

TSB supernatants were concentrated using 30 kDaftuAmicon Ultral5
centrifugal filter units (Merck Millipore, Tullagreen, Cork, Ireland) qoeated

with 10 mg/ml bovine serum albumin. Concentrate was centrifuged at 27.000 rpm
to remove cell debris, sematant was steriféitered and stored aR0°C.



Reporter construct

Eukaryotic cells and experimental animals were transfected with th&-blic
construct, containing the luciferase gene under the control of bovisg IL
promoter (kind gift of Prof. Gaaho Donofrio, University of Parma, lItaly).
Plasmid was transformed in competént coli DH5U cells by heat shock and
purified by Qiagen Plasmid Maxi Kit (Qiagen) followed by phenol:chloroform
extraction with precipitation in isopropanol and 70% ethandsmRid identity

was verified by Knpl digestion and agarose gel electrophoresis. Concentration and
purity were measured using NanoD2@0Q spectrophotometer.

Eukaryotic cells

Mouse lung adenoma LA cells were cultured in Dulbea@modified essential
medum (DMEM, Lonza) with 2 mM Lglutamine and 10% fetal bovine serum,
and detached with 0.25% trypdiDTA. Cell culture plates or flasks were
incubated aB7°C with 5% CQ; in humidified atmosphere.

Cell transfection

LA-4 cells were plated in 2dells plateg30.000 cells/well) and grown overnight.

80% confl uent cel |l s -8&leurce ctornasntsrfueectt eal owni
transfected with blt8-Luc and pEGFRC3 constructs (9:1 ratio) using
Lipofectamine 2000 (Thermo Fisher Scientific). Briefly, 500 ng/well DaiAd

1.5 Ol / well Li pofectamine were separatel
incubated at room temperature for 5 minutes and added to the cells (50 pl/well).

Reporter assays

BIL-8-Luc transfected LA cells were treated with 50 ul culture supernatant and
luminescence was recorded using Luciferase Assay System (Promega). Briefly,
cells were lysed with 100 pl 1X cell culture lysis reagent for 5 minutes,
centrifuged at 12.000 g for 2 minutes at 4°C and supernatant was collected. In 96
wells plates, 100 pl/weluciferase assay reagent (LAR) were added to 20 pl/well
lysis supernatant and the light produced was measured using Victor2 microplate
reader (Perkin Elmer). Prior to LAR addition, EGFP fluorescence in lysate
supernatant was recorded (excitation 485 nmisgion 535 nm) as cells vitality
control. Alternatively, 150 pg/ml ELuciferin (Perkin Elmer) was added to the
alive cells directly in the 24vells plates and, after 10 minutes, bioluminescence
was recorded using IVIS Lumina (Caliper Life Sciences).

Expefmental animals

Female BalbC (‘B weeks old) mice were purchased from Harlan Laboratories
Italy (San Pietro al Natisone, Udine, Italy). Female congenic C57BL/6J WT and
gutcorrected CFTRUNC (8-10 weeks old) mice were purchased from Cystic
Fibrosis animbCore facility (San Raffaele Hospital, Milan, Italy). Animals were
maintained under conventional housing conditions. Prior to use, animals were
acclimatized for at least-% days to the local vivarium conditions, having free
access to standard rodent chand tap water.



In vivo gene delivery

In vivo JetPEI (Polyplus Transfection) was used as carrier for delivering-blL
Luc construct to lung tissue. DNA and JetPEI were mixed with a final N/P ratio of
7-7.5 foll owi fsg imasn ufuacctt8dbthestOg BD N ASf. 8wy d
ul JetPEI were separately diluted in 200 ul 5% glucose, mixed, and incubated at
room temperature for 15 minutes. 400 pl/mouse of the mixture were intravenously
injected through the tail vein after warming the animals for 5 minutegrua
heating lamp. Expression and inactivation of the reporter were monitored by in
Vivo imaging afte24 hours and’ days, respectively.

Intratracheal challenge

Starting 710 days and until 30 days after in vivo gene delivery,-&lluc
transiently tramgenic mice were intratracheally challenged with TSB culture
supernatant. Briefly, mice were anesthetized with 2.5% isoflurane and placed on
an intubation platform hanging by their incisor teeth. After visualization of the
opening of the trachea using aylagoscope, 50 ul supernatant were instilled by
an intubation tube connected to a pressure control system. After 4, 24 and 48
hours, reporter activation was monitored by in vivo imaging.

In vivo bioluminescence imaging

Bioluminescence imaging of experintah animals was performed using VIS
Lumina imaging system (Caliper Life Sciences, Alameda, CA). 10 minutes prior
to bioluminescence recording, mice were anesthetized with 2.5% isoflurane and
intraperitoneally injected with 150 mg/kg-Duciferin (Perkin Eier). After 5
minuteslong luminescence recording, photons emitted from chest region were
quantified using Living Image software (Caliper Life Sciences, Alameda, CA).

Bronchoalveolar lavage fluid analysis

Trachea was cannulated with andauge catheteb ml sterile phosphate buffer
saline were instilled in the bronchial tree and collected. After red blood cells lysis
(in 0.2% sodium chloride for 20 seconds followed by addition of 1.2% sodium
chloride) and centrifugation at 400 g for 10 minutes, superhatas frozen at

T 8 @ for quantification of multiple cytokines/chemokines using a-Biext
Cytokine Assay Kit (BieRad Laboratories, Segrate, Milan, Italy), and the cell
pellet was resuspended in PBS. After cells count, 50.000 cells were
cytocentrifugedand stained with Magrunwald and Giemsa for differential
count. The number of cells per animal was calculated as the number of cells per
ml of BALF multiplied for the volume used for the resuspension of the cells
pellet.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software. Virulence
factors concentration and LA cells bioluminescence emission were analyzed by
t-test or lway ANOVA, and mice bioluminescence, cell counts and cytokines
were analyzed byway or2way ANOVA.
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6 . Results

P. aeruginosa virulence factors inducevinelL-8 promoter activation

To set up a convenient, namvasive method for in vivo imaging of lung
inflammation, we evaluated the expression of a construct containing a luciferase
reporter gene under coalr of bovine -8 promoter (blk8-Luc). Culture
supernatant containing. aeruginosaxoproductsgollected from the virulanCF
clinical isolate VR1, was used to verifpe activation of the exogenous-8&
promoter both in vitro and in vivo LA-4 murine ung adenoma cells were
transfected withbIL-8-Luc constructand treated with different concentrations of
VR1 culture supernatant. The treatment induced a concentddmendent
bioluminescence emission, significantly higher ¢omparison to the control
(tryptic soy broth culture medium TSB) when using 10Xconcentrated
supernatant (Figl2A). As a vitality marker, cells were doansfected with a
construct containingnhamed Green Fluorescent Protel@HP) gene under the
control of a constitutive promate After challenge with culture supernatant,
fluorescence emission was similar in treated andtreated cells, confirming the

same cellular vitality among the different treatment conditions (Rg).1
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Figure 12 Light (A) andfluorescence (B) emission from bB-Luc:eGFP cotransfected

LA-4 cells treated with 3X and 10X concentrated VR1 culture supernatant. TSB was used
as control. Each value represents the mean afSDexperimentsStatistical analysis was
performed by 1wayANOVA followed by Dunnetfs multiple comparisons test, ** p<0.01

vs. control.

In bIL-8-Luc-transgenic BalbC mice, intratracheal instillation with different
concentrations of VR1 culture supernatant induced bioluminescence emission in
the lungs area (Fig.3A). The photon emission was concentrati@pendent and

the maximal increase was reached with the -t@Kcentrated supernatant (Fig.
13B) . l nnderdent30Xt ed supernatant di d
indicating a saturation of the system witle 10X concentration, which was
selected to be used for the following experiments.
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Figure 13. Representative images bfL -8-Luc-mediated bioluminescence emission in
BalbC mice 24 hs after instillation with increasing concetitress of VR1 culture
supernatan{A). TSB was used as contrdPhotons emissiomxpressed as folds of
increase (FOIpver baseling(B). Each value represents the mean + SEM of 3 animals.
Statistical analysis was performed by 1way ANOVA followed by Du@setiultiple
comparisons test, * p<@ and ** p<0.01 vs. control

Inhibition of P. aeruginosa virulence factors by azithromycin decreases mice
lung inflammation

VRL1 strain was grown in presence of 8 pg/ml azithromycin, argubitory dose
consistent withthe range reported in the lungs of CF patients undergoing
azithromycin therapy305]. Growth of bacteria in presence tfe macrolide
reduced pyocyanin, pyoverdine and proteases levels in VR1 culture supernatant
(Fig. 14A), confirming the known inhibitoryeffect of azithromycin onthe
synthesis of virulence factors. Particularly, inhibition of metalloprotease activity
and alkaline protease (AprA) expression was detected in both culture supernatant
and bacterial lysate (Figl4B), supporting that azithromit interferes with
metalloproteases synthesis. On the contrangtherP. aeruginosaCF clinical

isolate namedvR2, was characterized by low levels of secreted virulence factors
(Fig. 14A), and no metalloprotease activity/expression was detectable in its
supernatant nor in the lysate (FigB). No significant difference in pyocyanin,
pyoverdine and proteases levels was detected between supernatants from VR2
grown in absence or presenceBgig/mlazithromycin (VR2+AZM).
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Figure 14. Pyocyanin, pyoverdin@and proteases concentration culture supernatants
from VR1 and VR2 isolates grown in presence/absence of azithromycin (6&MEach
value represents the mean + SEM of 3 experiments. Statistical analysis was performed by
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metalloprotease activity and AprA expression were measureayhyographyand
western blot, respectivel{B). Total proteins were quantified by electrophoretic

separatioron polyacrylamidegel.

In LA-4 cells transfected with biB-Luc construct, treatment with culture
supernatant collected after VR1 growth in presence of azithromycin (VR1+AZM)
induced a significantly lower bioluminescence emission in comparison to
superngant from nortreated VR1 (Fig.15). This preliminary in vitro result
suggest that the antivirulence activity of azithromycin might be involved in its

antrinflammatory effect.



Figure 15. Light emission from blk8-Luc transfeatd LA-4 cells treated with 10X
concentrated culture supernatant from VR1 isolate grown in presence/absence of 8 pg/mi
azithromycin (AZM). TSB was used as control. Luminescence emission was recorded by
IVIS Lumina system after addition of luciferin. EacHuarepresents the mean + $03
experimentsStatistical analysis was performed by 1way ANOVA followed by Dufmett
multiple comparisons test, ** p<0.01 and *** p<0.001

In bIL-8-Luc-transgenic BalbC mice challenged with X6&ncentrated VR1
supernatanta strong bioluminescence emission was detectable already 4 hours
after instillation and reached the highest peak after 24 hours. On the contrary,
supernatant from VR1+AZM induced a low bioluminescence emission,
comparable to that induced by VR2 supernataontaining low levels of
virulence factors (Fig. 16). No significant difference in bioluminescence emission
was detected between mice treated with VR2 and VR2+AZM supernatants.

Figure 16. Representative images of b8:Luc-mediated bioluminescence emission in
BalbC mice 4, 24 and 48 hs after instillation with 10X concentrated culture supernatants
from VR1 and VR2 isolates grown in presence or absence eMDbazithromycin
(AZM). TSB was used as control (A). Photons emisssoaxpressed aslds of increase
(FOI) over baseline. Each value represents the mean + SEM of 8 animals. Statistical
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