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Abstract 

 

Although quality of life and survival of patients with cystic fibrosis (CF) has 
been continuously improving, respiratory failure due to pulmonary infections 
remains the primary cause of mortality in these individuals. Pseudomonas 
aeruginosa, Burkholderia cenocepacia and Staphylococcus aureus continue to 
pose significant treatment challenges due to their high levels of antibiotic 
resistance. Given the lack in antibiotic development, there is an urgent need for 
alternative therapeutic strategies. 

In the first part of this work, the dispirotripiperazine derivative PDSTP, 
previously investigated as antiviral since it impairs viral adsorption to human 
cells, was repurposed for the treatment of bacterial infections. Specifically, this 
compound was characterized for its activity against the adhesion of the CF 
bacteria to epithelial cells, resulting effective in inhibiting their interaction 
with human cells. Furthermore, antibiotic adjuvant and biofilm inhibitory 
potential properties of PDSTP were investigated on P. aeruginosa after 
demonstrating that the compound interacts with the lipopolysaccharide of this 
bacterium.  

In the second part of this study, two siphoviral and one myoviral P. aeruginosa 
bacteriophages were characterized for therapeutic purposes. Genomic analysis 
of the myoviral phage confirmed its suitability for clinical applications. All the 
three phages demonstrated stability, a broad host-range and effective bacterial 
killing. Moreover, phage-resistant P. aeruginosa mutants were selected and 
characterized, suggesting potentially beneficial traits for the treatment of P. 
aeruginosa infections. 
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Abbreviations 

 

BIM Bacteriophage-insensitive mutant 

CAMHB Cation-adjusted Mueller-Hinton broth 

CCCP Carbonyl cyanide m-chlorophenylhydrazone 

CF Cystic fibrosis 

CFTR Cystic fibrosis transmembrane conductance regulator 

CLSM Confocal laser scanning microscopy 

DiSC(5) 3,3'-Dipropylthiadicarbocyanine iodide 

DMEM Dulbecco’s modified Eagle’s medium 

DPX Dansyl-polymyxin 

EVPL Ex vivo pig lung 

HSGAG Heparan-sulphate glycosaminoglycan 

LB Luria-Bertani broth 

LPS Lipopolysaccharide 

MEM Minimal essential medium 

MIC Minimum inhibitory concentration 

MOI Multiplicity of infection 

NPN N-phenyl-1-naphthylamine 

TSB Tryptic soy broth 
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1. Introduction 

 

1.1. Cystic fibrosis 

Cystic fibrosis (CF) is one of the most common human inherited diseases, 
affecting a significant number of individuals across the globe. Currently, there 
are over 100,000 patients worldwide, of which approximately 48,000 in 
Europe (European Cystic Fibrosis Society, 2022) and 40,000 in the United 
States (Cystic Fibrosis Foundation, 2022). The incidence of this condition 
varies depending on the country and ethnic group, with a prevalence of one in 
3,000 - 6,000 live births in the Caucasian population (Scotet et al., 2020). 

CF is an autosomal monogenic disease that is transmitted in a recessive 
manner and exhibits complete penetrance. The clinical phenotype of this 
condition is complex and typically characterized by chronic lung infections and 
inflammation, pancreatic exocrine insufficiency and male infertility (Figure 
1.1). These symptoms arise due to the formation of a thick layer of sticky 
mucus at the epithelial level which impairs the physiological functioning of the 
affected organs (Shteinberg et al., 2021). 

 

Figure 1.1. Clinical phenotype of CF at the respiratory and gastrointestinal levels. In healthy 
individuals, the airways are lined with a thin layer of mucus. In CF patients, instead, the airways 
are obstructed by a thick layer of sticky mucus, leading to chronic pulmonary infections and 
inflammation. Additionally, abnormal mucus develops in the pancreatic duct, hindering the 
delivery of digestive enzymes to the duodenum. In certain cases, CF can also result in the 
obstruction of the common bile duct (Jay Smith, 2023). 
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1.1.1. CF molecular origin 

The molecular origin of CF involves the Cystic Fibrosis Transmembrane 
conductance Regulator (CFTR) gene, located on the long arm of chromosome 7 
(7q31.2) and consisting of 189.36 kb divided into 27 exons. CFTR encodes a 
chloride and bicarbonate channel of 1480 amino acids which belongs to the 
ATP-binding cassette transporter family. This channel is expressed at the apical 
membrane of secretory epithelial cells and plays a crucial role in maintaining a 
thin mucus layer above the epithelia. Mutations in CFTR impair the function of 
the channel, resulting in the formation of the aforementioned thick, sticky 
mucus layer (Kerem et al., 1989; Shteinberg et al., 2021). 

CF is a multi-allelic disease, with over 2,000 variants identified to date. Among 
these, more than 700 variants are recognized as disease-causing according to 
the CFTR2 database (www.cftr2.org).  Pathogenic mutations can be classified 
into six classes (I to VI), each characterized by a specific defect (Figure 1.2). 
Class I mutations result in the production of truncated CFTR due to premature 
stop codons. Class II mutations lead to misfolded CFTR, preventing its proper 
trafficking to the apical membrane. Class III mutations cause CFTR to be 
unresponsive to chemical signalling, resulting in its failure to open. Class IV 
mutations reduce the anion conductance of CFTR. Class V mutations decrease 
the amount of CFTR due to promoter or splicing defects. Class VI mutations 
lead to unstable CFTR with a short half-life. Intuitively, different mutations are 
associated with variations in disease severity (Rowe et al., 2005). 

 

Figure 1.2. Classification of CF mutations. Class I, defects in CFTR synthesis. Class II, defects in 
CFTR maturation. Class III, defects in CFTR gating. Class IV, defects in CFTR conductance. Class V, 
reduced amount of CFTR. Class VI, reduced CFTR stability (Shteinberg et al., 2021). 
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Although there are more than 700 known disease-causing variants in 
CFTR, most of CF patients are homozygous or heterozygous for the deletion of 
the phenylalanine at position 508 (Phe508del mutation). This specific 
mutation is present in approximately 85.5% of individuals with CF in the USA 
(Cystic Fibrosis Foundation, 2022) and 80.7% of individuals with CF in Europe 
(European Cystic Fibrosis Society, 2022). The Phe508del mutation leads to the 
misfolding of CFTR, resulting in its premature degradation within the 
endoplasmic reticulum. As a consequence, this mutation is classified as a class 
II mutation (Cheng et al., 1990).  

1.1.2. CF clinical management 

While a cure for CF is currently unavailable, significant progresses have been 
made in the clinical management of CF patients. Antibiotic therapy and DNase 
treatment are effective in addressing lung infections, while mucus airway 
clearance techniques are essential for improving lung function. In addition, 
pancreatic enzyme supplementation is provided to ensure a proper digestion. 
These interventions have collectively contributed to significant improvements 
in the quality of life for CF patients, ultimately extending their life expectancy 
(Shteinberg et al., 2021). Indeed, individuals with CF can live beyond 50 years 
of age nowadays (Cystic Fibrosis Foundation, 2022; European Cystic Fibrosis 
Society, 2022). This is particularly remarkable since CF was a fatal disease in 
early childhood during 1935, when the disease was firstly described. 
Furthermore, the introduction of small-molecule CFTR modulators has 
revolutionized the treatment of these patients by correcting structural and 
functional abnormalities of specific mutated CFTR proteins, resulting in 
improved pulmonary function and reduced rates of exacerbation. As a result, 
the health of CF patients is further improved (Jia and Taylor-Cousar, 2023). 
Noteworthy, a significant milestone in improving CFTR activity for CF patients 
with one or two Phe508del mutations was the introduction of a combination 
therapy consisting of elexacaftor and tezacaftor, which are correctors that 
increase CFTR concentration at the cell surface, along with ivacaftor, a 
potentiator that promotes CFTR opening (Taylor-Cousar et al., 2019). 

1.1.3. CF airway pathophysiology 

At the airway level, CFTR is involved in the hydration of the airway surface 
liquid (ASL) which is a thin layer of fluid that covers the surface of the airway 
epithelium. The ASL is essential for proper ciliary function and antimicrobial 
activity. In individuals with dysfunctional CFTR, chloride transport is impaired, 
leading to increased absorption of sodium ions by epithelial cells. 
Consequently, water is absorbed from the epithelium, causing dehydration of 
the ASL and the accumulation of sticky mucus.  
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This abnormal mucus hinders mucociliary clearance which is the primary 
defence mechanism of the airways, involved in the removal of inhaled particles 
and pathogens trapped in the mucus through ciliary beating. As a result, 
impaired clearance promotes the establishment of chronic bacterial infections, 
leading to sustained inflammation in the airways (Figure 1.3). Over time, this 
chronic inflammation progressively damages the lungs and eventually results 
in respiratory failure (Randell and Boucher, 2006). This is particularly relevant 
as respiratory failure is the leading cause of mortality in CF patients, 
responsible for 56.8% of CF-related deaths in Europe (European Cystic Fibrosis 
Society, 2022) and 44.4% of CF-related deaths in the United States (Cystic 
Fibrosis Foundation, 2022). 

 

 

 

 

 

 

 

 

 

Figure 1.3. Non-CF and CF airway epithelial cells. In non-pathological conditions (non-CF, on the 
left), CFTR reaches the surface of airway epithelial cells (ER: endoplasmic reticulum; G: Golgi 
apparatus), where it regulates the hydration of the airway surface liquid (ASL) by secreting 
chloride and downregulating the activity of the epithelial sodium channel (ENaC), thereby 
maintaining the proper balance of ions and water in the airway. In pathological conditions 
associated with CF (CF, on the right), CFTR with the Phe508del mutation is retained in the ER 
and degraded by the proteasome (P), leading to an imbalance of ionic permeability and water 
absorption through epithelial cells. The impaired CFTR function leads to the accumulation of 
sticky mucus that impairs the mucociliary clearance, with neutrophil (N) and bacteria 
accumulation (green rectangles) in the airways. These infections trigger chronic inflammation 
that eventually causes respiratory failure (Philippe and Urbach, 2018). 

1.2. CF airway infections 

Chronic upper and lower airway infections are hallmarks of CF, with 
rhinosinusitis and lung infections being prominent examples. Because of 
dysfunctional mucociliary clearance in people with CF, chronic bacterial 
infections develop and persist throughout the life of these patients (Randell 
and Boucher, 2006).  
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Classical bacterial pathogens found in CF airways include Pseudomonas 
aeruginosa, Staphylococcus aureus, species belonging to the Burkholderia 
cepacia complex, Haemophilus influenzae, Achromobacter species and 
Stenotrophomonas maltophilia (Thornton and Parkins, 2023). In particular, S. 
aureus and H. influenzae are the most prevalent bacteria during infancy and 
early childhood, while P. aeruginosa and other pathogens, including species of 
the B. cepacia complex, are acquired later in life (Figure 1.4) (Cystic Fibrosis 
Foundation, 2022; European Cystic Fibrosis Society, 2022). 

 

Figure 1.4. Prevalence of respiratory bacteria in CF patients by age group in the United States 
(Cystic Fibrosis Foundation, 2022). 

1.3. Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a rod-shaped, opportunistic, Gram-negative 
bacterium that causes several acute and chronic infections, especially in CF 
patients and immunocompromised individuals. Being motile and widely 
distributed, this bacterium can disseminate and thrive in many environments 
such as soil and water, increasing the risk of exposure and consequently 
leading to a high incidence of infections (Qin et al., 2022). In the context of CF, P. 
aeruginosa represents the prevalent bacterial pathogen and the predominant 
cause of morbidity and mortality in adult patients. However, the percentage of 
individuals with a positive culture for this bacterium is declining over time, 
likely attributable to improved infection prevention measures and the 
implementation of antibiotic eradication strategies at the time of initial 
acquisition (Mogayzel et al., 2014).   
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1.3.1. P. aeruginosa pathogenesis and virulence factors 

P. aeruginosa is commonly acquired by CF patients during childhood, primarily 
from environmental sources. However, patient-to-patient transmission of this 
bacterium has been described (Stapleton et al., 2021). Being characterized by a 
large genome ranging from approximately 5.5 to 7 Mbp, P. aeruginosa exhibits 
remarkable versatility, allowing it to thrive in several hostile niches within the 
human body. Indeed, this bacterium is equipped with an arsenal of virulence 
factors, including the lipopolysaccharide, adhesins for bacterial colonization, 
secretion systems for delivering effector proteins and toxins, siderophores for 
iron chelation and quorum-sensing for bacterial communication and biofilm 
formation (Figure 1.5) (Liao et al., 2022).  

Once acquired by CF patients, P. aeruginosa pili facilitate the adhesion of the 
bacterium to airway epithelial cells (Feldman et al., 1998). Following bacterial 
adhesion, the bacterium downregulates genes associated with the production 
of flagella (Mahenthiralingam et al., 1994), while upregulating genes involved 
in mucoidy (Pedersen, 1992), biofilm formation (Ryder et al., 2007) and 
antibiotic resistance (Pitt et al., 2003). These adaptive behaviours serve as 
primary mechanisms employed by P. aeruginosa to evade the host immune 
system and counteract antibiotic treatment.  

Figure 1.5. P. aeruginosa virulence factors, including bacterial surface structures (type IV pili, 
flagella and lipopolysaccharide), secretion systems (T1SS, T2SS, T3SS, T5SS and T6SS that 
deliver effector proteins and toxins) and bacterial cell-to-cell interactions (quorum-sensing, also 
fundamental for biofilm formation) (Liao et al., 2022).  
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1.3.1.1. Lipopolysaccharide 

The lipopolysaccharide (LPS) is the primary structural component of the 
external leaflet of the outer membrane of Gram-negative bacteria. The LPS 
consists of three main constituents: lipid A, core oligosaccharide and O-antigen 
(Figure 1.6) (Huszczynski et al., 2019).  

The lipid A is an acylated and phosphorylated glucosamine disaccharide, 
constituting the hydrophobic portion of the LPS (Huszczynski et al., 2019). The 
arrangement of lipid A molecules in the outer membrane is highly compact, 
creating a barrier that restricts the diffusion of small hydrophobic molecules 
(Nikaido, 2023). The lipid A is associated with potent endotoxic properties 
which elicit strong innate immune responses in human hosts. Upon interaction 
with immune cells, lipid A activates signalling pathways that lead to the 
production of proinflammatory cytokines such as TNF-α and IL-1β (Sebastian-
Valverde and Pasinetti, 2020). 

The core oligosaccharide constitutes the hydrophilic portion of the LPS and is 
covalently linked to the lipid A. It can be further divided in inner and outer 
core, each exhibiting distinct structural features. The inner core generally 
contains 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) which is attached to 
heptose residues. These heptose residues can undergo phosphorylation and/or 
chemical modification. On the other hand, the outer core typically contains 
hexoses and hexosamines, including glucose, galactosamine and L-rhamnose 
(Huszczynski et al., 2019). In P. aeruginosa, the core oligosaccharide undergoes 
significant phosphorylation, resulting in an overall increase in the negative 
charge of the bacterial cell membrane. This increased negative charge 
facilitates interactions with divalent cations, such as calcium and magnesium 
ions, promoting membrane stability (Nikaido, 2023). 

The O-antigen is a hydrophilic polysaccharide composed from a few to 
hundreds of sugar residues that can be covalently linked to the core 
oligosaccharide. LPS that presents the O-antigen is defined as “capped”, while 
LPS lacking O-antigen is defined as “uncapped” (Huszczynski et al., 2019). The 
O-antigen, along with the core oligosaccharide, lead to a drastic decrease in 
membrane permeability to lipophilic compounds (Nikaido, 2023). Noteworthy, 
the presence of the O-antigen in P. aeruginosa exhibits protective effects against 
phagocytosis and opsonization (Engels et al., 1985). Furthermore, the long 
chains of O-specific antigen, one of the two P. aeruginosa O-antigens, play a role 
in serum resistance by impairing the complement system (Kintz et al., 2008). 
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Figure 1.6. Chemical structure of P. aeruginosa PA01 LPS. The lipid A (LA) – core (divided in 
inner and outer core, IC and OC) can be capped with an O-antigen. This bacterium can produce 
two O-antigens: the common polysaccharide antigen (CPA) and the O-specific antigen (OSA). 
GlcN, glucosamine; GalN, galactosamine; FucNAc, N-acetyl-D-fucosamine Kdo; 3-deoxy-D-manno-
oct-2-ulosonic acid; Glc, glucose; ManA, manuronic acid; L,D-Hep, L-glycero-D-manno-heptose; 
Rha, rhamnose; Cm, 7-O-carbamoylation; L-ala, 2-L-alanylation; NAm, N-amidino; NAc, N-acetyl; 
n, variable number of repeats (Huszczynski et al., 2019). 

1.3.1.2. Bacterial adhesins 

The initial step in P. aeruginosa pathogenesis involves its adhesion to the host. 
This bacterium achieves this through specific surface appendages such as pili 
and flagella (Liao et al., 2022). 

On one hand, P. aeruginosa type IV pili, composed by pilin monomers, play a 
central role in various bacteria processing, including twitching and swarming 
motility, adhesion, biofilm formation and exchange of bacterial DNA. In 
particular, the transfer of DNA can be problematic from a clinical perspective 
when it involves the acquisition of antibiotic resistance genes (Burrows, 2012). 
On the other hand, P. aeruginosa flagella, which are hairlike appendages formed 
by flagellins, contribute to motility, adhesion and biofilm formation (Dasgupta 
et al., 2004). Since flagella can elicit the activation of the host immune 
response, P. aeruginosa downregulates the genes involved in their biosynthesis 
after colonizing the airways of CF patients (Feuillet et al., 2006). 
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1.3.1.3. Secretion systems 

Bacterial secretion systems are protein complexes located on bacterial surface, 
responsible for the secretion of effector proteins. Specifically, P. aeruginosa 
secretion systems release virulence factors involved in adhesion, invasion, 
heme acquisition, biofilm formation and cytotoxicity (Liao et al., 2022). 

In P. aeruginosa, six types of secretion systems have been identified, referred to 
as T1SS to T6SS. The type 1 secretion system (T1SS) is responsible for 
secreting alkaline proteases (AprA and AprX) and hemophores (HasAp) which 
are involved in immune evasion and heme acquisition. In particular, the 
alkaline protease AprA degrades complement components, IFN-γ and TNF-α, 
thereby impairing host immunity (Bleves et al., 2010). The type 2 secretion 
system (T2SS) delivers extracellular toxins, including proteases (protease IV), 
lipases (LipA and LipC), phospholipases (PLC), phosphatases (LapA and LapB), 
as well as elastases (LasA and LasB) and exotoxin A (PEA). These toxins 
interfere with the host immune response and lead to tissue damage (Ball et al., 
2012). Elastases, in particular, play a significant role in respiratory infections as 
they degrade elastin, an important component of the pulmonary tissue, thereby 
impairing lung function (Kessler et al., 1998). The type 3 secretion system 
(T3SS) is a needle-like protein complex that injects effector proteins, including 
ExoS, ExoT, ExoU, ExoY, PemA and PemB, into host cells. These effectors disrupt 
the actin cytoskeleton, resulting in impaired cell-to-cell adhesion, cytotoxicity 
and apoptosis. The severity of infection is directly correlated with the presence 
of T3SS, making it one of the most important virulence factors in P. aeruginosa 
(Horna and Ruiz, 2021). The type 4 secretion system (T4SS) includes pili that 
are involved in horizontal gene transfer, as previously mentioned. The type 5 
secretion system (T5SS) releases virulence factors involved in bacterial 
pathogenicity and biofilm formation such as EstA, TpsA and TpsB. In particular, 
EstA promotes the expression of rhamnolipids which facilitates biofilm 
formation, while Tps proteins are β-barrel outer membrane proteins 
responsible for secreting molecules involved in bacterial adhesion and immune 
evasion (Henderson et al., 2004). Finally, the type 6 secretion system (T6SS) is 
involved in the digestion of the peptidoglycan of bacterial competitors through 
the release of effectors such as Tse1-3 (Russell et al., 2011). Additionally, T6SS 
delivers PldS and PldB into host cells, promoting bacterial endocytosis (Jiang et 
al., 2014). 

1.3.1.4. Siderophores 

Siderophores are iron-chelating molecules that bacteria secrete to scavenge 
iron, essential for bacterial growth, especially under conditions of iron 
limitation in the host (Liao et al., 2022). P. aeruginosa produces two 
siderophores, pyoverdine (Pvd) and pyochelin (Pch), which are able to 
sequester Fe3+ ions from transferrin and lactoferrin (Cornelis, 2010). 
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1.3.1.5. Quorum-sensing 

Quorum-sensing is a cell-to-cell communication process that enables bacteria 
to regulate and coordinate gene expression according to bacterial cell density. 
This intricate communication system relies on the production and detection of 
specific signal molecules called autoinducers which are secreted into the 
surrounding environment. These autoinducers are recognized by specific 
receptors, triggering a cascade of signalling events that ultimately lead to the 
activation of various virulence factors, including biofilm formation (Liao et al., 
2022).  

P. aeruginosa employs Las, Rhl, Iqs and Psq quorum-sensing pathways, along 
with the corresponding autoinducers OdDHL, C4-HSL, IQS and PQS, to 
orchestrate cellular communication. These pathways are involved in the 
release of virulence factors, including alkaline proteases, lipases, elastases, 
exotoxin A, rhamnolipids and pyocyanin, besides activating intracellular 
pathways promoting biofilm formation (Lee and Zhang, 2015; Li et al., 2022a). 

1.3.1.6. Bacterial biofilm and exopolysaccharides 

Bacterial biofilms are complex communities of bacteria adhered to both living 
(biotic) and non-living (abiotic) surfaces, embedded in a self-produced matrix. 
This matrix consists of exopolysaccharides, proteins and extracellular DNA, 
contributing to the structural integrity of the biofilm. The formation of biofilm 
confers several advantages to bacteria, including resistance to environmental 
stresses (e.g., desiccation and oxidizing agents), nutrient deficiency and 
antibiotic treatment. Moreover, biofilms serve as a protective shield against the 
host immune system, especially opsonization and phagocytosis. Interestingly, 
bacteria within biofilms exhibit resistance levels ranging from 10 to 1000 times 
higher than their planktonic counterpart, primarily due to the reduced 
antibiotic penetration into the biofilm matrix. In addition, as biofilm matures, a 
small subpopulation of bacteria undergoes differentiation into slow-growing, 
metabolically inactive persister cells, characterized by tolerance to antibiotic 
treatments (Liao et al., 2022).  

P. aeruginosa produces the exopolysaccharides alginate, Psl and Pel. 
Specifically, strains isolated from CF patients predominately secrete alginate, 
while Psl and Pel are primary produced by environmental strains (Franklin et 
al., 2011). Alginate is composed of D-mannuronic and L-glucuronic acids and 
plays a significant role in P. aeruginosa pathogenesis. Firstly, alginate facilitates 
bacterial adhesion to mucins in the respiratory tract, contributing to bacterial 
colonization (Mann and Wozniak, 2012). Furthermore, this exopolysaccharide 
protects the bacterium from both phagocytosis and reactive oxygen species 
(Leid et al., 2005).  
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These properties also make alginate an essential component during biofilm 
maturation. This is particularly relevant since, after colonization of the airways 
of CF patients, P. aeruginosa switches from non-mucoid to mucoid phenotype, 
characterized by the overproduction of alginate. This transition leads to the 
establishment of chronic infections that are difficult to treat. As anticipated, 
bacteria residing within biofilms exhibit increased resistance to antibiotics: 
one example is the inactivation of aminoglycosides which lose their 
effectiveness upon binding to alginate (Goltermann and Tolker-Nielsen, 2017).   

1.3.2. P. aeruginosa antibiotic resistance 

P. aeruginosa is known for its extensive resistance to a wide range of 
antibiotics, making challenging to treat it effectively. This bacterium exhibits 
resistance to aminoglycosides, β-lactams, quinolones and cationic 
antimicrobial peptides (Pang et al., 2019). Aminoglycosides antibiotics, 
including amikacin, gentamycin and tobramycin, interfere with bacterial 
protein synthesis by binding to the 30S ribosomal subunit. β-lactams 
antibiotics such as carbapenems, cephalosporins and penicillins impair 
bacterial cell wall biosynthesis by binding to penicillin-binding proteins which 
are crucial for cell wall formation. Quinolone antibiotics, including 
ciprofloxacin and levofloxacin, interfere with bacterial DNA replication by 
inhibiting DNA gyrase and topoisomerase IV, enzymes that are essential for 
DNA unwinding and DNA replication. Finally, cationic antimicrobial peptides 
like polymyxin B and E (colistin) disrupt bacterial cell membranes, causing 
leakage and ultimately leading to cell death (Pang et al., 2019).  

Interestingly, hydrophilic β-lactams and quinolones are able to enter bacterial 
cells though porins which are water-filled channels in the outer membrane, 
while aminoglycosides and polymyxins promote their own uptake into 
bacterial cells after interaction with LPS molecules. Specifically, polymyxins 
interact electrostatically with phosphate groups of lipid A and core 
oligosaccharide, enabling self-diffusion across the outer membrane (Lambert, 
2002). 

P. aeruginosa antibiotic resistance can be classified into three distinct types: 
intrinsic, acquired and adaptive (Pang et al., 2019). The classification is 
determined by the specific mechanism underlying the resistance (Figure 1.7). 
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Figure 1.7. Examples of antibiotic resistance mechanisms. Efflux pumps can actively expel 
antibiotics. Downregulation of porins can lead to a decreased antibiotic influx. Antibiotic-
modifying enzymes can attach chemical moieties to antibiotics, resulting in their inactivation. 
The antibiotic target can be protected by specific proteins that bind to the target site; 
additionally, spontaneous mutations can contribute to antibiotic resistance by modifying the 
target site.  Target bypass involves the emergence of a new protein that shows redundancy with 
the antibiotic target, without being inhibited by the antibiotic (Darby et al., 2023). 

1.3.2.1. Intrinsic antibiotic resistance 

P. aeruginosa shows intrinsic antibiotic resistance attributed to multiple 
factors, including the low permeability of its outer membrane, the expression 
of efflux pumps responsible for expelling antimicrobials and the synthesis of 
antibiotic-inactivating enzymes (Pang et al., 2019). 

The outer membrane of P. aeruginosa is known to have limited permeability, 
especially when it comes to antibiotics. However, there are specific porins that 
facilitates antibiotic diffusion across this membrane. For instance, OprD allows 
the entry of carbapenems. It is worth noting that mutations or downregulation 
of the gene encoding this porin can lead to an increased resistance of P. 
aeruginosa to this particular class of antibiotic (Li et al., 2012). In addition, this 
bacterium can develop resistance to polymyxins through mutations that 
decrease the negative charge of its LPS (Hancock, 1997). 
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Efflux pumps in P. aeruginosa are involved in the expulsion of various toxic 
compounds, including antibiotics, from the cell. Specifically, efflux pumps 
belonging to the resistance-nodulation-division (RND) family contribute 
significantly to antibiotic resistance in this bacterium (Li and Nikaido, 2009). 
For instance, MexAB-OprM is responsible for efficiently expelling both β-
lactams and quinolones, while MexXY-OprM effectively pumps out 
aminoglycosides. As a consequence, mutations that lead to overexpression of 
these efflux systems contribute to bacterial antibiotic resistance (Masuda et al., 
2000). Although efflux pumps inhibitors such as phenylalanine arginyl β-
naphthylamide are able to counter the activity of these pumps (Askoura et al., 
2011), their use in clinics is forbidden because of their toxicity. 

P. aeruginosa possesses the capability to produce antibiotic-modifying enzymes 
that impair the activity of antibiotics. Among these enzymes, the most 
important ones produced by this bacterium are the β-lactamases which 
inactivate β-lactam antibiotics by hydrolysing the β-lactam ring (Wright, 2005). 
Interestingly, certain P. aeruginosa clinical isolates can produce extended-
spectrum β-lactamases that break down a broad range of β-lactam antibiotics, 
including cephalosporins and penicillins (Rawat and Nair, 2010). However, β-
lactam antibiotics can be combined with β-lactamase inhibitors such as 
clavulanate, sulbactam and tazobactam to treat patients. Another example of 
antibiotic modification in P. aeruginosa is the enzymatic modification of 
aminoglycosides, primarily targeting the amino and glycoside groups, resulting 
in their inactivation (Drawz and Bonomo, 2010). 

1.3.2.2. Acquired antibiotic resistance 

P. aeruginosa can acquire antibiotic resistance through spontaneous mutations 
in its genetic material and acquisition of resistance genes through horizontal 
gene transfer (Pang et al., 2019). 

Spontaneous mutations play a significant role in the development of antibiotic 
resistance in P. aeruginosa. In addition to mutations involved in reduced 
antibiotic uptake, overexpression of efflux pumps and upregulation of genes 
encoding antibiotic-inactivating enzymes, as previously mentioned, mutations 
can directly modify the target of the antibiotic, further contributing to bacterial 
antibiotic resistance.  
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For instance, mutations in genes encoding DNA gyrase and topoisomerase IV 
can lead to reduced susceptibility to quinolones (Bruchmann et al., 2013). 
Similarly, mutations in genes encoding the 30S ribosomal subunit can confer 
resistance to aminoglycosides (El'Garch et al., 2007). In the case of β-lactams, 
mutations in genes encoding penicillin-binding proteins can result in 
resistance (Moyá et al., 2012). Lastly, mutations in genes encoding LPS 
components can lead to resistance to polymyxins (Hancock, 1997).  

Horizontal gene transfer (HGT) is a process that enables the exchange of 
genetic material among different organisms. HGT can occur through several 
mechanisms, including transformation, conjugation and transduction. 
Transformation involves the uptake of free DNA from the environment, 
conjugation is related to direct exchange of plasmid DNA and transduction 
utilizes bacteriophages for DNA transfer. Plasmids, transposons and 
bacteriophages are known vectors of antibiotic resistance genes which can be 
transferred through HGT (Arber, 2014). P. aeruginosa, for instance, has been 
reported to acquire resistance genes for aminoglycosides and β-lactams 
through HGT (Poole, 2011). 

1.3.2.3. Adaptive antibiotic resistance 

Bacterial adaptive antibiotic resistance arises as a result of transient 
modifications in gene expression triggered by host-related stimuli, ultimately 
leading to a decreased bacterial sensitivity to antibiotics. These phenotypic 
variations are reversible upon removal of the specific stimulus. The adaptive 
antibiotic resistance mechanisms in the case of P. aeruginosa are biofilm 
formation and persister cell differentiation which are associated to chronic 
infection and contribute to a poor prognosis in CF patients (Pang et al., 2019). 

As anticipated, bacteria within biofilms exhibit reduced susceptibility to 
antibiotics compared to the planktonic counterparts, primarily due to lower 
antibiotic penetration (Pang et al., 2019). Remarkably, antibiotic susceptibility 
restores upon the disruption of the biofilm, indicating that biofilm-associated 
resistance is independent of genetic mutations (Walters et al., 2003). Similarly, 
persister cells are not genetically resistant to antibiotics but show tolerance to 
high concentrations of antibiotics by entering a dormant state (Pang et al., 
2019). Once antibiotics are removed, persister cells resume growth and 
repopulate biofilms, thereby contributing to the persistence of chronic 
infections (Maisonneuve and Gerdes, 2014). Interestingly, P. aeruginosa strains 
isolated from CF patients are generally characterized by a higher proportion of 
persister cells compared to wild-type strains (Mulcahy et al., 2010). 
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1.3.3. P. aeruginosa antibiotic treatment 

The global standards of care for CF patients include eradication of acute P. 
aeruginosa infections. Typically, a combination of an aminoglycoside and a β-
lactam is administered through inhaled, oral or intravenous routes to 
effectively eradicate this bacterium in most CF patients (Langton Hewer and 
Smyth, 2014). However, there are some cases where antibiotic eradication 
therapy fails, leading to the establishment of chronic infections, associated with 
a rapid decline in lung function and premature death in individuals with CF 
(Pamukcu et al., 1995). In such cases, the focus shifts to long-term suppression 
using inhaled antibiotics, especially tobramycin (Smith et al., 2018). Other 
antibiotics utilized in clinics for the treatment of P. aeruginosa infections 
include amikacin, ceftazidime, ciprofloxacin, colistin and meropenem (Li and 
Schneider-Futschik, 2023). 

1.4. Burkholderia cenocepacia 

Burkholderia cenocepacia is a rod-shaped, opportunistic, Gram-negative 
bacterium belonging to the B. cepacia complex (Bcc). This complex comprises 
24 closely related species, commonly found in various natural habitats such as 
soil and water, where they can disseminate using their flagella. Burkholderia 
species represent an important clinical threat, especially to CF and 
immunocompromised individuals (Rojas-Rojas et al., 2019). 

In 2021, only 1.4% of CF patients were infected with Bcc species in the United 
States (Cystic Fibrosis Foundation, 2022). Historically, B. cenocepacia was the 
most commonly encountered Bcc species in CF. However, more recent trends 
indicate a shift, with B. multivorans emerging as a more prevalent species. This 
change can likely be attributed to the implementation of improved infection 
prevention measures (Govan et al., 2007). Nevertheless, B. cenocepacia 
infections are feared by individuals with CF due to their association with rapid 
decline in lung function and high mortality, generally caused by necrotizing 
pneumonia with bloodstream infections, known as “cepacia syndrome” (Daccò 
et al., 2023). To worsen this scenario, CF patients infected with B. cenocepacia 
are generally excluded from transplantation listing because of poor outcomes 
after lung transplantation (Mitchell and Glanville, 2021).  
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1.4.1. Burkholderia cenocepacia pathogenesis and virulence factors 

As an environmental bacterium, B. cenocepacia can be acquired from several 
sources, but it can also be transmitted from patient-to-patient (LiPuma et al., 
1990). Due to its versatile genome of up to 9 Mbp, subdivided into three 
circular chromosomes and one plasmid (Figure 1.8), B. cenocepacia is highly 
adaptable to changing environments, also within the human body (Rojas-Rojas 
et al., 2019). In fact, B. cenocepacia is equipped with numerous virulence 
factors, including LPS, pili, secretion systems, extracellular proteases, quorum-
sensing and the ability to form biofilms (Figure 1.8) (Thornton and Parkins, 
2023). Interestingly, the predominant focus of research on this particular 
bacterium was on the molecular pathogenesis of epidemic clones belonging to 
the electrophoretic type 12 lineage, especially B. cenocepacia J2315 which 
caused outbreaks in CF population in Canada, the United Kingdom and Europe 
(Drevinek and Mahenthiralingam, 2010). Additionally, another well 
characterized strain is B. cenocepacia K56-2, clonally related to B. cenocepacia 
J2315 (Mahenthiralingam et al., 2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. B. cenocepacia genomic structure and main virulence factors. This bacterium 
possesses three circular chromosomes and one plasmid, all of which contain insertion sequences 
(IS). Moreover, chromosomes present genomic islands (GI). Pili and adhesins (light blue circles) 
allow bacterial adhesion to host-cell receptors such as intermediate filament protein cytokeratin 
13 (CK13). T3SS may have a role in invasion of the host cells. B. cenocepacia produces 
extracellular toxins, lipases, siderophores and proteases, contributing to tissue damage and 
inflammation, along with T4SS PTW and LPS. T4SS Vir system requires further investigation. The 
polar flagellum is involved in host cell invasion and flagellins are recognized by Toll-like receptor 
5 (TLR5), triggering the activation of the host immune response. Regulation of virulence factors 
expression is governed by the quorum-sensing systems cepIR and cciIR, mediated by acyl-
homoserine lactose (AHLs) (Mahenthiralingam et al., 2005). 
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1.4.1.1. Lipopolysaccharide 

Just like P. aeruginosa, the LPS of B. cenocepacia is composed of lipid A, core 
oligosaccharide and O-antigen. Also in this case, not all the B. cenocepacia 
strains produce the O-antigen. Specifically, B. cenocepacia K56-2 produces the 
O-antigen through to the expression of glycosyltransferase WbxE (Ortega et al., 
2005). In this strain, the presence of the O-antigen is associated with increased 
resistance to serum-mediated killing (Ortega et al., 2005) and cationic 
antimicrobial peptides (Loutet et al., 2006). In contrast, B. cenocepacia J2315 
presents an insertion sequence within the wbxE gene, leading to the truncation 
of the glycosyltransferase and impairing the formation of complete LPS (Ortega 
et al., 2005). As is characteristic of LPS, B. cenocepacia LPS elicits a robust 
innate immune response (Bamford et al., 2007) and impairs opsonization and 
phagocytosis (Saldías et al., 2009). 

1.4.1.2. Bacterial adhesins 

B. cenocepacia exhibits various cell envelope structures, including flagella and 
pili which are involved in host-pathogen interactions and allow DNA exchange 
through conjugation. Interestingly, B. cenocepacia upregulates flagellar genes 
when incubated in CF sputum. This upregulation is essential for the 
progression of the infection and is in contrast with P. aeruginosa behaviour 
(Drevinek et al., 2008). Indeed, deletion of genes encoding the primary flagellin 
subunit results in a non-motile strain with impaired virulence in vivo (Urban et 
al., 2004). On the other hand, pili are involved in damage of the pulmonary 
tissue (Cheung et al., 2007). 

1.4.1.3. Secretion systems 

B. cenocepacia utilizes secretion systems to release effector proteins that play 
fundamental roles in bacterial pathogenesis. Among these secretion systems, 
the T3SS is essential for the virulence of the bacterium and its survival in vivo 
(Tomich et al., 2003). Additionally, B. cenocepacia possesses two T4SSs, 
involved in intracellular survival and replication within epithelial cells and 
macrophages (Sajjan et al., 2008), as well as plasmid mobilization (Zhang et al., 
2009). Furthermore, similarly to the T3SS, T6SS is associated with bacterial 
virulence and mutants lacking functional T6SS show reduced pathogenicity in 
vivo (Hunt et al., 2004). 
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1.4.1.4. Siderophore 

B. cenocepacia can produce two different siderophores, namely ornibactin and 
pyochelin which are involved in chelating and acquiring iron (Thomas, 2007). 
Among these siderophores, ornibactin is the primary one produced by this 
bacterium, necessary for its virulence in vivo (Visser et al., 2004). Notably, B. 
cenocepacia can enzymatically degrade ferritin, a host-produced protein 
responsible for storing iron, thereby releasing it (Whitby et al., 2006). 
Degradation of ferritin is particularly important during lung infections in 
individuals with CF since ferritin concentrations are significantly higher in the 
lungs of CF patients compare to healthy individuals, making iron accessible to 
this bacterium (Stites et al., 1999; Whitby et al., 2006). 

1.4.1.5. Quorum-sensing 

B. cenocepacia intraspecies communication depends primarily on two quorum-
sensing systems, cepIR and cciIR, which are mediated by specific acyl-
homoserine lactone (AHL) autoinducers. These systems are involved in various 
bacterial processes, including motility (Lewenza et al., 2002), biofilm formation 
(Tomlin et al., 2005), in vivo virulence (Sokol et al., 2003), as well as the 
production of siderophores, proteases and lipases (Lewenza et al., 1999). 
Interestingly, cepIR and cciIR show functional overlap by sharing multiple gene 
targets, even though they do so in an agonistic manner (O'Grady et al., 2009). In 
addition, this bacterium possesses an AHL-independent quorum-sensing 
system based on the B. cenocepacia diffusible signal factor (Deng et al., 2009) 
and another based on the molecule valdiazen (Jenul et al., 2018). 

1.4.1.6. Bacterial biofilm and exopolysaccharides 

Biofilm formation in B. cenocepacia serves as an important defence mechanism, 
providing protection against the host immune system and antibiotic 
treatments. In the lungs of CF patients, B. cenocepacia has the ability to form 
biofilms, often in association with P. aeruginosa (Tomlin et al., 2001). 
Interestingly, these two bacteria can communicate within the biofilm, 
potentially regulating some of their virulence factors during CF lung infections 
(Lewenza et al., 2002). In addition, biofilm formation also leads to the 
differentiation of a small bacterial population into antibiotic-tolerant persister 
cells (Van Acker et al., 2014). 

B. cenocepacia biofilm formation is influenced by the synthesis of 
exopolysaccharides, especially during CF respiratory infections (Conway et al., 
2004). Unlike P. aeruginosa, where alginate production is typically associated 
with the establishment of chronic lungs infections, not all B. cenocepacia 
strains chronically infecting the pulmonary tissue of CF patients produce 
exopolysaccharides. This includes strains like B. cenocepacia J2315 and K56-2 
(Zlosnik et al., 2008).  
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However, for those strains that do synthetize exopolysaccharides, they 
contribute to the persistence of the bacterium within the CF lungs (Conway et 
al., 2004). 

1.4.2. B. cenocepacia antibiotic resistance 

B. cenocepacia represents a significant treatment challenge mainly due to its 
high intrinsic resistance to antibiotics currently used in clinics. This bacterium 
is resistant to aminoglycosides, β-lactams, phenicols, quinolones, tetracyclines 
and antimicrobial peptides (Scoffone et al., 2017). Similarly to P. aeruginosa, 
antibiotic resistance of B. cenocepacia can be classified into intrinsic, acquired 
and adaptive antibiotic resistance (Figure 1.6).  

1.4.2.1. Intrinsic antibiotic resistance 

B. cenocepacia intrinsic antibiotic resistance is attributed to different factors, 
including reduced permeability of its cell envelope, presence of efflux pumps 
and enzymes that hydrolyse or modify antibiotics (Scoffone et al., 2017). 

The cell envelope of B. cenocepacia plays a significant role in limiting the 
diffusion of both hydrophilic and hydrophobic antibiotics, primarily due to the 
LPS, as previously described (Nikaido, 2023). Interestingly, the net negative 
charge of the LPS of this bacterium is reduced because of the substitution of 
phosphate groups with 4-amino-4-deoxy-L-arabinose in both lipid A and core 
oligosaccharide structures. This modification confers resistance to 
antimicrobial peptides, including polymyxin B (Olaitan et al., 2014). Indeed, 
when the core oligosaccharide is removed from the LPS, B. cenocepacia 
becomes more susceptible to this antibiotic (Ortega et al., 2009). In addition, 
porins are also involved in reduced membrane permeability to antibiotics. In 
fact, B. cenocepacia strains isolated from CF patients and resistant to β-lactams 
are characterized by a decreased porin content (Aronoff, 1988).  

Efflux pumps play an important role in the resistance of B. cenocepacia to 
antibiotics. Similarly to P. aeruginosa, the RND efflux pump family is the major 
contributor to antibiotic resistance in this bacterium (Scoffone et al., 2017). For 
instance, RND-3 pump expels ciprofloxacin and tobramycin, while RND-4 pump 
confers resistance to ciprofloxacin, tobramycin, minocycline and 
chloramphenicol. These efflux pumps are activated particularly during 
planktonic growth of B. cenocepacia. Furthermore, only when biofilms are 
formed, RND-8 and RND-9 pumps expel tobramycin (Buroni et al., 2014). 
Interestingly, in cases where B. cenocepacia establishes chronic infections in 
the respiratory tract of CF patients, there is an upregulation of the RND-4 
pump, highlighting its importance during CF infections (Mira et al., 2011). 
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B. cenocepacia expresses antibiotic-inactivating enzymes, especially β-
lactamases (Scoffone et al., 2017).  In particular, this bacterium produces AmpC 
which hydrolyses extended-spectrum cephalosporins (Bush and Fisher, 2011) 
and PenB which is a broad-spectrum carbapenemase (Poirel et al., 2009). 

1.4.2.2. Acquired antibiotic resistance 

The acquired antibiotic resistance observed in B. cenocepacia arises from 
spontaneous mutations in its genetic material. These mutations can lead to a 
reduction in the negative charge of the LPS or an increase in the expression of 
efflux pumps and enzymes that inactivate antibiotics. Although it is not a major 
mechanism of resistance in this bacterium, drug target modification can also 
occur (Scoffone et al., 2017). For instance, point mutations in the gene 
encoding the DNA gyrase subunit A can confer resistance to levofloxacin (Tseng 
et al., 2014). In addition to mutations-driven resistance, B. cenocepacia can 
acquire antibiotic resistance genes through conjugation and transduction 
(Scoffone et al., 2017). 

1.4.2.3. Adaptive antibiotic resistance 

In B. cenocepacia, adaptive antibiotic resistance is attributed to biofilm 
formation and persister cells differentiation which are associated with the 
establishment of chronic infections. In such cases, resistance to antibiotics is 
primarily caused by decreased antibiotic diffusion within the biofilm matrix 
and tolerance to antimicrobial compounds, respectively (Scoffone et al., 2017). 

1.4.3. B. cenocepacia antibiotic treatment 

B. cenocepacia represents a major threat to CF patients not only due to its 
extensive resistance to a broad range of antibiotics, but also due to the lack of 
an established treatment strategy to eradicate the chronic infections of this 
bacterium (Regan and Bhatt, 2019). Unfortunately, the limited number of 
individuals with CF infected with B. cenocepacia has resulted in insufficient 
funding for the identification of new drugs (Salsgiver et al., 2016). Despite 
these challenges, there are case reports where eradication treatment was 
successful. For instance, a treatment regimen involving a two-week intravenous 
administration of ceftazidime, tobramycin and temocillin, followed by three 
months of inhaled tobramycin, resulted in the complete eradication of B. 
cenocepacia in two children (Kitt et al., 2016). However, there are many 
questions that remain unanswered, including the optimal duration of the 
therapy, the effectiveness of single versus multiple antibiotic therapies and the 
lack of correlation between in vitro and in vivo susceptibility data (Gautam et 
al., 2015).   
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1.5. Staphylococcus aureus 

Staphylococcus aureus is an opportunistic, Gram-positive coccus that is 
commonly found as a commensal in the nasal cavities and skin of around 30% 
of healthy individuals. However, the widespread presence of this bacterium, 
even from an early age, can lead to the establishment of chronic infections in 
individuals with CF and compromised immune system (Goss and Muhlebach, 
2011). In CF patients, S. aureus is frequently the first pathogen detected, with a 
prevalence of approximately 60% in infants under the age of 2 and around 
80% in children across the United States (Figure 1.4). Although the incidence 
tends to decrease with age (Figure 1.4), the impact remains significant, as S. 
aureus infections are associated with increased lung inflammation and 
impaired lung function (Zemanick and Hoffman, 2016).  

S. aureus is characterized by a relatively small genome of about 3 Mbp, yet it 
can rapidly adapt to hostile host niches, including the airways of CF individuals. 
The most important adaptations of S. aureus include biofilm formation, which 
protects bacteria from both the host immune system and antibiotic therapy 
(Waters et al., 2016), and the emergence of small colony variants (SCVs), which 
are phenotypic variations characterized by the formation of small, slow-
growing colonies on agar plates (Yagci et al., 2013). SCVs arise from mutations 
in metabolic genes, leading to nutritional deficiencies and reduced growth 
rates. This altered phenotype confers resistance to antibiotics and allows 
bacteria to persist within host tissues. Interestingly, SCVs frequently adopt an 
intracellular lifestyle by invading host cell, further protecting S. aureus from the 
immune system and antibiotics (Yagci et al., 2013).    

In individuals with CF, prophylactic and suppressive antibiotic treatments of S. 
aureus infections are challenging due to antibiotic resistance. Of particular 
concern is the emergence of methicillin-resistant S. aureus (MRSA) which is 
associated with worsened lung function and increased mortality in CF patients 
(Rumpf et al., 2021). The resistance to this β-lactamase-resistant penicillin 
arose after its clinical use in the 1960s and resulted from acquisition of the 
mecA gene (Akil and Muhlebach, 2018). This gene encodes the penicillin-
binding protein 2a (PBP2a), a modified form of a penicillin-binding protein. 
PBP2a has a reduced affinity for methicillin, allowing it to function even in the 
presence of this antibiotic, without impairing cell wall biosynthesis (Chambers, 
1997). However, mecA-independent resistance mechanisms have been 
described in certain MRSA strains (Hryniewicz and Garbacz, 2017). 
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The clinical impact of prophylactic and suppressive antibiotic therapies for 
methicillin-sensitive S. aureus in CF patients remains uncertain (Rosenfeld et 
al., 2020). In addition, anti-staphylococcal treatment has been associated with 
increased prevalence of P. aeruginosa (Ratjen et al., 2001). In contrast, given 
the detrimental effects of chronic MRSA infections in individuals with CF, 
eradication therapy is generally recommended, showing decreased rates of 
persistence and reduced frequency of exacerbations (Dolce et al., 2019). 
Several antibiotics are commonly used in clinical settings to treat S. aureus 
infections in CF patients, including trimethoprim/sulfamethoxazole, rifampicin, 
vancomycin and linezolid (Lo et al., 2022). 

1.6. Alternative treatments to fight bacterial infections 

Given the limited progress in the development of new antibiotics and the 
increasing threat of infections with antibiotic-resistant strains, there is an 
urgent need to develop alternative therapeutic strategies, including the 
repurposing of existing drugs. Among these approaches, antivirulence 
strategies are particularly promising as they are aimed at interfering with 
bacterial virulence factors, thereby impairing bacterial pathogenesis without 
killing the bacteria. As a consequence, antivirulence strategies may exert a 
lower selective pressure and reduce the likelihood of resistance development 
compared to conventional antibiotics. Examples of antivirulence treatments 
include targeting bacterial surface structures (e.g. LPS, flagella and pili) 
preventing bacterial attachment to and invasion of the host, disruption of 
secretion systems (e.g. P. aeruginosa T3SS), neutralization of secreted virulence 
factors (e.g. siderophores, toxins, exopolysaccharides, etc.) and inhibition of 
quorum-sensing and biofilm formation (Liao et al., 2022). However, strategies 
for direct bacterial killing remain essential. Currently, the most encouraging 
approaches in this context are bacteriophages and antimicrobial peptides (Qin 
et al., 2022). Furthermore, considering combination therapy is essential. This 
approach involves the combination of existing and novel antimicrobials with 
compounds that increase membrane permeability, inhibit efflux pumps or 
impair signalling pathways connected to antibiotic resistance (Wang et al., 
2020).   
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As mentioned earlier, CFTR modulators are revolutionizing the treatment of CF, 
improving mucus hydration and mucociliary clearance, thereby leading to an 
improved bacterial elimination (Hisert et al., 2017). However, structural lung 
damage and consequent chronic airway infections still persist (Ribeiro et al., 
2023; Thornton and Parkins, 2023). For instance, a clinical study showed that 
modulators initially caused a decline in the abundance of P. aeruginosa in the 
lungs of CF patients, but eventually led to a rebound effect (Harris et al., 2020). 
RECOVER (https://classic.clinicaltrials.gov/ct2/show/NCT04602468) and 
PROMISE (https://classic.clinicaltrials.gov/ct2/show/NCT04038047) clinical 
studies are currently evaluating the impact of CFTR modulators on bacterial 
infections. These studies are expected to be completed in July and October 
2024, respectively. Considering the persistent bacterial infections upon CFTR 
therapy and the fact that some CF patients are not eligible for this therapy due 
to their CFTR mutations, age or intolerance to the treatment, it remains crucial 
to address bacterial infections treatment (Ribeiro et al., 2023). It is worth 
noting that there is evidence suggesting that modulators possess mild 
antimicrobial properties. For instance, the potentiator ivacaftor may inhibit 
DNA replication due to the presence of a quinoline ring (Reznikov et al., 2014). 
In addition, it can synergize with tobramycin against S. aureus and with 
ciprofloxacin against P. aeruginosa (Payne et al., 2017; Cho et al., 2019). 

1.7. The dispirotripiperazine derivative PDSTP 

PDSTP, an abbreviation for 3,3’-(2-methyl-5-nitropyrimidine-4,6-diyl)3,12-bis-
6,9-diaza-diazoniadispiro [5.2.5.2] hexadecane tetrachloride dihydrochloride, 
is non-toxic dispirotripiperazine derivative of 965 g/mol synthetized by our 
collaborator Dr. Vadim Makarov of the Federal Research Centre “Fundamentals 
of Biotechnology” of the Russia Academy of Sciences (Moscow, Russia). 
Dispirotripiperazines are tricyclic molecules that possess two shared atoms, 
known as spiro atoms, belonging to the dispiro compounds. In the case of 
dispirotripiperazines, the spiro atoms are two quaternary positively charged 
nitrogen atoms (Egorova et al., 2021). Specifically, PDSTP contains two of this 
molecular scaffold, resulting in a total of four reactive nitrogens (Schmidtke et 
al., 2002) (Figure 1.9). 
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Figure 1.9. Molecular structure of PDSTP, characterized by four quaternary positively charged 
nitrogens (Makarov and Popov, 2022). 

Historically, the dispirotripiperazine scaffold has been investigated as antiviral 
due to its ability to impair viral adsorption to negatively charged heparan-
sulphate glycosaminoglycans (HSGAGs) expressed at the surface of human 
cells. The mechanism of action of dispirotripiperazine-based compounds 
involves the saturation of HSGAGs though electrostatic interactions, thus 
preventing the interaction of viruses with this host-cell receptor (Schmidtke et 
al., 2002).  

1.7.1. Heparan-sulphate proteoglycans 

Heparan-sulphate proteoglycans (HSPGs) represent one of the most important 
constituents of the extracellular matrix and are present on the surface of 
human cells (Bishop et al., 2007). HSPGs are composed of one or more HSGAGs, 
which are long linear polysaccharides consisting of repeated disaccharides 
units, covalently attached to a core protein (Figure 1.10A) (Sarrazin et al., 
2011). The negatively charged nature of HSPGs arises from the presence of 
carboxylic and sulphate groups (Sarrazin et al., 2011). HSPGs can be classified 
into two groups, syndecans and glypicans, based on their core protein (Figure 
1.10B). In particular, syndecans are transmembrane proteins anchored to the 
cell membrane through a hydrophobic domain (Poulain and Yost, 2015). On the 
other hand, glypicans are connected to the plasma membrane through a 
glycosylphosphatidylinositol linkage (Iozzo and Schaefer, 2015). The principal 
disaccharide unit consists of glucuronic acid and N-acetylglucosamine, while 
the minor component is composed of 2-O-sulphated glucuronic acid or 6-O-
sulfated glucosamine, with the possibility of sulphation at the N-position of 
glucosamine (Figure 1.10C). 
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Figure 1.10. HSPGs consist of HSGAGs chains which are, in turn, composed by repeated 
disaccharide residues, connected to a core protein (A). Syndecans and glypicans are the two 
main classes of HSPGs (B). Chemical structure of the major and minor disaccharide subunits 
composing the HSGAGs (C) (Egorova et al., 2021). 

HSPGs are involved in a diverse array of biological functions such as cell 
proliferation, differentiation, migration and adhesion. They also contribute to 
the organization and integrity of the extracellular matrix, inflammation and 
wound healing. This is due to the interactions of HSPGs with a vast repertoire 
of ligands (more than 300). Among these ligands there are growth factors, 
chemokines and cytokines. Importantly, HSPGs are implicated in different 
pathological processes such as cancer and neurodegenerative disorders, where 
dysregulation of HSPGs-mediated signalling pathways can contribute to disease 
pathogenesis and progression (Sarrazin et al., 2011). 

Several viruses have evolved to specifically recognize HSPGs, either as 
receptors or attachment factors, allowing their attachment to host cells. 
Examples of such viruses include herpes simplex virus (HSV) (Shukla and 
Spear, 2001), human papillomavirus (HPV) (Giroglou et al., 2001), human 
immunodeficiency virus (HIV) (Connell and Lortat-Jacob, 2013) and hepatitis 
viruses (Barth et al., 2003; Leistner et al., 2008; Kalia et al., 2009).  
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In addition to viruses, bacteria also have the ability to interact with this host-
cell receptor. Specifically, P. aeruginosa binds to heparan-sulphate chains 
through bacterial adhesins, especially flagella (Bucior et al., 2012). This 
interaction becomes particularly significant in the context of epithelia injury. 
For instance, when the airway epithelium is damaged, polarized epithelial cells 
dedifferentiate and upregulate the expression of HSPGs on their apical surface, 
promoting P. aeruginosa adhesion (Bartlett and Park, 2011). Furthermore, an 
increased expression of syndecan-1, the most common HSPG of epithelia, has 
been observed in bronchial epithelial cells exposed to glucocorticoids, 
facilitating P. aeruginosa adhesion. This effect is particularly relevant in 
patients who receive recurrent inhalation of corticosteroids, as it may be 
associated with the increased risk of pneumonia reported in these individuals 
(Liu et al., 2021a). However, other bacteria have been demonstrated to bind to 
heparan-sulphate chains, including B. cenocepacia (Martin et al., 2019) and S. 
aureus (Liang et al., 1992).  

HSGAGs can be targeted by different drug classes aimed at preventing the 
adhesion of pathogens, including GAG mimetics that compete with endogenous 
GAGs, enzymes that modify or hydrolyse HSGAGs, as well as cationic 
compounds that interact with the negative charges of HSGAGs (Weiss et al., 
2017). In particular, PDSTP belongs to the class of cationic molecules and 
interacts with two negatively charged sulphate groups located in adjacent 
saccharide residues (Makarov and Popov, 2022). 

1.7.2. PDSTP properties and activity 

PDSTP toxicity has been extensively investigated, showing a non-cytotoxic 
profile in both in vitro and in vivo studies. This is consistent with the size and 
charge characteristics of the compound which prevent its entry into human 
cells (Egorova et al., 2021). 

PDSTP exhibited a good antiviral activity in vitro when tested against HSV-1 
(Schmidtke et al., 2002) and both HIV-1 and HIV-2 (Novoselova et al., 2017). 
Furthermore, this compound prevented the death of a herpetic encephalitis 
mouse model when utilized in combination with acyclovir (Novoselova et al., 
2019), was more effective compared to acyclovir when used to treat a guinea 
pig model of genital herpes (Novoselova et al., 2020), reduced both corneal 
lesions and viral infection course in a rabbit model of herpes simplex epithelial 
keratitis (Alimbarova et al., 2022) and prevented severe viral pneumonia 
induced by SARS-CoV-2 in a Syrian hamster infection model (Makarov and 
Popov, 2022).  
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In conclusion, it is worth mentioning that PDSTP may possess anti-
inflammatory properties. This hypothesis arises from the characterization of 
prospidine, a dispirotripiperazine derivative that inhibited the production of 
proinflammatory cytokines in the context of rheumatoid arthritis (Benenson et 
al., 1986; Nemtsov et al., 1998). By sharing the same molecular scaffold, it is 
likely that PDSTP also prevents the production of those cytokines. 

1.8. Bacteriophages 

Bacteriophages (or phages) are natural predators of bacteria. They are the 
most abundant and diverse entities on Earth, with an estimated number of 1031 
phages in the biosphere (Hendrix, 2002). Phages have been found in every 
biome inhabited by bacteria, including the human gastrointestinal tract 
(Shkoporov et al., 2018), where they affect human physiology, as well as the 
deep oceans (Nigro et al., 2017). 

Phages were initially discovered in 1915 by the English bacteriologist 
Frederick Twort and, shortly after, in 1917, the French microbiologist Felix 
d’Herelle described their bacteriolytic properties. In 1919, d’Herelle 
successfully utilized phages to treat bacterial dysentery in children, marking 
the beginning of phage therapy for both human and animal bacterial infections. 
The first phage therapy programs were established in Georgia and Poland, and 
they continue to operate today. However, with the discovery of penicillin by 
Alexander Fleming in 1928, the use of phages for treating bacterial infections 
was overshadowed, especially in the Western world. In recent years, there has 
been a significant increase in interest to phage therapy, particularly due to its 
potential in combating antibiotic-resistant bacteria (Summers, 2012).  

1.8.1. Bacteriophage biology 

Phages generally have a double-stranded DNA genome, but single-stranded 
DNA, double-stranded RNA and single-stranded RNA phage genomes have been 
described. Their genetic material ranges in size from approximately 2,500 bp 
to over 540 kbp. Genomes are enclosed within a capsid that can be polyhedral, 
filamentous or pleomorphic, and can be attached to a tail (Dion et al., 2020). 
The majority of described phages possess a double-stranded DNA genome 
packed into a tailed icosahedral capsid, belonging to the Caudovirales order. 
This order comprises different families, including Myoviridae, Siphoviridae and 
Podoviridae (Figure 1.11). The diameter of the capsid of Caudovirales phages 
typically ranges from 45 to 185 nm, while their tail can be either contractile 
(Myoviridae) or non-contractile (Siphoviridae and Podoviridae) (Ackermann, 
2007).  
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Figure 1.11. Schematic representations and transmission electron micrographs depicting 
Myoviridae, Siphoviridae and Podoviridae phages which belong to the Caudovirales order. T4 
phage represents the Myoviridae family, while phage lambda and T7 represent the Siphoviridae 
and Podoviridae families, respectively (Dion et al., 2020). 

Phages have undergone co-evolution with bacteria for over 3 billion years, 
resulting in their high specificity for their host. This species-specificity is a trait 
that is shared with eukaryotic viruses. Additionally, phages exhibit other 
shared characteristics such as replication within the host by exploiting its 
machinery, as well as possessing relatively small genomes, as mentioned 
earlier (Strathdee et al., 2023).  

Phages can be classified as lytic (virulent) or lysogenic (temperate) (Figure 
1.12). The initial stage of phage infection involves the recognition of receptors 
on the surface of bacterial cells by receptor binding proteins located at either 
the tip of the tail or the baseplate. Subsequently, the phage genome is injected 
from the capsid into the cytoplasm (Strathdee et al., 2023). 
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The lytic cycle is characterized by a sequential program involving the 
expression of early phage genes responsible for genome replication, followed 
by late phage gene expression involving structural and assembly components. 
This culminates in the assembly of virions and subsequent lysis of the bacterial 
host, releasing the phage progeny. Phages can also undergo a lysogenic cycle, 
wherein their genomes integrate within the bacterial host chromosome, 
leading also to the silencing of lytic genes. Integrated phages are known as 
“prophages”, while bacterial cells containing an integrated prophage are 
referred as “lysogens”. However, under specific conditions, the prophage can be 
induced, excised from the bacterial chromosome and enter the lytic cycle. The 
occurrence of lysogeny varies depending on the phage, host and environmental 
conditions, ranging from a low percentage to the majority of infections. Since 
lytic phages have a higher frequency of lysing bacterial cells compared to 
lysogenic phages, lytic phages are more suitable for clinical applications. 
Nevertheless, lysogenic phages can be genetically engineered to be strictly lytic 
(Strathdee et al., 2023). 

 

Figure 1.12. Lytic and lysogenic cycles of phages. Upon phage attachment and DNA injection into 
the host cell, the phage DNA circularizes and can enter either lytic or lysogenic cycle. In the lytic 
cycle, the phage takes control of the host’s machinery to replicate its genetic material, assemble 
new virions and ultimately cause bacterial lysis, releasing the phage progeny. On the other hand, 
during the lysogenic cycle, the phage DNA integrates into the bacterial chromosome. The 
prophage becomes a stable part of the bacterial genome and is inherited as the bacterial cells 
replicate. However, under certain circumstances, the prophage can be induced to excise from the 
bacterial chromosome, entering the lytic cycle (BioRender.com).  
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The phage lytic cycle is characterized by three important parameters which are 
adsorption kinetics, latent period and burst size. The adsorption kinetics is 
related to the process by which phages bind to their bacterial cell receptor. The 
latent period of a phage refers to the time interval between phage infection of a 
bacterial cell and the release of the phage progeny. Finally, the burst size is the 
number of new virions that are released from an infected bacterial cell after its 
lysis (Strathdee et al., 2023). 

1.8.2. Bacteriophage therapy 

Phage therapy is a therapeutic approach that utilizes phages to treat bacterial 
infections. There are many advantages related to clinical applications of 
phages. Besides their species-specificity which allows to avoid killing of 
bacteria belonging to the normal microbiota, phages can infect and lyse not 
only antibiotic-resistant strains, but also persister cells. Furthermore, phages 
can eradicate the biofilm of biofilm-forming bacteria by both killing bacteria 
within the biofilm and degrading its matrix, possibly promoting the access of 
antibiotics to the deeper regions of the biofilm (Strathdee et al., 2023).  

Phages intended for clinical use are commonly isolated from the environment. 
As mentioned previously, phages can be found in any niche where bacteria 
exist. One important source for isolation of phages with therapeutic potential is 
wastewater. Indeed, wastewater serves as a fertile environment for the 
proliferation and interaction of bacteria, providing a reservoir for phages that 
naturally infect and control bacterial populations (Clokie et al., 2011). 

Following isolation, phages require an extensive characterization before their 
clinical use. Specifically, phages must be demonstrated to be lytic, effective and 
devoid of genes associated with potential side effects. In particular, whole-
genome sequencing allows to exclude the presence of genes associated with 
antimicrobial resistance, toxins and virulence factors (Philipson et al., 2018). 
Particularly important is the determination of the host range which refers to 
the range of bacterial species or strains that a phage is capable of infecting. The 
host range is primarily determined by the specific receptor on the bacterial 
surface recognized by the phage and should ideally be broad. Prior to clinical 
application, phages need to be propagated on a well-characterized host and 
purified to minimize endotoxin levels. The propagating strain should have no 
integrated prophages to avoid contamination with prophage-derived particles. 
Interestingly, multiple phages can be combined into phage cocktails to broaden 
the host range, thus enhancing treatment efficacy. To facilitate this, the 
establishment of phage banks becomes crucial for clinical use, potentially 
allowing personalized medicine where specific phages can be selected based 
on the individual’s bacterial infection profile (Strathdee et al., 2023). 
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Once phages have been extensively characterized, they can be administered to 
patients. Phage therapy relies on various routes of administration, including 
both parenteral and non-parenteral routes, with an increasing trend towards 
intravenous administration. A recent comprehensive review has shown the 
safety and tolerability of phage administration, regardless administration route 
(Liu et al., 2021b). However, it is important to note that the immune system of 
the patient may be activated in response to phages, potentially compromising 
their efficacy. Therefore, it is fundamental to conduct both pharmacokinetic 
and pharmacodynamic studies to optimize the route of administration and 
understand the role of pre-existing or induced adaptive immune responses 
(Dąbrowska and Abedon, 2019). In the case of CF infections, phages are 
generally administered by inhalation, although the stability after nebulisation 
needs to be assessed (Wang et al., 2021). 

Currently, most of the research on phage therapy is focused on pulmonary 
infections and the sterilization of infected implanted medical devices, including 
vascular and orthopaedic devices.  Furthermore, a growing number of clinical 
trials are ongoing in Europe, Australia and the UK, where the efficacy of 
environmental phages in treating multidrug-resistant bacterial infections is 
being evaluated, according to ClinicalTrials.gov. 

In addition to the phage therapy programs in Georgia and Poland, established 
programs are now available in the United States, France, Belgium and Sweden. 
Furthermore, the UK has recently announced its consideration of 
compassionate-use of phages. It is important to develop standardized phage 
therapy protocols for clinical applications and this is the direction that Europe 
and Australia are pursuing (Strathdee et al., 2023). 

1.8.3. Bacteriophage resistance in bacteria 

Similar to antibiotics, phages exert strong selective pressure on their bacterial 
hosts, driving the evolution of resistance. This process can lead to the 
emergence of bacteria that are resistant to phage therapy, ultimately resulting 
in therapy failure (Wang et al., 2023a). 

Over a span of more than 3 billion years, co-evolution between bacteria and 
phages has led to the development of several defence mechanisms in bacteria. 
These mechanisms include inhibition of phage adsorption, genome injection, 
replication and assembly (Figure 1.13). Simultaneously, phages have also 
developed multiple strategies to counteract these bacterial defences (Wang et 
al., 2023a).  
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Figure 1.13. Life cycle of lytic phages and examples of mechanisms of phage resistance, 
including prevention of receptor binding by receptor masking, downregulation or mutation, 
degradation of phage DNA by restriction-modification (R-M) and CRISPR-Cas systems, and 
prevention of phage propagation by the abortive infection (Abi) system (Oromí-Bosch et al., 
2023). 

As a primary defence mechanism, bacteria can prevent phage adsorption by 
modifying surface phage receptors, including LPS, outer membrane proteins, 
flagella and pili. For instance, bacteria can mutate, downregulate or mask these 
receptors. In particular, receptors can be shielded by masking proteins or 
extracellular polymeric substances (Oechslin, 2018). In addition, bacteria 
residing within biofilms are further protected against phage infection (Wong et 
al., 2021). 

Once a phage successfully adsorbs to the bacterial receptor and injects its 
genome into the cell, bacteria have the ability to degrade the phage genome, 
thus preventing phage replication. Similarly to Eukaryotic organisms, bacteria 
possess both innate and adaptive immunity. Bacterial innate immunity relies 
on restriction-modification (R-M) systems that recognize specific modified 
sequences in the phage genome and cleave them. Indeed, nucleic acid 
modifications, such as DNA methylation, allow bacteria to distinguish between 
self (methylated) and nonself-DNA (unmethylated) (Bernheim and Sorek, 
2020). On the other hand, bacterial adaptive immunity relies on CRISPR-Cas 
systems that cleave specific DNA/RNA phage sequences based on short-phage 
derived DNA sequences present in the bacterial genome. These sequences 
derive from previous interactions with similar phages. The presence of the 
protospacer adjacent motif (PAM) near the sequence recognized by the 
CRISPR-Cas complex helps to avoid autoimmunity as it is absent in the 
bacterial genome (Westra et al., 2012). 
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In the event that a phage manages to replicate within the bacterial host, phage-
specific components can be detected and trigger the activation of abortive 
infection (Abi) systems. These systems induce bacterial cell death, thereby 
preventing the production of phage progeny and safeguarding uninfected cells. 
Unlike the previous examples which were related to bacterial protection at the 
individual cell level, the Abi system confers protection at the population level, 
allowing the bacterial population to survive through the sacrifice of individual 
cells (Lopatina et al., 2020). 

Simultaneously, phages undergo evolutionary changes to overcome bacterial 
resistance. For instance, they can evolve to utilize different receptors or 
develop the ability to cleave masking proteins and extracellular polymeric 
substances, enabling them to gain access to bacterial cell receptors (Labrie et 
al., 2010). Moreover, phages can modify their genetic material to evade 
recognition by R-M systems, mutate the PAM sequence to impair CRISPR-Cas 
activity and even synthetize proteins that disable these defence systems 
(Hampton et al., 2020). 

1.8.4. How to minimize bacterial resistance to phages 

To overcome phage resistance in bacteria, the strategy primarily involves the 
selection of highly effective phages, maximizing the rate of phage killing across 
different strains of the bacterial target. Specifically, phages should be 
characterized by rapid and strong adsorption to their receptors, a short latent 
period and a large burst size (Strathdee et al., 2023). 

Highly efficient phages that recognize different receptors can be combined into 
phage cocktails. This approach broadens the host range of the phage and 
minimizes the emergence of phage-resistant bacteria. By employing this 
method, bacteria would need to evolve rescuing mutations for multiple 
receptors simultaneously, a process that occurs with lower probabilities 
(Abedon et al., 2021). 

Interestingly, phage evolution can be exploited to counter bacterial resistance. 
Phage training, also known as phage preadaptation, involves the training of the 
phage population to anticipate and overcome phage resistance that may 
develop in bacteria through the accumulation of mutations. Phage training can 
be achieved in vitro either by propagating viruses for serial rounds of infection 
on a non-evolving host (Morello et al., 2011) or co-evolving the phages with the 
host for several passages (Borin et al., 2021).  
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For instance, propagating phages with a non-evolving clinical isolate of P. 
aeruginosa resulted in trained phages that evolved to kill the bacterium with 
significantly higher efficiency in vivo, compared to non-trained phages (Morello 
et al., 2011). Interestingly, phage training has been used to update commercial 
phage cocktails against emerging epidemiological bacterial strains 
(Ujmajuridze et al., 2018). 

Another strategy in combating bacterial resistance is through phage 
engineering, a technique employed to expand the phage host range, reduce 
bacterial resistance to phages, increase phage safety and improve their stability 
(Pires et al., 2016). For instance, phage engineering was used to genetically 
modify two Mycobacterium abscessus temperate phages into strictly lytic 
phages which, along with a natural lytic phage, were used to treat a 15-years-
old CF patients infected with drug-resistant M. abscessus. In this case, the 
resulting lytic phages showed increased killing activity against the bacterium, 
resulting in clinical improvements (Dedrick et al., 2019). Remarkably, this was 
the first successful phage therapy employing engineered phages. In addition, 
phages can be engineered to express biofilm-degrading enzymes (Lu and 
Collins, 2007) or molecules that inhibit quorum-sensing (Pei and Lamas-
Samanamud, 2014). 

However, bacterial resistance to phages is inevitable. As a consequence, one 
interesting approach involves driving bacterial evolution toward favourable 
trade-offs. This means that bacteria may develop resistance to phage infections 
but at the cost of impaired bacterial fitness. Moreover, bacterial resistance can 
be connected to antibiotic potentiation and resensitization. For instance, the 
phage OMKO1 recognizes as receptor the outer membrane porin M of P. 
aeruginosa which is a component of the MexAB and MexXY efflux pump 
systems. Mutations in these efflux pumps can compromise the export of 
antibiotics from the bacterial cell, leading to increased susceptibility to 
antibiotics (Chan et al., 2016). However, some phages may drive bacterial 
evolution towards deleterious trade-ups, including increasing bacterial 
resistance to antibiotics. For instance, phages T6 and U115 interact with Tsx 
porins in Escherichia coli which are involved in diffusion of the antibiotic 
albicidin across bacterial membranes. Mutations in Tsx conferred resistance to 
both the phages and albicidin (Kortright et al., 2021). This illustrates the need 
for a thorough characterization of phages before considering them for 
therapeutic applications. 
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2. Aim of the work 

 

The objective of this work was to explore innovative alternative therapeutic 
strategies for treating bacterial infections in cystic fibrosis (CF) patients. 
Specifically, our focus was on addressing the challenges posed by the antibiotic-
resistant pathogens Pseudomonas aeruginosa, Burkholderia cenocepacia and 
Staphylococcus aureus. The first part of our investigation was centered on the 
evaluation on the dispirotripiperazine derivative PDSTP as a potential 
treatment option. This particular compound, characterized by a non-toxic 
nature, has been extensively investigated for its antiviral activity, involving the 
inhibition of viral adsorption to heparan-sulphate glycosaminoglycans on the 
surface of human cells (Schmidtke et al., 2002). Given that CF bacteria adhere 
to this specific host cell receptor (Bucior et al., 2012; Martin et al., 2019; Liang 
et al., 1992), the efficacy of PDSTP in inhibiting the adhesion of these 
pathogens to human epithelial cells was evaluated. Subsequently, after 
confirming that PDSTP interacted with P. aeruginosa, our investigation focused 
towards identifying the molecular target of the compound, as well as at 
exploring the potential of PDSTP as an antibiotic adjuvant and an inhibitor of 
biofilm formation in this bacterium.  

The second part of this study is related to the research conducted during my 
time in the laboratory of Prof. Sarah Vreugde at the University of Adelaide 
(Adelaide, South Australia). Specifically, it involved the characterization of 
three bacteriophages targeting P. aeruginosa for their therapeutic potential, 
with a focus on their lytic activity against both planktonic and biofilm-
embedded bacteria. Furthermore, this work aimed at understanding the 
impact of mutations conferring phage resistance on bacterial growth, biofilm 
formation and antibiotic susceptibility, potentially identifying advantageous 
traits for the treatment of P. aeruginosa infections.  

Overall, this work focused on developing novel approaches to combat bacterial 
infections in CF patients, particularly those caused by difficult-to-treat 
antibiotic-resistant pathogens. 
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3. Materials and methods 
 

3.1. Bacterial strains, growth conditions, antibiotics and compounds 

Pseudomonas aeruginosa PA01 reference strain (laboratory collection), 
isogenic GFP-expressing P. aeruginosa PA01 strain (Crabbé et al., 2017), 18 P. 
aeruginosa CF clinical isolates BT2, BT72, BST44, NN2, NN83, NN84, RP73, 
RP74, SG2 (Alcalá-Franco et al., 2012), C450, C452, C453, C457, C458, C459, 
C460, C462 and C464 (Department of Otorhinolaryngology, Academic Medical 
Centre, Amsterdam, The Netherlands) and 9 non-CF isolates from patients 
affected by chronic rhinosinusitis C392, C394, C405, C419, C423, C427, C430, 
C433 and C440 (Department of Otolaryngology, Head and Neck Surgery, 
University of Adelaide at The Queen Elizabeth Hospital, Woodville, South 
Australia) were grown in tryptic soy broth (TSB; BD) at 37°C (200 rpm). 
Burkholderia cenocepacia K56-2, J2315 (laboratory collection) and MH1K ∆OAg 
(Hanuszkiewicz et al., 2014) were grown in Luria-Bertani (LB; BD) broth at 
37°C (200 rpm). Methicillin-sensitive Staphylococcus aureus ATCC 25923 
(laboratory collection) was grown in TSB at 37°C (200 rpm). Minimum 
inhibitory concentration determination and antibiotic combination 
susceptibility assay were performed in cation-adjusted Mueller-Hinton broth 
(CAMHB; BD). The synthetic cystic fibrosis sputum medium (SCFM) was 
prepared as previously described and supplemented with 0.1% casamino acids 
(Harrington et al., 2021). 

Used antibiotics were amikacin (Sigma-Aldrich), ceftazidime (Sigma-Aldrich), 
ciprofloxacin (Sigma-Aldrich), colistin (Sigma-Aldrich), meropenem (Venus 
Pharma GmbH) and tobramycin (Sigma-Aldrich); ciprofloxacin was dissolved in 
0.1N NaOH, while the other antibiotics were dissolved in water. PDSTP 
(Schmidtke et al., 2002), heparin (Sigma-Aldrich), heparinase III (Sigma-
Aldrich) and dansyl-polymyxin (DPX; Sigma-Aldrich) were dissolved in water. 
N-phenyl-1-naphthylamine (NPN; Sigma-Aldrich) was dissolved in acetone. 
3,3'-Dipropylthiadicarbocyanine iodide (DiSC3(5); Sigma-Aldrich) and carbonyl 

cyanide m-chlorophenylhydrazone (CCCP; Sigma-Aldrich) were dissolved in 
dimethyl sulfoxide (DMSO). 

3.2. Human pulmonary epithelial cell cultures 

Human pulmonary epithelial cells were cultured in 75 cm2 flasks either in 
Dulbecco’s modified Eagle’s medium (DMEM; Euroclone) supplemented with 
10% fetal bovine serum (FBS), 0.1 mM non-essential amino acids, 100 U/mL 
penicillin and 0.1 mg/mL streptomycin or minimal essential medium (MEM; 
Euroclone) supplemented with 10% FBS, 2 mM glutamine, 100 U/mL penicillin 
and 0.1 mg/mL streptomycin, at 37°C in 5% CO2.  
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Specifically, A549 cells (Giard et al., 1973) were grown in DMEM, while 
16HBE14o- (Cozens et al., 1994) and CFBE41o- (carrying the biallelic 
Phe508del mutation) (Bruscia et al., 2002) were cultured in MEM. 

3.3. Minimum inhibitory concentration determination 

According to the EUCAST guidelines (Wiegand et al., 2008), the minimum 
inhibitory concentrations (MICs) were determined in CAMHB using the broth 
microdilution method. Two-fold serial dilutions of the antibiotic (or 
compound) were prepared into a U-bottom 96-well plate. Bacteria were 
collected during the mid-log phase of growth and diluted to have 
approximately 5 x 105 CFU/mL. The culture was inoculated into the 96-well 
plate and subsequently incubated at 37°C for 24 hours. After the incubation, 30 
µL of 0.01% resazurin were added to each well and the plate was further 
incubated at 37°C for four hours. Aerobic respiration of metabolically active 
bacterial cells reduces blue resazurin to pink resorufin, allowing visual 
determination of the MICs. 

3.4. Quantification of the adhesion by plate counting  

Adhesion assays were performed by plate counting as previously described 
(Berlutti et al., 2008), with modifications. Approximately 1.5 x 105 cells per 
well were seeded in a 24-well tissue culture plate in medium without 
antibiotics and incubated for 48 hours. After two days, confluent monolayers 
were infected with mid-log phase bacteria, resuspended in medium without 
antibiotics, at a multiplicity of infection (MOI) of 10 bacteria per human cell. At 
the time of the infection, PDSTP (and/or heparin) was added at the desired 
concentration in duplicate, while two wells were not treated (control). After 
two hours of incubation at 4°C, monolayers were gently washed three times 
with phosphate-buffered saline (PBS) to remove non-adherent bacteria and 
lysed with 1% Triton. Cell lysates were diluted and plated to enumerate 
adhered bacteria. The percentage of bacterial adhesion to human cells was 
calculated as:  

𝐶𝐹𝑈𝑠/𝑚𝐿 𝑜𝑓 𝑎𝑑ℎ𝑒𝑟𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎

𝐶𝐹𝑈𝑠/𝑚𝐿 𝑜𝑓 𝑖𝑛𝑜𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎
 𝑥  100 

The percentage of bacterial adhesion to human cells was then normalized to 
the untreated sample, set at 100%. 
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To investigate the mechanism of action of the compound, PDSTP pretreatments 
were performed as follows. Pretreatment of bacterial cells: incubation of 
bacteria with 50 µg/mL of PDSTP for 30 minutes at 4°C (gentle shaking). 
Pretreatment of human cells: incubation of pulmonary epithelial cells with 100 
µg/mL of PDSTP for one hour at room temperature (a high concentration of the 
compound was used to saturate heparan-sulphate glycosaminoglycans). After 
PDSTP pretreatment, both bacteria and human cells were washed three times 
with PBS to remove the excess of the compound. 

To cleave the heparan-sulphate chains, human cells were pretreated with 100 
mU of heparinase III (which hydrolyses the glycosidic bond between N-
acetylglucosamine and glucuronic acid) for two hours at 37°C in 5% CO2. 

3.5. Quantification of the adhesion by ImageStream Flow Cytometry 

After incubating the infected monolayers (MOI = 100) with an isogenic GFP-
expressing P. aeruginosa PA01 strain for two hours at 4°C and washing them 
four times with pre-chilled PBS to remove non-adherent bacteria, 
quantification of the adhesion was performed by ImageStream Flow Cytometry. 
Briefly, human cells were gently detached from the 24-well tissue culture plate 
with a cell scraper, washed by centrifugation at 4°C with 1 mL of Dulbecco’s 
PBS (D-PBS; devoid of Ca2+ and Mg2+) and resuspended in 50 μL of D-PBS to 
obtain a final concentration of approximately 2 x 107 cells/mL. Until the 
analysis at the Amnis ImageStreamX MkII (Cytek), samples were kept on ice. 

For each sample, 10,000 events were acquired at 40x magnification (NA = 0.75; 
core size 10 μm) with 488 nm laser excitation (100 mW). Brightfield images 
were collected in channel 04, cells with adhered bacteria in channel 02 (480-
560 nm channel width, 528/65 bandpass) and channel 06 (745-800 nm width, 
762/35 bandpass) was used for scatterplot detection. D-PBS was used in all 
measurements.  

Acquisition was performed by Inspire software (Amnis, version 1.3) with the 
following gating strategy: focused cells linear gate G1 (GradientRMS_Ch04) and 
selecting single cells square gate G2 (AspectRatio_Ch04/Area_Ch04).  

Data analysis was made using Amnis IDEAS software (version 6.2): focused 
cells gate (“GradientRMS_Ch04” feature), single cells gate 
(“AspectRatio_Ch04”/”Area_Ch04” features) and finally custom “BactCount” 
features were applied for quantification. “BactCount” feature was created as 
follows: a custom “BactCount” mask was created (PeakM02,Ch02,Bright24.5) 
and the “SpotCount” feature was applied on this mask. 

 

 



Materials and methods 
 

44 
 

3.6. PDSTP binding assay 

PDSTP binding assay was performed as follows. P. aeruginosa PA01 was grown 
in TSB, collected during the mid-log phase of growth, washed and resuspended 
in pre-chilled PBS. Subsequently, bacteria were incubated with 100 µg/mL of 
PDSTP for 30 minutes at 4°C. The excess of PDSTP was removed by washing 
the bacteria with pre-chilled PBS twice. The compound was eluted from the 
surface of the bacteria by resuspending them in 300 mM sodium chloride. After 
centrifugation, the presence of PDSTP was detected spectrophotometrically in 
the supernatant. Indeed, this compound absorbs light at λ = 370 nm. The 
calibration curve was obtained by plotting the absorbance values against 
different concentrations of PDSTP, ranging from 1 to 100 µg/mL. 

3.7. Phase-contrast microscopy analysis 

Phase-contrast microscopy analysis was performed as previously described 
(Pellegrini et al., 2022). P. aeruginosa PA01 was grown in TSB and 5 µL of the 
bacterial culture at an OD600 of approximately 0.5 were seeded on agar pads 
(Young et al., 2011) with or without 50 µg/mL of PDSTP. Agar pads were then 
placed onto a cover glass-dish in an environmental microscope incubator set at 
37°C. Phase-contrast imaging was performed using a Leica DMi8 widefield 
microscope, equipped with a 100x oil immersion objective (Leica HC PL 
Fluotar 100x/1.32 OIL PH3), a Leica DFC9000 sCMOS camera and driven by 
Leica LASX software.  

3.8. Dansyl-polymyxin binding assay 

The dansyl-polymyxin (DPX) binding assay was performed as previously 
described (Akhoundsadegh et al., 2019), with modifications. P. aeruginosa 
PA01 was grown in TSB, collected during the mid-log phase of growth, washed 
once and resuspended in a solution of 5 mM HEPES (pH 7.2). To define the 
amount of DPX needed for lipopolysaccharide (LPS) saturation on whole cells, 
bacteria were diluted 1:10 in the same buffer (OD600 = 0.05) and 100 µL were 
transferred to a quartz cuvette. Fluorescence was measured using a Cary 
Eclipse fluorescence spectrometer (Agilent) (excitation and emission 
wavelengths of 340 and 500 nm, respectively) after multiple additions of 1 µL 
of DPX (100 µM), until the maximum fluorescence signal was reached. Then, to 
assess the interaction of PDSTP with the LPS on bacterial surface, DPX 
displacement assay was performed. A concentration of DPX that gave 90% 
saturation was added to the bacterial suspension (OD600 = 0.05) and 0.5 µL of 
PDSTP (1 mM) were added before each measurement, recording the 
progressive decrease in fluorescence. The assay was repeated using colistin as 
control. Inhibition graphs were obtained plotting fluorescence reduction 
against PDSTP or colistin concentrations. The concentration of compound 
causing the 50% decrease in fluorescence (I50) was then extrapolated. 



Materials and methods 

45 
 

3.9. Lipopolysaccharide extraction 

LPS extraction was performed as follows (Marolda et al., 2006). Bacteria were 
grown on agar plates, collected and suspended in 2 mL of PBS to an OD600 of 
approximately 2. 1.5 mL of the bacterial suspension were centrifuged at 10,000 
x g for one minute, the bacterial pellet was resuspended in 150 µL of lysis 
buffer (0.5 M Tris-HCl pH 6.8, 2% sodium dodecyl sulphate and 4% β-
mercaptoethanol) and incubated at 95°C for 10 minutes. 10 µL of 20 mg/mL 
proteinase K were added, samples were vortexed and incubated overnight at 
60°C to digest proteins. 150 µL of pre-warmed (70°C) 90% phenol solution 
were added and, after vortexing, samples were incubated at 70°C for 15 
minutes to extract digested and residual undigested proteins. After 10 minutes 
of incubation on ice to help the separation of the aqueous and phenolic phases, 
samples were centrifuged at 10,000 x g for 10 minutes to further separate 
them. 100 µL of the clear aqueous phase (top phase) were transferred in a 
clean tube, making sure not to transfer the white interface containing proteins. 
10 volumes of ethyl ether saturated with Tris-EDTA were added to the aqueous 
phase and vigorously mixed. In this way, the ether removed phenol traces in 
the samples. Samples were centrifuged at 10,000 x g for one minute and the 
ether phase was removed by aspiration. Finally, purified LPS solutions were 
stored at -20°C. 

3.10. Lipopolysaccharide staining with silver nitrate (silver stain) 

Before the staining, sodium dodecyl sulphate (SDS) polyacrylamide gel was 
prepared and LPS was separated into its components (Marolda et al., 2006). 
The running gel was prepared with a 18% acrylamide solution supplemented 
with ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) to 
catalyse the polymerization. When TEMED was added, the solution was 
immediately poured on the casting gel unit. A layer of 0.1% SDS was added to 
prevent air from interacting with the gel which was left polymerize for at least 
20 minutes. After polymerization of the running gel, a layer of a 4.5% 
acrylamide solution supplemented with APS and TEMED was added and, after 
a 10-well gel comb was applied, it was let polymerize for at least 20 minutes. 
Once the gel was ready, the gel apparatus was assembled and cathode buffer 
(100 mM Tris-HCl pH 8.25, 100 mM of tricine and 0.1% SDS) and anode buffer 
(200 mM Tris-HCl pH 8.9) were added to the upper and lower chambers, 
respectively. LPS samples were supplemented with loading dye (0.187 M Tris-
HCl pH 6.8, 6% SDS, 30% glycerol, 0.03% bromophenol blue and 15% β-
mercaptoethanol), incubated at 95°C for 5 minutes and loaded on the gel. LPS 
was separated into its components by running the electrophoresis at 35 mA 
until the dye reached the bottom of the gel.  
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LPS silver stain was performed as previously described (Marolda et al., 2006). 
Silver stain protocol is particularly sensitive to metals dissolved in water. 
Consequently, milli-Q deionized water was used during the entire procedure. In 
addition, glass containers were used in every step. Briefly, the gel was soaked 
overnight in 200 mL of fixing solution (25% isopropanol and 7% acetic acid). 
The following day, the gel was incubated with 200 mL of oxidizing solution 
(0.7% periodic acid and 2.7% isopropanol) for 5 minutes. After discarding this 
solution, the gel was washed with 500 mL of water for one hour, changing the 
water every 15 minutes. The staining solution (19 mL of 100 mM NaOH, 0.7 mL 
of NH4OH concentrated solution, 3.3 mL of 20% AgNO3 and 77 mL of water) 
was added for 15 minutes. The gel was washed with water for 45 minutes, 
changing the water every 15 minutes. The developing solution (0.005% citric 
acid and 0.019% formaldehyde) was added until yellow or brown bands 
appeared (generally between 5 to 15 minutes). Finally, stop solution (0.35% 
acetic acid) was added and pictures of the gel were acquired. 

3.11. Antibiotic combination susceptibility assay 

Antibiotic combination susceptibility assay was performed in CAMHB as 
follows. Two-fold serial dilutions of antibiotics were prepared into a U-bottom 
96-well plate. Bacteria were collected during the mid-log phase of growth and 
diluted to have approximately 5 x 105 CFU/mL. The culture was divided into 
two subcultures and one of them was supplemented with PDSTP at the desired 
concentration. Subcultures were inoculated into the 96-well plate and 
subsequently incubated at 37°C for 24 hours. After the incubation, 30 μL of 
0.01% resazurin were added to each well and the plate was further incubated 
at 37°C for four hours, allowing visual determination of the MICs.  

3.12. Time-killing assay by plate counting 

Time-killing assays were performed in TSB using the broth microdilution 
method (Jayathilaka et al., 2021). An overnight liquid bacterial culture was 
diluted 1:100 in fresh medium and incubated at 37°C (200 rpm). At an OD600 of 
approximately 0.35 (about 1 x 108 CFU/mL), the culture was divided into four 
subcultures. One subculture was not treated (control), the second one was 
supplemented with PDSTP at sub-inhibitory concentrations, the third one was 
treated with the antibiotic at a concentration equivalent to a half of the MIC 
and the last one was supplemented with both PDSTP and the antibiotic. 
Subcultures were further incubated at 37°C (200 rpm). At 0, 1, 2, 3, 4, 5 and 24 
hours, the OD600 was measured and bacterial viable count was evaluated by 
plating dilutions of collected aliquots to calculate the respective number of 
CFU/mL.   
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In these experiments, synergy was defined as a ≥ 2 log10 decrease in CFU/mL 
of the subculture treated with the combination after 5 hours, compared to the 
most active compound (CLSI, 1999). 

3.13. High-throughput time-killing assay with the plate reader  

The time-killing assay procedure was modified, obtaining a high-throughput 
protocol using the plate reader. Overnight bacterial cultures in TSB were 
diluted 1:100 in fresh medium and incubated at 37°C (200 rpm). At an OD600 of 
approximately 0.35, 200 μL/well of bacterial cultures were inoculated into a U-
bottom 96-well plate. Bacterial cultures were supplemented with PDSTP at 
sub-inhibitory concentrations, antibiotic at an appropriate concentration, or 
their combination, in duplicate. One well was not treated (control). Assays 
were carried out using a CLARIOstar microplate reader (BMG Labtech) at 37°C, 
measuring the OD600 of the cultures every 15 minutes for 24 hours. A custom 
plate mode program was set up to perform these experiments, including 90 
cycles of 900 seconds each (orbital shaking at 300 rpm, with 3 mm of 
diameter) with shaking before each reading, both to increase the oxygenation 
and maintain bacteria in suspension. 

3.14. In vivo analysis of PDSTP and ceftazidime combination  

PDSTP and ceftazidime combination was tested in vivo employing a Galleria 
mellonella infection model (Benthall et al., 2015). Larvae were purchased from 
a provider located in Pavia and were grouped according to their weight (at 
least 10 per group). Larvae were inoculated with either a lethal dose (104 CFU) 
of mid-log phase P. aeruginosa PA01 or physiological saline (control), with an 
injection volume of 10 μL. After two hours of incubation at 30°C, in the dark, 
control and infected larvae were administered with 10 μL of physiological 
saline (control), PDSTP (6.25 mg/kg), ceftazidime (5 mg/kg) or a combination 
of them. Larvae were subsequently incubated under the same conditions for 
three days. Larval viability was registered after 24, 48 and 72 hours. 
Specifically, larval death was assessed by considering the lack of movement 
after tactile stimulus.  
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3.15. N-phenyl-1-naphthylamine assay 

N-phenyl-1-naphthylamine (NPN) assay was performed as previously 
described (Helander and Mattila-Sandholm, 2000), with modifications. A flat-
bottom 96-well black plate was prepared as follows: two wells were filled with 
50 µL of 5 mM HEPES buffer (pH 7.2) (control), while 50 µL of PDSTP and 
EDTA were added to two different wells to have a final concentration of 10 
µg/mL and 5 mM, respectively. EDTA was the positive control since it 
permeabilizes bacterial membranes. An overnight P. aeruginosa PA01 culture 
was diluted 1:100 into 10 mL of fresh medium and was incubated at 37°C (200 
rpm). Once the culture reached an OD600 of approximately 0.5, it was 
centrifuged at 4400 rpm for 10 minutes and the pellet was resuspended in 5 
mL of 5 mM HEPES (pH 7.2). Subsequently, NPN was added to have a final 
concentration of 10 µM. 150 µL of the culture were then inoculated into each 
well and fluorescence intensity was detected with a GloMax Discover 
microplate reader (Promega) at specific time points (0, 5, 10, 15, 30 and 60 
minutes) utilizing an excitation wavelength of 350 nm and an emission 
wavelength of 420 nm.  

3.16. Depolarization assay 

3,3'-Dipropylthiadicarbocyanine iodide (DiSC3(5)) assay was performed as 
previously described (Buttress et al., 2022), with modifications. An overnight P. 
aeruginosa PA01 culture in TSB was diluted 1:100 in 10 mL of fresh medium 
and incubated at 37°C (200 rpm). Once the culture reached an OD600 of 
approximately 0.5, it was centrifuged at 4400 rpm for 10 minutes and the 
pellet was washed and resuspended in a solution of 5 mM HEPES (pH 7.2) and 
5 mM glucose. Bacteria were diluted to about 107 CFU/mL and two aliquots of 
3 mL were prepared. 0.5 mg/mL of bovine serum albumin were added to each 
aliquot, while 1 mM of EDTA was added to one of them to increase bacterial 
membrane permeability to DiSC3(5). Both aliquots were then supplemented 
with 0.8 µM of DiSC3(5). Bacteria were incubated at 37°C for 15 minutes (200 
rpm). After the incubation, 100 µL of bacteria were transferred into a U-bottom 
96-well plate. Initial fluorescence intensity was detected with a CLARIOstar 
microplate reader (BMG Labtech) by utilizing an excitation wavelength of 622 
nm and an emission wavelength of 670 nm. Subsequently, the compounds were 
added. Specifically, PDSTP was added at a concentration of 1, 10, 20, 50 and 
100 µg/mL, carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was 
supplemented at a concentration of 10 and 30 µM, and colistin was added at a 
concentration of 1, 5 and 10 µg/mL. One well was the control without EDTA, 
while another well was the control with EDTA. A custom plate mode program 
was set up to perform these experiments, detecting fluorescence intensity 
every two minutes for 30 minutes with shaking (100 rpm) before each reading. 
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3.17. In vitro biofilm inhibition test by crystal violet assay and confocal 
laser scanning microscopy 

In vitro biofilm inhibition test in U-bottom 96-well plate was performed as 
follows (Pellegrini et al., 2022). An overnight bacterial culture grown in TSB 
was diluted in fresh medium to an OD600 of approximately 0.05 (about 1 × 108 
CFU/mL). 200 μL of the culture were inoculated into the U-bottom 96-well 
plate and incubated for two hours at 37°C. After the incubation, the culture 
containing planktonic bacteria was removed and replaced with 200 μL of fresh 
medium with or without 50 μg/mL of PDSTP. Subsequently, the plate was 
incubated for 20 hours at 37°C. Finally, biofilm biomass was quantified by 
crystal violet staining. 

For the confocal laser scanning microscopy, an overnight bacterial culture 
grown in TSB was diluted in fresh medium to an OD600 of approximately 0.05. 
Bacteria were inoculated into the four-well chambered coverslip μ-Slide Glass 
Bottom (Ibidi) for two hours at 37°C. After the incubation, the culture 
containing non-adhered bacteria was removed and replaced with fresh TSB 
medium with or without 25-50 μg/mL of PDSTP. After overnight incubation, 
the supernatant was removed, biofilms were washed with PBS twice and 
stained with 1 μM Syto9. Biofilms were visualized with a Leica TCS SP8 
confocal microscope, equipped with a 63x oil immersion objective (HC Pl Apo 
CS2 63x oil/1.4, Leica). A 488 nm laser line was used to excite Syto9 and the 
emission was collected between 500 and 550 nm. Three snapshots were 
acquired at different positions in the confocal field of each chamber. The Z-
slices were obtained every 0.3 μm. For visualization and processing of images, 
ImageJ was employed. Thickness, biomass, roughness coefficient and biofilm 
distribution were analyzed using the COMSTAT2 software (Heydorn et al., 
2000). 

3.18. Ex vivo pig lung dissection, infection and bacterial count 
determination 

Pig lungs were supplied by a local butcher. Ex vivo pig lung (EVPL) tissue was 
dissected on the day of arrival to collect the bronchioles, as previously 
described (Heydorn et al., 2000). EVPL was sterilized by UV light and square 
pieces were placed into a 24-well plate with UV-sterilized 0.8% agarose pads. 
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An overnight bacterial culture grown in TSB was diluted to an OD600 of 
approximately 0.05. 2 μL of the culture were spotted onto the tissue, while 2 μL 
of SCFM were spotted onto the tissue as negative control. To further mimic the 
CF lung environment, 500 μL SCFM were supplemented to each well. The 24-
well plate was incubated statically for two hours at 37°C. After the incubation, 
the medium was removed and replaced with 500 μL of fresh SCFM with or 
without 25-50 μg/mL of PDSTP. Ciprofloxacin (0.06 μg/mL) was used as 
positive control. The 24-well plate was incubated overnight at 37°C. The 
following day, tissues were removed from the wells, washed with 500 μL of PBS 
and transferred in homogenization tubes (Fisherbrand) containing 5 mm glass 
beads (Merck) and 500 μL of PBS. Minilys Homogenizer (Bertin) was used to 
homogenize samples for 20 seconds at 15 m/s. Tissue homogenates were 
serially diluted and plated to calculate the number of CFU/mL. 

3.19. Wastewater processing for phage isolation 

Wastewater samples were collected in Glenelg (South Australia), stored at 4°C 
and processed in two days (Camens et al., 2021). Aliquots of 50 mL were 
centrifuged at 4400 rpm for 10 minutes at 4°C and supernatants were filtered 
(0.22 µm filter) to remove bacteria. Filtered wastewater aliquots were stored at 
4°C for further use. 

3.20. Phage screening and isolation 

To screen for the presence of P. aeruginosa PA01 phages, the double layer agar 
method was performed (Camens et al., 2021). 100 µL of filtered wastewater 
samples were mixed with 100 µL of an overnight P. aeruginosa PA01 culture 
and 4 mL of molten 0.4% TSA. The mixture was then poured onto a 1.5% TSA 
plate and incubated overnight at 37°C. Following overnight incubation, phage 
plaques were picked with a cotton swab and collected into vials containing 
sodium magnesium buffer (SM buffer) (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 8 
mM MgSO4, 0.01% gelatine). 

3.21. Phage propagation 

A small-scale propagation of phages was first performed (Camens et al., 2021). 
P. aeruginosa PA01 was grown in 5 mL of TSB, infected during the log-phase of 
growth with 100 µL of the phage and incubated overnight at 37°C (200 rpm). 
After overnight incubation, the mixture was centrifuged at 4400 rpm for 10 
minutes, the supernatant was filtered to remove bacteria and phage titration 
was performed (see below) prior to large-scale propagation.  
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For large-scale phage propagation (Camens et al., 2021), P. aeruginosa PA01 
was grown in 50 mL of TSB, infected during the log-phase of growth with 
phages at a MOI of 1 phage per bacterial cell and incubated overnight at 37°C 
(200 rpm). After overnight incubation, the mixture was treated as described for 
the small-scale propagation, followed by phage titration. 

3.22. Phage titration 

The number of PFUs/mL was determined using the double layer agar spot 
method (Camens et al., 2021). 100 µL of an overnight P. aeruginosa PA01 
culture were mixed with 4 mL of molten 0.4% TSA and poured onto a 1.5% TSA 
plate. Phages were diluted in SM buffer, spotted in triplicate on the agar plate 
and incubated overnight at 37°C. The following day, plaques were counted and 
the phage titer was calculated.  

3.23. Phage morphology 

Transmission electron microscopy was performed to determine the phage 
morphology, using a modified protocol (Ackermann, 2009). 5 µL of the phage 
stock (approximately 1 x 1010 PFU/mL) were placed on the coated side of a 
carbon/formvar grid (ProSciTech) and incubated for two minutes at room 
temperature. After the incubation, the grid was washed twice with water, 5 µL 
of the negative stain 2% uranyl acetate were added and the grid was incubated 
for one minute at room temperature. Stain excess was removed and samples 
were analysed by a FEI Tecnai G2 Spirit 120 kV TEM (FEI Technologies).  

3.24. Phage DNA extraction  

Phage DNA extraction was performed using the Phage DNA Isolation Kit 
(Norgen Biotek Corp), following the instructions of the manufacturer. Briefly, 1 
mL of the phage stock (approximately 1 x 1010 PFU/mL) was treated with 20 U 
of RNase-free DNase I at room temperature for 15 minutes, followed by 
inactivation of the enzyme by incubation at 75°C for 5 minutes. In this way, 
bacterial DNA was degraded. 500 μL of Lysis Buffer B were added and samples 
were vortexed for 10 seconds. 4 μL of 20 mg/mL proteinase K were added and 
incubated at 55°C for 30 minutes to increase DNA yield. Samples were 
incubated at 65°C for 15 minutes, mixing them a few times during incubation. 
320 μL of isopropanol were added and samples were mixed to precipitate the 
DNA. The lysate was applied to the column and centrifuged for one minute at 
8000 rpm. The column was washed three times with 400 μL of Wash Solution A 
and centrifuged for one minute at 8000 rpm. To completely dry the column, a 
spin for two minutes at 14,000 rpm was performed. Finally, DNA was eluted 
adding 75 μL of Elution Buffer B to the column and centrifuging for one minute 
at 8000 rpm. 
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3.25. Phage genome sequencing, assembly and annotation 

The Rapid Barcoding Kit (Oxford Nanopore Technology, SQK-RBK 110.96) was 

used to sequence the phage genome on Oxford Nanopore Technologies R9.4.1 

MinION flowcells with 50 ng of DNA. Base-calling was done with the Guppy 

software v 6.2.11 in super accuracy mode, with the 'dna_r9.4.1_450bps_sup.cfg' 

file as configuration. 

Phage genome assembly was conducted with Spae (https://github.com/ 

linsalrob/spae). Namely, reads were filtered with Filtlong v0.2.1 (https:// 

github.com/rrwick/Filtlong) keep all reads over 1000 bp. All reads were then 

assembled with Flye v2.9.2 (Kolmogorov et al., 2019), polished with Medaka 

v1.7.0 (https://github.com/nanoporetech/medaka) and reoriented to begin with 

the large terminase subunit with Dnaapler (https://github.com/gbouras13/ 

dnaapler). 

Phage genome annotation was conducted with Pharokka v1.2.0 (Bouras et al., 

2023).  Coding sequences (CDS) were predicted with PHANOTATE v1.5 

(McNair et al. 2019), tRNAs with tRNAscan-SE 2.0 (Chan et al., 2021), tmRNAs 

with Aragorn (Laslett and Canback, 2004) and CRISPRs with CRT (Bland et al., 

2007). Functional annotation was generated by matching each CDS to the 

PHROGs (Terzian et al., 2021), VFDB (Chen et al., 2005) and CARD (Alcock et 

al., 2020) databases using MMseqs2 v13.45111 (Steinegger and Söding, 2017). 

Contigs were assigned their closest hit in the INPHARED database (Cook et al., 

2021) using Mash v2.3 (Ondov et al., 2016).  

3.26. Phage stability (pH, temperature and storage condition) 

Phage stability was determined in a wide range of pH values (3, 4, 5, 6, 7, 8, 9, 
10, 11 and 12), temperatures (4, 30, 37, 40, 50, 60, 70 and 80°C) and storage 
conditions (-80°C, -20°C, 4°C and room temperature) (Camens et al., 2021). For 
pH stability, the phage stock (approximately 1 x 1010 PFU/mL) was diluted 1:10 
in SM buffer adjusted at different pH values, subsequently incubated at room 
temperature for one hour. For temperature stability, aliquots of the phage stock 
(approximately 1 x 109 PFU/mL) were incubated at different temperatures for 
one hour. For phage stability in different storage conditions, aliquots of the 
phage stock (approximately 1 x 1010 PFU/mL) were incubated at -80°C, -20°C, 
4°C and room temperature for 4 months. Phage titers were determined using 
the double layer agar spot method. 
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3.27. Phage adsorption assay 

Phage adsorption was performed as previously described (Wannasrichan et al., 
2022), with modifications. P. aeruginosa PA01 was grown in TSB, infected 
during the mid-log phase of growth with the phage at a MOI of 0.01 phages per 
bacterial cell and incubated at 37°C. Every 2.5 minutes for 30 minutes, aliquots 
of the infected culture were collected, centrifuged at 15,000 rpm for two 
minutes and the number of PFU/mL in the supernatant was determined by the 
double layer agar spot method. The percentage of unadsorbed phage, for each 
time point, was normalized on time 0, set at 100%.  

3.28. One-step growth curve 

One-step growth curve was performed according to the following modified 
protocol (Wannasrichan et al., 2022). P. aeruginosa PA01 was grown in TSB, 
infected during the mid-log phase of growth with the phage at a MOI of 0.01 
phages per bacterial cell and incubated at 37°C for 10 minutes. The culture was 
centrifuged at 4400 rpm for 5 minutes, the pellet was resuspended in fresh 
medium and incubated at 37°C (200 rpm). Every 10 minutes for 80 minutes, 
aliquots were collected, centrifuged at 12,000 rpm for 5 minutes and the 
number of PFU/mL in the supernatant was determined by double layer agar 
spot method. The burst size was calculated as follows: 

𝐵𝑢𝑟𝑠𝑡 𝑠𝑖𝑧𝑒 =  
𝑃𝐹𝑈𝑠/𝑚𝐿 𝑎𝑓𝑡𝑒𝑟 𝑡ℎ𝑒 𝑏𝑢𝑟𝑠𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑃𝐹𝑈𝑠/𝑚𝐿
 

3.29. Phage host range determination 

The host range of the phage was determined using the double layer agar spot 
method (Camens et al., 2021). 100 µL of an overnight P. aeruginosa culture 
were mixed with 4 mL of molten 0.4% TSA and poured onto 1.5% TSA plates. 
Phages (approximately 1 x 1010 PFU/mL) were diluted in SM buffer, spotted in 
triplicate on the top layer and incubated overnight at 37°C. After overnight 
incubation, bacterial strains were classified as sensitive (clear lysis), semi-
sensitive (partial lysis) and non-sensitive (no lysis). 

3.30. Inhibition assay 

Inhibition assay was performed as follows (Hon et al., 2022). P. aeruginosa 
PA01 was grown in TSB, infected during the early-log phase of growth with the 
phage at a MOI of 0, 0.1, 1 and 10 phages per bacterial cell, and incubated at 
37°C (200 rpm). Every 30 minutes for 300 minutes (5 hours), the OD600 was 
measured.  
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3.31. Biofilm formation and biofilm eradication assays 

Biofilm formation assay was performed as previously described (Camens et al., 
2021). 1.0 McFarland bacterial suspension in 0.9% saline was diluted 1:15 in 
TSB and 150 µL of the resulting suspension were inoculated in a U-bottom 96-
well plate. One lane was filled with 150 µL of TSB (control). The plate was 
incubated for 24 hours at 37°C. After the incubation, biofilm formation was 
evaluated by crystal violet staining. 

For biofilm eradication assay (Camens et al., 2021), after the incubation of the 
plate for 24 hours at 37°C, supernatants were aspired and wells were gently 
washed with saline three times to remove all the planktonic bacteria. Phages 
were diluted in 180 µL of TSB to achieve 1 x 107, 1 x 108 and 1 x 109 PFUs and 
applied to the biofilms in six replicates. One lane was filled with 180 µL of TSB 
(untreated samples). The plate was incubated for 24 hours at 37°C and biofilm 
eradication was evaluated by crystal violet staining. 

3.32. Isolation of phage-insensitive mutants (BIMs) 

The isolation of phage-resistant P. aeruginosa PA01 mutants was performed 
according to the following protocol (Wannasrichan et al., 2022), with 
modifications. P. aeruginosa PA01 was grown in TSB, infected during the mid-
log phase of growth with the phage at a MOI of 100 phages per bacterial cell 
and incubated at room temperature for 10 minutes. 100 µL of the infected 
culture were plated on a 1.5% TSA plate and incubated overnight at 37°C. After 
overnight incubation, single colonies were isolated at least three times. The 
double layer agar spot method was used to confirm phage resistance. 

3.33. Growth curve  

Growth curve was performed as follows. Overnight P. aeruginosa cultures were 
diluted 1:100 in TSB, 200 µL were inoculated into a flat-bottom 96-well plate in 
triplicate and incubated at 37°C (80 rpm). The OD600 was measured every 15 
minutes for 720 minutes (12 hours) using SPECTROstar Nano (BMG 
LABTECH). 

3.34. Graphical representations and statistical analyses 

GraphPad Prism version 10.0 was employed for generating graphical 
representations and conducting statistical analyses. Graphical representations 
depict mean values alongside their corresponding standard deviation. Group 
differences were assessed using the Student's t test, one-way ANOVA or the 
Log-rank (Mantel-Cox) test. Statistical significance was established at a 
threshold of p < 0.05. 
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 4. Results 
 

Pt. I: Antivirulence and antibiotic potentiation 
properties of the dispirotripiperazine derivative PDSTP  

4.1. PDSTP has a negligible inhibitory activity against P. aeruginosa, B. 
cenocepacia and S. aureus growth 

The inhibitory activity of PDSTP was tested by broth microdilution method in 
CAMHB and TSB or LB against P. aeruginosa PA01 and nine CF clinical isolates, 
B. cenocepacia K56-2 and J2315, and S. aureus ATCC 25923. Considering the 
size and positive charge of PDSTP, the compound should not be able to enter 
bacterial cells (Egorova et al., 2021). Indeed, PDSTP showed a negligible 
inhibitory effect on the growth of all strains (Table 4.1). 

Table 4.1. Minimum inhibitory concentrations of PDSTP for P. aeruginosa PA01 and nine CF 
clinical isolates, B. cenocepacia K56-2 and J2315, and S. aureus ATCC 25923 in CAMHB and TSB 
(for P. aeruginosa and S. aureus) or LB (for B. cenocepacia). 

Bacterial strain 
CAMHB 
(µg/mL) 

TSB or LB 
(µg/mL) 

P. aeruginosa PA01 64 256 

P. aeruginosa BST44 256 512 

P. aeruginosa SG2 128 256 

P. aeruginosa NN2 64 256 

P. aeruginosa NN83 32 128 

P. aeruginosa NN84 64 256 

P. aeruginosa RP73 512 > 512 

P. aeruginosa RP74 512 512 

P. aeruginosa BT2 32 256 

P. aeruginosa BT72 32 128 

B. cenocepacia K56-2 > 512 > 512 

B. cenocepacia J2315 > 512 > 512 

S. aureus ATCC 25923 32 512 

 

 

 

 



Results 

56 
 

4.2. PDSTP impairs P. aeruginosa, B. cenocepacia and S. aureus adhesion 
to human pulmonary epithelial cells 

To investigate the potential antiadhesive properties of PDSTP, adhesion assays 
by plate counting were performed. Prior to these experiments, the MIC of 
PDSTP for P. aeruginosa PA01 was determined in the growing media of human 
cells and corresponded to 64 and 128 µg/mL in DMEM and MEM, respectively. 
Indeed, PDSTP partially impaired bacterial growth when adhesion assays were 
performed at 37°C. Consequently, infected monolayers were incubated at 4°C 
to arrest bacterial growth (Berlutti et al., 2008), thus avoiding PDSTP-mediated 
growth impairment, even when the compound was present at high 
concentrations (data not shown). The adhesion of P. aeruginosa PA01 to A549 
lung epithelial cells was impaired in a dose-dependent manner when 
increasing concentrations of PDSTP, ranging from 1 to 400 µg/mL, were 
administered. Remarkably, a significant reduction in bacterial adhesion of 
41.4%, compared to the control, was already observed when cells were treated 
with 10 µg/mL of the compound. Moreover, nearly complete inhibition of 
bacterial adhesion was achieved with 400 µg/mL of compound, resulting in a 
95.9% reduction, compared to the control (Figure 4.1). 

 

Figure 4.1. Differential adhesion abilities of P. aeruginosa PA01 to A549 cells treated with 1 to 
400 µg/mL of PDSTP. The experiment was performed twice, each time in duplicate. Statistically 
significant differences are indicated (One-way ANOVA test; ns, not significant; *, p < 0.05; **, p < 
0.005; ***, p < 0.0005). 
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At a concentration of 50 µg/mL, PDSTP also affected the adhesion of P. 
aeruginosa PA01 to the 16HBE14o- (with functional CFTR) and CFBE41o- 
(without functional CFTR) bronchial cell lines, resulting in a reduction of 
bacterial adhesion of 60.6 and 54.3%, respectively, compared to the control 
(Figure 4.2). 

 

Figure 4.2. Differential adhesion abilities of P. aeruginosa PA01 to 16HBE14o- (A) and CFBE41o- 
(B) cells treated with 50 µg/mL of PDSTP. The experiment was performed twice, each time in 
duplicate. Statistically significant differences are indicated (Student’s t test; *, p < 0.05). 

The antiadhesive activity of PDSTP was evaluated on two hypermucoid P. 
aeruginosa strains derived from the same CF patient but isolated 15 years 
apart: BT2 (an early isolate) and BT72 (a late isolate). Interestingly, the BT2 
strain exhibited a higher level of adhesion to the A549 cell line compared to the 
BT72 strain (data not shown), a characteristic previously described in 
longitudinal studies (Hawdon et al., 2010). As shown in Figure 4.3A, when 
treated with 50 and 200 µg/mL of PDSTP, P. aeruginosa BT2 adhesion was 22.5 
and 7.5% of that observed in the control, respectively. The adhesion of P. 
aeruginosa BT72, instead, was unaffected by 50 µg/mL of PDSTP but, when the 
concentration of the compound was increased to 200 µg/mL, it resulted in a 
65.8% reduction in bacterial adhesion, compared to the control (Figure 4.3B).  
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Figure 4.3. Differential adhesion abilities of P. aeruginosa BT2 (A) and BT72 (B) to A549 cells 
treated with 50 and 200 µg/mL of PDSTP. The experiment was performed twice, each time in 
duplicate. Statistically significant differences are indicated (One-way ANOVA test; **, p < 0.01; 
****, p < 0.0001). 

To validate and further characterize the antiadhesive properties of PDSTP, 
bacterial adhesion was also quantified by imaging flow cytometry. When 
treated with 50 µg/mL of PDSTP, the adhesion of GFP-expressing P. aeruginosa 
PA01 to A549 cells was reduced of 67.9%, compared to the control (Figure 4.4). 
This is consistent with the 65.8% reduction in bacterial adhesion reported in 
Figure 4.1, when the same concentration of the compound was used during 
adhesion assays by plating adhered bacteria. 

 

Figure 4.4. Differential adhesion abilities of GFP-expressing P. aeruginosa PA01 to A549 cells 
treated with 50 µg/mL of PDSTP. The experiment was performed twice, each time in duplicate. 
Statistically significant differences are indicated (Student’s t test; *, p < 0.05).    
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Imagin flow cytometry also allows to perform software-based analyses of 
fluorescent spots of single-cell images (Figure 4.5).  

 

Figure 4.5. Representative images of A549 cells infected with GFP-expressing P. aeruginosa 
PA01. Ch04: bright field. Ch02: GFP fluorescence. Ch04/Ch02: superimposition of bright field 
and fluorescence channels. Ch06: dark field side scatter. Pictures were acquired at 40x 
magnification using Amnis ImageStreamX Mk II (Cytek). 

The software counted the number of fluorescent spots, corresponding to 
adhered P. aeruginosa PA01 bacteria, for each human cell. Data were 
represented in terms of number of events, i.e., the number of human cells with 
1, 2 to 3, 4 to 6 or > 7 adhered bacteria, on a total of 10,000 acquisitions. The 
majority of control human cells interacted with only one bacterium, with a 
proportional decrease in the number of events involving a higher number of 
bacteria. The same trend was observed for cells treated with 50 µg/mL of 
PDSTP, but with fewer events because of impaired bacterial adhesion (Figure 
4.6). 
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Figure 4.6. Events showing the number of adhered P. aeruginosa PA01 bacteria per A549 cell on 
a total of 10,000 acquisitions of the control (black column) and treatment with 50 µg/mL of 
PDSTP (green column). 

Moreover, when the events were normalized on the total number of human 
cells with at least one adhered bacterium, it was observed that the compound 
especially affected multiple bacterial adhesion (Figure 4.7). 

 

Figure 4.7. Events of adhered P. aeruginosa PA01 bacteria per A549 cell on a total of 10,000 
acquisitions normalized on the total number of human cells with at least one adhered bacterium 
of the control (black column) and treatment with 50 µg/mL of the PDSTP (green column), 
expressed in percentage. 
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The antiadhesive activity of PDSTP was subsequently explored on B. 
cenocepacia, another Gram-negative bacterium. Specifically, the activity of the 
compound was tested against the hypervirulent strains B. cenocepacia K56-2 
and J2315. PDSTP resulted to be ineffective against the K56-2 strain, even at 
high concentrations (200 µg/mL) (Figure 4.8A). However, the compound was 
active against the J2315 strain, reducing the adhesion of 60.8 and 76.4% when 
treated with 50 and 200 µg/mL, respectively, compared to the control (Figure 
4.8B). 

 

Figure 4.8. Differential adhesion abilities of B. cenocepacia K56-2 (A) and J2315 (B) to A549 
cells treated with 50 and 200 µg/mL of PDSTP. The experiment was performed twice, each time 
in duplicate. Statistically significant differences are indicated (One-way ANOVA test; ns, not 
significant; **, p < 0.05). 

Finally, the antiadhesive properties of PDSTP were investigated on S. aureus, a 
Gram-positive bacterium. The adhesion of S. aureus ATCC 25923 to A549 cells 
was impaired when treated with 50 and 200 µg/mL of the compound. In 
particular, adhesion was 20.8 and 8.8% of that observed in the control, 
respectively (Figure 4.9). 
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Figure 4.9. Differential adhesion abilities of S. aureus ATCC 25923 to A549 cells treated with 50 
and 200 µg/mL of PDSTP. The experiment was performed twice, each time in duplicate. 
Statistically significant differences are indicated (One-way ANOVA test; ***, p < 0.0005). 

4.3. PDSTP interacts with both human and bacterial cells 

To evaluate the mechanism of action of the compound, adhesion assays were 
performed subsequent to PDSTP pretreatment. In particular, pretreatment was 
administered to P. aeruginosa PA01 at a concentration of 50 µg/mL, to A549 
cells at a concentration of 100 µg/mL to saturate heparan-sulphate 
glycosaminoglycans (HSGAGs), and to both simultaneously. As illustrated in 
Figure 4.10, pretreatment of P. aeruginosa PA01 resulted in a 2.2-fold increase 
in its adhesion to human cells, compared to the control. This suggests an 
interaction between PDSTP and bacterial cells since they are washed after the 
pretreatment, removing non-interacting PDSTP. Considering that PDSTP should 
not be able to enter bacterial cells (Egorova et al., 2021), it is reasonable to 
hypothesize that the compound interacts with the outer membrane of the 
bacterium, increasing its positive net charge. This, in turn, may promote 
electrostatic interactions with negative charges present on the surface of 
human cells, increasing the adhesion of P. aeruginosa PA01 to A549 cells. 
Furthermore, A549 pretreatment did not lead to a significant reduction in 
bacterial adhesion to human cells, compared to the control. Finally, double 
pretreatment resulted in a 62.1% reduction in bacterial adhesion, compared to 
the control, which is comparable to the adhesion impairment achieved through 
a standard PDSTP treatment. This may be due to electrostatic repulsion 
between PDSTP molecules bound to bacteria and those bound to human cells. 
Given this result, it seems that the antiadhesive properties of PDSTP depend on 
the interaction of the compound with both bacteria and human cells. 
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Figure 4.10. Differential adhesion abilities of P. aeruginosa PA01 to A549 cells subsequent to 
PDSTP pretreatment (PT) of the bacteria (50 µg/mL), human cells (100 µg/mL) and both 
simultaneously. The experiment was performed three times, each time in duplicate. Statistically 
significant differences are indicated (One-way ANOVA test; ns, not significant; ***, p = 0.0005; 
****, p < 0.0001).  

4.4. The mechanism of action of PDSTP does not appear to involve 
HSGAGs 

In the context of viral infections, PDSTP impairs viral adsorption to negatively 
charged HSGAGs expressed on the surface of human cells by saturating them 
though electrostatic interactions. This prevents viruses from interacting with 
this host-cell receptor, thereby avoiding viral infections (Egorova et al., 2021). 
Besides viruses, also bacteria possess the ability to interact with HSGAGs: this 
has been shown for P. aeruginosa (Bucior et al., 2012), B. cenocepacia (Martin et 
al., 2019) and S. aureus (Liang et al., 1992). Since PDSTP inhibits the adhesion 
of these bacteria to human cells (Figures 4.1, 4.3, 4.8 and 4.9), it is plausible to 
speculate that PDSTP may exhibit a similar mode of action during bacterial 
infections as it does against viruses. To investigate this hypothesis, adhesion 
assays were performed using heparin, a structural analogue of heparan-
sulphates (Liu and Thorp, 2002). A549 cells were treated with 50 µg/mL 
PDSTP, 50 µg/mL of heparin and a combination of both compounds (50 µg/mL 
each). When compared to the control, heparin alone did not affect P. aeruginosa 
PA01 adhesion to human cells, as well as PDSTP and heparin in combination 
(Figure 4.11). Indeed, the excess of heparin scavenged PDSTP, allowing bacteria 
to interact with HSGAGs and, consequently, adhere to human cells. 
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Figure 4.11. Differential adhesion abilities of P. aeruginosa PA01 to A549 cells treated with 
PDSTP (50 µg/mL), heparin (50 µg/mL) and a combination of PDSTP and heparin (50 µg/mL 
each). The experiment was performed three times, each time in duplicate. Statistically significant 
differences are indicated (One-way ANOVA test; ns, not significant; ***, p < 0.001). 

To further evaluate this assumption, adhesion assays were performed after 
heparinase pretreatment of human cells. Indeed, heparinase hydrolyses the 
glycosidic bond between N-acetylglucosamine and glucuronic acid, cleaving the 
HS chains of HSGAGs (Dong et al., 2012). In this way, PDSTP can no longer bind 
to this host-cell receptor. Unexpectedly, P. aeruginosa PA01 adhered to both 
untreated and heparinase-pretreated A549 cells in the same manner. Moreover, 
treatment with 50 and 200 µg/mL of PDSTP showed the same adhesion 
impairment trend to cells treated or not with heparinase (Figure 4.12). This 
experiment was also performed with the CFBE41o- cell line, showing a similar 
pattern as observed with A549 cells (data not shown). The same result was 
obtained when using another bacterium, B. cenocepacia J2315 (data not 
shown). 
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Figure 4.12. Differential adhesion abilities of P. aeruginosa PA01 to A549 cells treated with 50 
and 200 µg/mL of PDSTP following pre-treatment of the human cells with heparinase III which 
cleaves the heparan-sulphates. The experiment was performed twice, each time in duplicate. 
Statistically significant differences are indicated (One-way ANOVA test; ns, not significant; *, p < 
0.05; **, p < 0.005). 

Adhesion assays to cells pretreated with heparinase were also performed after 
pretreatment of P. aeruginosa PA01 with PDSTP. Pretreatment of the bacterium 
resulted in a significant increase in its adhesion to human cells, compared to 
the control, as previously described (Figure 4.10). However, when heparinase 
pretreated A549 cells were challenged with P. aeruginosa PA01 pretreated with 
PDSTP, the adhesion of the bacterium was identical to that of the control, i.e., 
human cells pretreated with heparinase and challenged with P. aeruginosa 
(Figure 4.13).  
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Figure 4.13. Differential adhesion abilities of P. aeruginosa PA01 treated and pretreated (PT) 
with 50 µg/mL of PDSTP following A549 cell pretreatment with heparinase III. The experiment 
was performed twice, each time in duplicate. Statistically significant differences are indicated 
(One-way ANOVA test; ns, not significant; *, p < 0.05; **, p < 0.01). 

P. aeruginosa has evolved to recognize HSGAGs as host-cell receptors (Bucior et 
al., 2012). However, they are not the only receptors involved in the adhesion of 
this bacterium to human cells (de Bentzmann et al., 1996). Considering the 
obtained results, it is likely that HSGAGs are not the primary receptors 
mediating bacterial adhesion, as their cleavage did not affect it, neither in the 
presence nor in the absence of PDSTP. This implies that the mechanism of 
action of the compound is different for bacterial infections compared to those 
of viruses. Finally, a possible explanation for the reduced adhesive capabilities 
of P. aeruginosa PA01 pretreated with PDSTP and infecting heparinase-
pretreated A549 cells is that the negative charges of HSGAGs become 
particularly important when the bacterium is saturated by positively charged 
PDSTP, promoting interactions between the bacterium and human cells. 
Consequently, cleavage of these receptors results in reduced bacterial adhesion 
to human cells. 
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4.5. PDSTP interacts with the lipopolysaccharide of Gram-negative 
bacteria 

Considering that PDSTP interacts with bacterial cells (Figure 4.10) and is 
positively charged (Egorova et al., 2021), it is plausible that electrostatic forces 
play a role in the interaction between PDSTP and P. aeruginosa PA01. To 
explore this hypothesis, PDSTP binding assays were performed. Specifically, 
bacteria were treated with PDSTP and then washed to remove non-interacting 
PDSTP. Subsequently, interacting PDSTP was displaced from the surface of the 
bacterium using an excess of sodium chloride and detected through 
spectrophotometry at λ = 370 nm in the supernatant. This result implies that 
electrostatic interactions are involved in this process (Figure 4.14). 
Furthermore, a calibration curve was used to extrapolate the concentration of 
bound PDSTP (y = 0.01x + 0.0109 R2 = 0.9995). This allowed not only to 
estimate the percentage of interacting PDSTP, corresponding to approximately 
2.12%, but also the number of molecules of the compound interacting with a 
single bacterial cell, through the Avogadro’s number and the CFU/mL, which 
corresponded to about 4.35 x 107 PDSTP molecules per bacterium. 

 

Figure 4.14. PDSTP binding assay of P. aeruginosa PA01. PDSTP absorbs light at λ = 370 nm, 
allowing its detection spectrophotometrically. The experiment was performed three times. Data 
from a single representative experiment are reported. 

To further characterize the interaction between PDSTP and the outer 
membrane of P. aeruginosa PA01, a phase-contrast microscopy analysis was 
performed. Upon treatment with 50 µg/mL of PDSTP, there was an alteration in 
the morphology of the bacterium, transitioning from a rod-shaped to a more 
spherical shape (Figure 4.15), providing visual evidence of the interaction of 
the compound with the bacterial outer membrane. 
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Figure 4.15. Representative phase-contrast micrographs of P. aeruginosa PA01 untreated (A) 
and treated with 50 µg/mL of PDSTP (B). The experiment was performed twice. 

The lipopolysaccharide (LPS) is the primary structural component of the 
external leaflet of the outer membrane of Gram-negative bacteria. The core 
oligosaccharide and the O-antigen of P. aeruginosa LPS carry negative charges 
due to the presence of phosphate groups (Huszczynski et al., 2019). Given that 
PDSTP interacts with the outer membrane of the bacterium through 
electrostatic interactions, it is reasonable that these may occur between the 
compound and the LPS. To investigate this possibility, dansyl-polymyxin (DPX) 
binding assays were performed on P. aeruginosa PA01. DPX is a fluorescent dye 
that shows a strong increase in fluorescence upon binding to the LPS. 
Therefore, the displacement of DPX correlates with a decrease in fluorescence 
intensity (Akhoundsadegh et al., 2019). By increasing PDSTP concentration 
from 0 to 115 µM, there was a dose-dependent reduction in DPX fluorescence 
(Figure 4.16A). The same trend was observed by displacing DPX with colistin, 
used as a positive control due to its analogy with DPX (Akhoundsadegh et al., 
2019) (Figure 4.16B). The I50, representing the concentration required for 50% 
displacement of DPX, provides insights into the relative affinity of a specific 
compound for LPS. For PDSTP, the I50 value corresponded to 18.09 µM (17 
µg/mL), while for colistin it was 23.91 µM (28 µg/mL). Consequently, PDSTP 
showed a higher relative affinity for LPS compared to colistin. This 
experimental outcome validates the interaction between PDSTP and LPS. 
Furthermore, since DPX interacts with the negative charges of both lipid A and 
core-oligosaccharide in P. aeruginosa PA01 (Moore et al., 1986), PDSTP-
mediated displacement of DPX implies that the compound recognizes those 
negative charges with higher affinity. 
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Figure 4.16. Dansyl-polymyxin binding assays on P. aeruginosa PA01. LPS displacement was 
assessed for PDSTP (A) and colistin (B) as a positive control. The experiment was performed four 
times.  

As previously described, when the antiadhesive properties of PDSTP were 
evaluated on B. cenocepacia, the compound resulted to be ineffective against 
the K56-2 strain but active against the J2315 strain (Figure 4.8). This disparity 
may be due to differences in the structure of their LPS. According to the 
literature, B. cenocepacia K56-2 produces the O-antigen through to the 
expression of glycosyltransferase WbxE, whereas B. cenocepacia J2315 carries 
an insertion sequence within the wbxE gene, impairing the formation of the O-
antigen (Ortega et al., 2005). Consequently, the presence of the O-antigen in the 
K56-2 strain may be associated with its resistance to PDSTP. To explore this 
assumption, B. cenocepacia MH1K ∆OAg and an O-antigen producing strain of 
B. cenocepacia J2315 were employed. In detail, B. cenocepacia MH1K ∆OAg is a 
deletion mutant of the K56-2 strain, lacking a portion of the O-antigen gene 
cluster and therefore incapable of producing the O-antigen (Hanuszkiewicz et 
al., 2014). On the other hand, B. cenocepacia J2315 was transformed with the 
pXO4 plasmid which derives from the cloning of the wbxE gene into the 
pSCRhaB3 plasmid, allowing the production of the O-antigen (Ortega et al., 
2005).  
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The LPS structures of these strains were confirmed by separating the 
components of purified LPS using SDS polyacrylamide gel electrophoresis and 
silver-staining. In particular, the LPS profiles of B. cenocepacia J2315, J2315 
carrying the empty pSCRhaB3 plasmid, J2315 bearing the pXO4 plasmid, K56-2 
and MH1K ∆OAg were analysed. Upon silver staining, LPS components 
appeared as typical ladder-like bands. Specifically, both B. cenocepacia J2315 
and J2315 carrying the empty pSCRhaB3 plasmid showed the same LPS profile, 
characterized by three bands corresponding to the lipid A-core 
oligosaccharide. In contrast, the J2315 strain bearing the pXO4 plasmid had a 
smaller lipid A-core oligosaccharide compared to the other J2315 LPS, 
represented by just one band, but produced an O-antigen of eleven bands. On 
the other hand, B. cenocepacia K56-2 had a LPS characterized by a lipid A-core 
oligosaccharide consisting of two bands and an O-antigen with eleven bands. 
Differences in number and size of LPS components may be attributed to 
genomic diversity between the two B. cenocepacia strains, although they are 
closely related. Finally, B. cenocepacia MH1K ∆OAg lacked the O-antigen and 
showed a lipid A-core oligosaccharide with two bands, even though it appeared 
to be different in size compared to that of the K56-2 strain (Figure 4.17).   

 

Figure 4.17. Electrophoretic profiles of LPS extracted from B. cenocepacia J2315 (A), J2315 
carrying either the empty pSCRhaB3 plasmid (B) or the pXO4 plasmid (C), K56-2 (D) and MH1K 
∆OAg (E). LPS components appears as ladder-like bands. The bracket indicates the O-antigen, 
while the arrow shows the lipid A-core oligosaccharide. The experiment was performed twice. 
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After confirming the LPS structures of the strains, adhesion assays were 
performed. As illustrated in Figure 4.18, the antiadhesive activity of PDSTP was 
restored using the B. cenocepacia K56-2 strain that does not produce the  
O-antigen (MH1K ∆OAg), resulting in a 58.1% reduction in bacterial adhesion 
to A549 cells, compared to the control. 

 

Figure 4.18. Differential adhesion abilities of B. cenocepacia MH1K ∆OAg to A549 cells treated 
with 50 µg/mL of PDSTP. The experiment was performed four times, each time in duplicate. 
Statistically significant differences are indicated (Student’s t test; ***, p < 0.001). 

In the complementary experiment, the adhesion of B. cenocepacia J2315 
bearing the empty pSCRhaB3 plasmid to A549 cells was affected when treated 
with 50 and 200 µg/mL, showing a reduction of 59.2 and 64.4%, respectively, 
compared to the control. This is consistent with the reduction in bacterial 
adhesion previously observed for wild-type B. cenocepacia J2315 (Figure 4.8). 
However, when B. cenocepacia J2315 produced the O-antigen (bearing the 
pXO4 plasmid), it exhibited resistance to PDSTP, even at high concentrations 
(200 µg/mL) (Figure 4.19). 
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Figure 4.19. Differential adhesion abilities of B. cenocepacia J2315 carrying either the empty 
pSCRhaB3 plasmid or the pSCRhaB3 plasmid bearing the gene encoding the glycosyltransferase 
WbxE (pXO4 plasmid) to A549 cells treated with 50 and 200 µg/mL of PDSTP. The experiment 
was performed twice, each time in duplicate. Statistically significant differences are indicated 
(One-way ANOVA test; ns, not significant; **, p < 0.005; ***, p < 0.001). 

According to the literature, P. aeruginosa PA01 LPS presents a complete LPS 
with the O-antigen (Sadovskaya et al., 1998). As shown in Figure 4.20, this was 
validated also for the strain used in these experiments. In particular, P. 
aeruginosa PA01 had an LPS characterized by a lipid A-core oligosaccharide 
consisting of eight bands and an O-antigen with eleven bands.  

 

Figure 4.20. Electrophoretic profile of LPS extracted from P. aeruginosa PA01. LPS components 
appear as ladder-like bands. The bracket indicates the O-antigen, while the arrow shows the lipid 
A-core oligosaccharide. The experiment was performed twice. 
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This is interesting because, differently from O-antigen producing B. 
cenocepacia K56-2 (Figure 4.8), P. aeruginosa PA01 resulted sensitive to PDSTP 
antiadhesive activity (Figures 4.1 and 4.2).  

Since PDSTP interacts with the negative charges of both lipid A and core-
oligosaccharide, PDSTP-mediated resistance may be ascribed to the O-antigen 
shielding of the compound in B. cenocepacia. In contrast, the presence of O-
antigen does not confer resistance to PDSTP in P. aeruginosa PA01.  

4.6. PDSTP potentiates the activity of antibiotics against P. aeruginosa 

Combination therapy involves the use of antibiotics in conjunction with 
compounds that either increase their intracellular concentration or allow the 
overcoming of antibiotic resistance (Wang et al., 2020). To evaluate whether 
PDSTP potentiates the activity of antibiotics currently employed for treating P. 
aeruginosa infections, antibiotic combination susceptibility assays were 
performed. Specifically, antibiotics with different mechanisms of action were 
selected, including amikacin, ceftazidime, ciprofloxacin, colistin, meropenem 
and tobramycin. These antibiotics were then combined with PDSTP and tested 
against the P. aeruginosa PA01 strain. For these experiments, the compound 
was administered at a concentration of 25 µg/mL which corresponds to 
approximately half of the MIC in CAMHB (Table 4.1). As indicated in Table 4.2, 
combination of PDSTP with the tested antibiotics resulted in a reduction of the 
MICs, ranging from 2 to 128-fold. In particular, PDSTP did not lead to a 
significant increase in the efficacy of tobramycin (2-fold decrease in the MIC), 
while an adjuvant activity was observed for the other antimicrobials, especially 
ceftazidime (128-fold decrease in the MIC).  
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Table 4.2. Minimum inhibitory concentrations in CAMHB of six antibiotics and those of their 
combinations with PDSTP against the P. aeruginosa PA01 strain.  

 

MIC breakpoints used to classify P. aeruginosa as susceptible, intermediate or resistant to 
antibiotics are reported. MIC values classifying the bacterium as susceptible are depicted in 
green, those related to intermediate antibiotic profiles are reported in orange and those 
corresponding to resistant antibiotic profiles are indicated in red. The respective fold reduction 
is shown. The experiment was performed three times. 

Subsequently, antibiotic combination susceptibility assays were performed on 
nine strains of multidrug-resistant P. aeruginosa isolated from CF patients 
(BST44, SG2, NN2, NN83, NN84, RP73, RP74, BT2 and BT72), focusing on those 
antimicrobials that exhibited an intermediate or resistant profile according to 
the Clinical and Laboratory Standard Institute (CLSI) guidelines (CLSI, 2020). 
Also for these experiments, PDSTP was administered at a concentration of 
approximately half of the MIC determined for each bacterium in CAMHB (Table 
4.1), i.e., 100 µg/mL for BST44, 50 µg/mL for SG2, 25 µg/mL for NN2,15 µg/mL 
for NN83, 25 µg/mL for NN84, 200 µg/mL for RP73 and 200 µg/mL for RP74. 
As reported in Table 4.3, combination of PDSTP with the tested antibiotics 
resulted in an overall increased activity. For ciprofloxacin and tobramycin, the 
MIC reduction did not go beyond 2-fold for each strain. Amikacin only resulted 
in a 4-fold decrease in the MIC against the SG2 strain. Similar to the PA01 strain 
(Table 4.2), combination of PDSTP with ceftazidime showed the most 
significant effect, resulting in a substantial reduction in the MICs of all the 
isolates, up to 128-fold. Lastly, meropenem combined with PDSTP showed a 
significantly increased activity against each tested strain, up to 32-fold, 
confirming the promising combination between the compound and β-lactams. 
In general, all the tested clinical isolates displayed resistance to at least two 
antibiotics. Two strains were even resistant to four antimicrobials (NN84 and 
RP74). In most cases, PDSTP was effective at resensitizing the clinical isolates 
that exhibited a resistant antibiotic profile, particularly against meropenem 
(4/4 strains), ceftazidime (6/7 strains) and amikacin (4/6 strain), while one 
isolate showed partial resensitization from a resistant to an intermediate 
antibiotic profile (amikacin for RP73). 
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Table 4.3. Minimum inhibitory concentrations in CAMHB of five antibiotics and those of their 
combinations with PDSTP against seven multidrug-resistant P. aeruginosa isolated from CF 
patients.  

 

MIC breakpoints used to classify P. aeruginosa as susceptible, intermediate or resistant to 
antibiotics are reported. MIC values classifying the bacterium as susceptible are depicted in 
green, those related to intermediate antibiotic profiles are reported in orange and those 
corresponding to resistant antibiotic profiles are indicated in red. The respective fold reduction 
is shown. The experiment was performed at least three times. 
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To better investigate the effectiveness of the combinations, time-killing assay 
were performed in TSB using P. aeruginosa PA01. When tobramycin (1 µg/mL), 
ciprofloxacin (0.0625 µg/mL), ceftazidime (1 µg/mL) and colistin (1 µg/mL) at 
concentrations equal to half of the respective MIC in TSB (data not shown) 
were combined with 50 and 200 µg/mL of PDSTP, a significant reduction in 
bacterial viability was observed, compared to the best treatment with only 
antibiotics or PDSTP, particularly during the initial hours of treatment. As 
expected, combinations with 200 µg/mL of PDSTP showed a greater activity 
compared to those with 50 µg/mL. Specifically, the combination of tobramycin 
with 50 and 200 µg/mL of PDSTP resulted in a reduction in bacterial viability 
of up to 3.48 and 4.45 logs in CFU/mL, respectively. On the other hand, 50 and 
200 µg/mL of PDSTP combined with ciprofloxacin reduced bacterial viability 
by up to 2.78 and 4.54 logs, respectively. Since the reductions in CFU/mL after 
five hours of treatment exceeded 2 logs compared to the most effective 
individual compound, these combinations were defined as synergistic at the 
lowest tested concentration of PDSTP. Conversely, the combination of PDSTP 
with either ceftazidime or colistin did not exhibit synergy, with reductions in 
CFU/mL of up to 0.72-1.89 logs for ceftazidime and 1.43-1.42 logs for colistin. 
Interestingly, when 50 µg/mL of PDSTP were administered in combination 
with the antibiotics, bacterial viability after 24 hours was comparable to the 
growth control for tobramycin, ciprofloxacin and colistin, and with the 
antibiotic treatment alone for ceftazidime. In contrast, when antimicrobials 
were combined with 200 µg/mL of PDSTP, the CFU/mL after 24 hours were 
significantly lower for each antibiotic except for colistin, especially for 
ceftazidime (Figure 4.21).  
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Figure 4.21. Time-killing assays of P. aeruginosa PA01 treated with tobramycin (A), ciprofloxacin 
(B), ceftazidime (C) and colistin (D) combined with 50 and 200 µg/mL of PDSTP. Data are 
represented in terms of difference in CFU/mL on a logarithmic scale. Black line, untreated 
sample; orange line, treatment with 50 µg/mL of PDSTP; red line, treatment with 200 µg/mL of 
PDSTP; blue line, treatment with a concentration equivalent to ½ MIC of the antibiotic; light 
green line, combination of 50 µg/mL of PDSTP with the antibiotic; dark green line, combination 
of 200 µg/mL of PDSTP with the antimicrobial. The experiment was performed twice. 
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To validate the results observed with the PA01 strain (Figure 4.21), time-killing 
assays were performed in TSB using a plate reader. This allowed to evaluate the 
efficacy of the same PDSTP-antibiotic combinations against the nine CF clinical 
isolates of P. aeruginosa. In this case, bacterial growth was monitored for 24 
hours by measuring the OD600, considering the fair correlation between CFU 
reduction and OD600 variations observed in the time-killing experiments with 
the PA01 strain (Figure 4.22).  

 

Figure 4.22. Time-killing assays of P. aeruginosa PA01 treated with tobramycin (A), ciprofloxacin 
(B), ceftazidime (C) and colistin (D) combined with 50 and 200 µg/mL of PDSTP. Data are 
represented in terms of variation of OD600. Black line, untreated sample; orange line, treatment 
with 50 µg/mL of PDSTP; red line, treatment with 200 µg/mL of PDSTP; blue line, treatment 
with a concentration equal to ½ MIC of the antibiotic; light green line, combination of 50 µg/mL 
of PDSTP with the antibiotic; dark green line, combination of 200 µg/mL of PDSTP with the 
antimicrobial. The experiment was performed twice. 
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Prior to these experiments, the MIC values of the four antibiotics against the 
nine P. aeruginosa CF clinical isolates were determined (Table 4.4). 

Table 4.4. Minimum inhibitory concentrations of ceftazidime, tobramycin, ciprofloxacin and 
colistin against the nine P. aeruginosa CF clinical isolates in TSB.   

 

For these experiments, the concentrations of PDSTP and antibiotics varied for 
each strain to avoid complete growth inhibition with the monotherapy (Table 
4.5). In most cases, these concentrations were approximately half of the MIC 
values (for ceftazidime, tobramycin and ciprofloxacin, while colistin 
concentrations were equal to the MIC) (Table 4.4). In this assay, bacterial 
growth was considered completely inhibited when the increase in OD600 did 
not go beyond 0.3. 

Table 4.5. Concentrations of ceftazidime, tobramycin, ciprofloxacin, colistin and PDSTP used in 
time-killing assays for each of the nine P. aeruginosa CF clinical isolates.    
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Overall, combination therapies resulted in a significant inhibition of bacterial 
growth, except for the RP73 and RP74 strains, for which PDSTP failed to 
synergize with any of the four antibiotics (Figures 4.23-4.26). Therefore, these 
two strains were considered resistant to the enhancing antibiotic activity of 
PDSTP. The most promising outcomes were achieved with the combination of 
PDSTP with ceftazidime which led to complete inhibition of bacterial growth 
for 24 hours in all P. aeruginosa strains, including the highly resistant SG2 
strain (Figure 4.23).  

 

Figure 4.23. Time-killing assays of P. aeruginosa CF clinical isolates treated with ceftazidime 
combined with PDSTP. Data are represented in terms of variation of OD600. Black line, untreated 
sample; red line, treatment with sub-inhibitory concentrations of PDSTP; blue line, treatment 
with sub-inhibitory concentrations of ceftazidime; light green line, combination of PDSTP with 
the antibiotic. The experiment was performed twice, each time in duplicate. 
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Conversely, the combination with tobramycin exhibited varying efficacy, 
resulting in 24-hour growth inhibition for the SG2, NN84, BT2 and BT72 
strains, but in only 6-hour inhibition for the BST44 strain (Figure 4.24). 
Additionally, PDSTP could not revert the tobramycin-resistant phenotype of the 
NN2 and NN83 strains, as previously indicated by antibiotic combination 
susceptibility testing (Table 4.3).  

 

Figure 4.24. Time-killing assays of P. aeruginosa CF clinical isolates treated with tobramycin 
combined with PDSTP. Data are represented in terms of variation of OD600. Black line, untreated 
sample; red line, treatment with sub-inhibitory concentrations of PDSTP; blue line, treatment 
with sub-inhibitory concentrations of tobramycin; light green line, combination of PDSTP with 
the antibiotic. The experiment was performed twice, each time in duplicate. 
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The combination of PDSTP with ciprofloxacin demonstrated a prolonged 
inhibitory effect against each strain, though complete growth inhibition was 
observed only for NN2, NN84, BT2 and BT72 (Figure 4.25). 

 

Figure 4.25. Time-killing assays of P. aeruginosa CF clinical isolates treated with ciprofloxacin 
combined with PDSTP. Data are represented in terms of variation of OD600. Black line, untreated 
sample; red line, treatment with sub-inhibitory concentrations of PDSTP; blue line, treatment 
with sub-inhibitory concentrations of ciprofloxacin; light green line, combination of PDSTP with 
the antibiotic. The experiment was performed twice, each time in duplicate. 
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As previously observed with the PA01 strain (Figures 4.21 and 4.22), colistin 
was the least effective antibiotic against P. aeruginosa. In fact, even when used 
at a concentration equal to the MIC, its combination with PDSTP only led to 
long-term inhibition in the NN84 strain, while a 10-hour inhibition was 
observed for BST44, NN2, NN83, BT2 and BT72. The SG2 strain showed 
insensitivity to this combination (Figure 4.26).  

 

Figure 4.26. Time-killing assays of P. aeruginosa CF clinical isolates treated with colistin 
combined with PDSTP. Data are represented in terms of variation of OD600. Black line, untreated 
sample; red line, treatment with sub-inhibitory concentrations of PDSTP; blue line, treatment 
with sub-inhibitory concentrations of colistin; light green line, combination of PDSTP with the 
antibiotic. The experiment was performed twice, each time in duplicate. 

In summary, the results from the time-killing assays validated those obtained 
from antibiotic combination susceptibility testing, confirming the efficacy of 
PDSTP as an enhancer of various classes of clinically relevant antibiotics 
against P. aeruginosa. 
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To validate the efficacy observed in vitro of the combination of PDSTP with 
ceftazidime, a Galleria mellonella infection model was employed. The 
concentrations of ceftazidime (5 mg/kg) and PDSTP (6.25 mg/kg) used in this 
assay were non-toxic to G. mellonella (data not shown). Inoculation with 104 
CFU of P. aeruginosa PA01 resulted in 100% larval mortality in the untreated 
group (data not shown), as well as in the groups treated with physiological 
saline and PDSTP at 24 hours post-inoculation (Figure 4.27). Conversely, 
treatment with ceftazidime alone led to 25% survival after 48 hours. Notably, 
the combination treatment with PDSTP exhibited a statistically significant 
increase in larval viability compared to the antibiotic alone, reaching up to 47% 
survival at 48 hours (Figure 4.27). This validates the in vitro activity observed 
for the PDSTP-ceftazidime combination. 

 

Figure 4.27. Kaplan-Meier survival curve of G. mellonella infected with P. aeruginosa PA01 and 
treated with physiological saline (black line), PDSTP (red line), ceftazidime (blue line) or the 
combination of PDSTP with ceftazidime (green line). The experiment was performed three times. 
Statistically significant differences are indicated (Log-rank test; *, p < 0.05). 
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4.7. PDSTP antibiotic potentiation relies on membrane depolarization 

The antibiotic potentiation activity of PDSTP may be ascribed to the 
impairment of the outer membrane permeability of P. aeruginosa, following 
treatment with the compound. Indeed, the disruption of membrane integrity 
may promote the access of antibiotics to the periplasmic space and, 
subsequently, to the cytoplasm. To evaluate this possibility, N-phenyl-1-
naphthylamine (NPN) assays were performed. NPN is a hydrophobic dye that 
fluoresces strongly in a hydrophobic environment, but weakly in a hydrophilic 
environment. Therefore, when NPN is incubated with intact bacterial cells, it 
does not emit fluorescence, but it does so when it is stabilised inside damaged 
bacterial membranes (Helander and Mattila-Sandholm, 2000). P. aeruginosa 
PA01 was treated with 10 µg/mL of PDSTP (since higher concentrations led to 
partial bacterial growth impairment in these experimental conditions) or 5 mM 
of EDTA, a well-characterized membrane-permeabilizing agent used as a 
positive control (Helander and Mattila-Sandholm, 2000). Thereafter, 10 µM of 
NPN was added and fluorescence was measured over time. As shown in Figure 
4.28, the fluorescence of bacteria treated with PDSTP remained the same as 
that of the control, while those treated with EDTA showed an increase in 
fluorescence, compared to the control, over time. In detail, EDTA treatment 
resulted in an immediate increase in the fluorescence, reaching a plateau 
already at time 0. This result demonstrates that PDSTP does not potentiate 
antibiotics through the disruption of membrane integrity. 

 

Figure 4.28. NPN assay of P. aeruginosa PA01 treated with 10 µg/mL of PDSTP (red column) and 
5 mM EDTA (blue column), compared to the control (black column). The experiment was 
performed twice, each time in duplicate. 
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Another mechanism that may be involved in PDSTP-mediated antibiotic 
potentiation is related to membrane depolarization. Indeed, when the 
membrane potential is disrupted, proton-gradient dependent efflux pumps are 
inactivated. If the inactivated efflux pumps recognize specific antibiotics as 
substrates, they will not be able to expel them, thereby increasing their 
activities (Borselli et al., 2016). Interestingly, all the PDSTP-potentiated 
antibiotics (amikacin, ceftazidime, ciprofloxacin, colistin, meropenem and 
tobramycin) are substrates of P. aeruginosa efflux pumps (Lorusso et al., 2022). 
To explore this hypothesis, depolarization assays using DiSC3(5), an 
abbreviation for 3,3'-dipropylthiadicarbocyanine iodide, were performed. 
DiSC3(5) is a fluorescent dye that strongly fluoresces when the membrane 
potential is impaired and moves from the inner bacterial membrane to the 
medium (Buttress et al., 2022). P. aeruginosa PA01 was incubated with 
DiSC3(5) and then treated with increasing concentrations of PDSTP (1 to 100 
µg/mL), carbonyl cyanide m-chlorophenylhydrazone (CCCP) (10 and 30 µM), 
an uncoupling agent dissipating the proton motive force used as a positive 
control, and colistin (1 to 10 µg/mL), used as a second positive control due to 
its membrane-destabilizing properties (French et al., 2020). Fluorescence was 
measured over time. As illustrated in Figure 4.29A, the fluorescence of bacteria 
treated with PDSTP increased over time in a dose-dependent manner, reaching 
a plateau. This trend was similar to that observed when bacteria were treated 
with colistin, both in terms of curve shape and fluorescence intensity (Figure 
4.29B). In the case of CCCP, a dose-dependent increase in the fluorescence was 
observed but, unlike the other curves, the maximum fluorescence was reached 
immediately (Figure 4.29C). Any decrease in fluorescence may be attributed to 
adsorption of DiSC3(5) to the 96-well plate. Interestingly, both colistin and 
CCCP are active against the inner bacterial membrane. Conversely, given that 
PDSTP should not be able to enter bacterial cells (Egorova et al., 2021), its 
activity appears to be directed at the outer bacterial membrane. This result 
provides evidence that PDSTP potentiates antibiotics through membrane 
depolarization and subsequent efflux pumps inhibition. 
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Figure 4.29. Depolarization assay of P. aeruginosa PA01 treated with PDSTP (A) (orange line, 1 
µg/mL; red line, 10 µg/mL; light green line, 20 µg/mL; dark green line, 50 µg/mL; blue line, 100 
µg/mL), colistin (B) (red line, 1 µg/mL; light green line, 5 µg/mL; blue line, 10 µg/mL) and CCCP 
(C) (red line, 10 µM; blue line, 30 µM). The experiment was performed three times, each time in 
duplicate. 

4.8. PDSTP inhibits P. aeruginosa biofilm formation in vitro and in an ex 
vivo pig lung model 

To investigate the impact of PDSTP on biofilm formation in P. aeruginosa PA01 
and two clinical isolates, NN2 and SG2, in vitro biofilm inhibition assays were 
performed. Initially, crystal violet assays revealed that 50 μg/mL of PDSTP (or 
25 μg/mL for SG2 due to growth inhibition at 50 μg/mL in these experimental 
conditions) significantly reduced the biofilm biomass, compared to the 
respective untreated controls, after 24 hours (Figure 4.30). 
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Figure 4.30. Biofilm inhibition assays of P. aeruginosa PA01, NN2 and SG2 treated with 25 or 50 
µg/mL of PDSTP. The experiment was performed three times, each time in six replicates. 
Statistically significant differences are indicated (Student’s t test; *, p < 0.05; **, p < 0.01). 

To further evaluate PDSTP antibiofilm activity, confocal laser scanning 
microscopy (CLSM) was employed. Specifically, the biofilm formed by the PA01 
strain appeared thick and uniform. In contrast, NN2 formed a thicker biofilm, 
while that of SG2 was heterogeneous, characterized by bacterial aggregates. 
PDSTP treatment resulted in a visible impairment of biofilm formation for all 
strains, with a reduction in biofilm biomass. Subsequent analysis using 
COMSTAT2 indicated that the compound significantly reduced both average 
biofilm thickness and biomass, while simultaneously increasing roughness, 
indicating alterations in biofilm structure (Figure 4.31). 
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Figure 4.31. CLSM images (400x magnification) of the biofilms formed by P. aeruginosa PA01, 
NN2 and SG2 following treatment with 25 or 50 µg/mL of PDSTP (A).  COMSTAT2 analysis of 
biofilm properties, including average thickness (B), biomass (C) and roughness (D). The 
experiment was performed three times. Statistically significant differences are indicated 
(Student’s t test; *, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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To validate the antibiofilm properties of PDSTP, an ex vivo pig lung (EVPL) 
tissue model, embedded in SCFM which better simulates the CF lung 
environment, was employed. Similarly to the previous analyses, PDSTP 
treatment resulted in impaired biofilm formation across the tested strains. 
Indeed, the CFU/mL recovered from biofilms were significantly lower when 
treated with PDSTP, compared to the respective untreated controls. The 
reduction in CFU/mL was similar to that achieved with ciprofloxacin (0.06 
μg/mL), used as a positive control (Figure 4.32). 

 

Figure 4.32. Biofilm inhibition assays of P. aeruginosa PA01 (A), NN2 (B) and SG2 (C) treated 
with 25 or 50 µg/mL of PDSTP or 0.06 µg/mL of ciprofloxacin as a positive control, represented 
as the CFU/mL recovered from pig lung tissue. The experiment was performed three times. 
Statistically significant differences are indicated (One-way ANOVA test; *, p < 0.05; **, p < 0.01). 

Finally, CLSM was employed to visualize P. aeruginosa PA01 biofilm stained 
with Syto9 on lung tissue fragments. In this case as well, PDSTP (50 μg/mL) 
impaired biofilm formation and COMSTAT2 analysis confirmed a significant 
reduction in biofilm biomass due to the treatment which is comparable to that 
with ciprofloxacin (0.06 μg/mL) (Figure 4.33). 
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Figure 4.33. CLSM images (400x magnification) of the biofilm formed by P. aeruginosa PA01 on 
EVPL following treatment with 50 µg/mL of PDSTP and 0.06 µg/mL of ciprofloxacin as a positive 
control (A).  COMSTAT2 analysis of biofilm biomass (B). The experiment was performed three 
times. Statistically significant differences are indicated (One-way ANOVA test; **, p < 0.005). 
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Pt. II: Characterization of P. aeruginosa bacteriophages 
and bacteriophage-resistant mutants 

4.9. Three newly isolated phages belonging to the Caudovirales order 

Three phages named PA48, PA49 and PA50 were isolated from wastewater 
using as a host P. aeruginosa PA01 and selected based on different plaque 
morphologies. Specifically, plaques of these phages had a clear area at the 
centre and a diameter of about 1.5 - 2 mm. In addition, PA48 and PA50 had an 
entire edge, while PA49 had an undulate edge (data not shown). Transmission 
electron microscopy analysis showed that PA48 and PA50 belong to the 
Siphoviridae family, while PA49 belongs to the Myoviridae family (Figure 4.34), 
following the classification according to the International Committee on 
Taxonomy of Viruses (ICTV). In particular, the two siphoviral phages had a 
capsid with an average height and width of 92.6 and 61.5 nm, respectively, 
while their tails measured approximately 154.3 nm in length. In contrast, the 
myoviral phage showed average dimensions of 121.7 nm in height, 106.9 nm in 
width and a tail spanning 186.7 nm. Myoviridae and Siphoviridae phages belong 
to the Caudovirales order and are characterized by a double-stranded DNA 
genome enclosed within an icosahedral capsid, attached to a long tail. The tail 
of Siphoviridae phages is non-contractile, while that of Myoviridae phages is 
contractile (Dion et al., 2020). 

 

Figure 4.34. Transmission electron micrographs of PA48, PA49 and PA50. PA48 and PA50 have a 
siphoviral morphotype, while PA49 shows a myoviral morphology. All of them are characterized 
by an icosahedral head attached to a tail which is non-contractile for PA48 and PA50, and 
contractile for PA49. 
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4.10. Genomic analysis of PA49 shows its compatibility with clinical 
application 

Whole-genome sequencing using the Nanopore platform, followed by genome 
assembly and bioinformatics characterization, confirmed that PA49 has a 
double-stranded DNA genome (274 kbp) and belongs to the Myoviridae family. 
As listed in Table 4.6, PA49 possesses 411 genes, 321 (78.1%) of which have 
unknown function. Although there is a significant lack of genomic information, 
this phage is compatible with clinical applications. Indeed, PA49 does not 
possess genes involved in integration and excision, excluding the possibility of 
being lysogenic. Furthermore, this phage does not carry genes encoding 
neither virulence factors nor antibiotic resistances according to the Virulence 
Factor Database (VFDB) and the Comprehensive Antibiotic Resistance 
Database (CARD), respectively. Unfortunately, PA48 and PA50 could not be 
sequenced properly with the Nanopore platform. This was probably due to 
base modifications, resulting in low-quality reads which were not compatible 
with genome assembly and annotation (Nielsen et al., 2023). As a consequence, 
these genomes will be sequenced using the Illumina platform. However, all the 
three phages were further characterized. 

Table 4.6. Category and respective number of genes out of 411 total genes in PA49 genome. The 
category “Other” includes gene with diverse ungrouped but known functions, i.e., genes encoding 
a metal-dependent phosphohydrolase, a thymidylate kinase, a transglycosylase and an UvsX-like 
recombinase. 

Category Count 

Connector 0 

DNA, RNA and nucleotide metabolism 31 

Head and packaging 39 

Integration and excision 0 

Lysis 1 

Moron, auxiliary metabolic gene and host takeover 2 

Other 4 

Tail 9 

Transcription regulation 0 

Unknown function 321 

tRNAs 4 

CRISPRs 0 

tmRNAs 0 

VFDB_Virulence_Factors 0 

CARD_AMR_Genes 0 
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4.11. Phages withstand a wide range of pH values, temperatures and 
storage conditions 

PA48, PA49 and PA50 withstood a wide range of pH values. Indeed, their 
viability was not affected from pH 3 to 11. Only at a very alkaline pH, i.e., pH 12, 
all of them were inactivated (Figure 4.35). 

 

Figure 4.35. PA48 (A), PA49 (B) and PA50 (C) stabilities at different pH values. The experiment 
was performed three times. Statistically significant differences are indicated (Student’s t test; ***, 
p < 0.0005; ****, p < 0.0001). 

Furthermore, phages were viable after incubation in a wide range of 
temperatures. Specifically, PA48 and PA50 were more resistant to higher 
temperatures compared to PA49, showing partial phage inactivation at 70°C 
(PFU/mL reduction of 57 and 22%, respectively) and complete inactivation at 
80°C. On the other hand, PA49 viability was already affected at a temperature 
of 60°C (22% PFU/mL reduction), while it was completely inactivated at 70°C 
(Figure 4.36). 

 

Figure 4.36. PA48 (A), PA49 (B) and PA50 (C) stabilities at different temperatures. The 
experiment was performed three times. Statistically significant differences are indicated 
(Student’s t test; **, p < 0.01; ***, p < 0.0005; ****, p < 0.0001). 
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Finally, all the phages were stable under different storage conditions (-80°C,  
-20°C, 4°C and room temperature), over a period of four months, being the 
PFU/mL all comparable (Figure 4.37). 

 

Figure 4.37. PA48 (A), PA49 (B) and PA50 (C) stabilities under different storage conditions. This 
experiment was performed once. Colour legend is shown below the graphics. 

4.12. The two siphoviral phages display a different phage cycle profile 
compared to the myoviral phage 

To characterize the phage cycle, adsorption and one-step growth assays were 
performed using P. aeruginosa PA01 as host. PA48 and PA50 had a different 
adsorption profile compared to PA49. In particular, a low percentage of both 
siphoviral phages adsorbed onto host cells (maximum adsorption after 7.5 
minutes of 24.5 and 27.3%, respectively), while more than 50% of the myoviral 
phage already adsorbed onto bacterial cells after 2.5 minutes, reaching 90% 
after 10 minutes (Figure 4.38). 

 

Figure 4.38. PA48 (A), PA49 (B) and PA50 (C) adsorption assay using P. aeruginosa PA01 as host. 
This experiment was performed three times. 
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Also in the case of one-step growth curves, both latent period and burst size of 
PA48 and PA50 were similar, in contrast with those of PA49. Specifically, 
siphoviral phages needed approximately 40 minutes to replicate their genomes 
inside the host cell, synthetize their proteins and assemble them into new 
virion particles, subsequently released through bacterial lysis (Figure 4.39). 
The burst size of PA48 and PA50, i.e., the number of released virions per 
infected cell, was about 6.9 and 6.5, respectively. On the other hand, the 
myoviral phage had latent period of approximately 10 minutes which is 
significantly shorter compared to the other phages (Figure 4.39). In addition, 
the burst size was about 445.5 which is significantly higher compared to PA48 
and PA50. 

 

Figure 4.39 PA48 (A), PA49 (B) and PA50 (C) one-step growth assay using P. aeruginosa PA01 as 
host. These experiments were performed three times. 
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4.13. Phages show a broad host range 

To characterize the microbiological activity of phages, their host range was first 
determined. Specifically, phage lytic properties were tested on P. aeruginosa 
PA01, 9 P. aeruginosa CF clinical isolates (C450, C452, C453, C457, C458, C459, 
C460, C462 and C464) and 9 P. aeruginosa non-CF clinical isolates from 
patients affected by chronic rhinosinusitis (C392, C394, C405, C419, C423, 
C427, C430, C433 and C440). PA48 lysed 12 out of these 19 strains (63%), 
PA49 lysed 16 of them (84%) and PA50 lysed 11 of them (58%), indicating that 
PA50 had the narrowest host range, while PA49 had the broadest one. 
However, all phages showed a broad host range. Furthermore, 11 strains 
(PA01, C450, C457, C459, C460, C392, C394, C423, C427, C430 and C440) 
(58%) were lysed by all the three phages, one strain (C464) (5%) was lysed by 
PA48 and PA49 and 4 strains (C462, C405, C419 and C433) (21%) were lysed 
only by PA49. Interestingly, 3 strains (C452, C453 and C458) (16%) were not 
lysed by any phage (Figure 4.40). 

 

Figure 4.40. PA48, PA49 and PA50 host range determination employing 19 strains which include 
P. aeruginosa PA01, 9 clinical isolates from CF patients and 9 clinical isolates from patients with 
chronic rhinosinusitis. Colours associated to sensitive (clear lysis), semi-sensitive (partial lysis) 
and non-sensitive (no lysis) strains are shown in the legend on the right. This experiment was 
performed three times, each time in triplicate. 

4.14. Phages efficiently lyse planktonic P. aeruginosa 

To evaluate the killing activity of PA48, PA49 and PA50 against P. aeruginosa 
PA01, bacterial growth in the presence of the phages at different MOI (0, 0.1, 1 
and 10 phages per bacterial cell) was followed by measuring the OD600, every 
30 minutes, up to 300 minutes (5 hours). As expected, the higher the MOI, the 
greater the lytic activity (Figure 4.41). Siphoviral phages impaired bacterial 
growth later compared to the myoviral one, which is consistent with their 
lower adsorption onto host cells (Figure 4.38), longer latent period and lower 
burst size (Figure 4.39). However, all phages efficiently suppressed P. 
aeruginosa PA01 growth. 
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Figure 4.41. PA48 (A), PA49 (B) and PA50 (C) killing activity against planktonic P. aeruginosa 
PA01. Bacteria were infected with phages at different MOI (0, 0.1, 1 and 10 phages per bacterial 
cell) and their growth was followed by monitoring the OD600. Colour legend is shown below the 
graphics. These experiments were performed three times. 

4.15. Phages efficiently eradicate P. aeruginosa biofilms 

To further characterize the microbiological activity of phages, different 
concentrations of PA48, PA49 and PA50 (1 x 107, 1 x 108 and 1 x 109 PFU) were 
tested against P. aeruginosa mature biofilms and biofilm eradication was 
assessed by crystal violet staining. In particular, five strains were employed to 
perform these experiments, including P. aeruginosa PA01, two CF clinical 
isolates (C450 and C457) and two non-CF strains (C423 and C430). Clinical 
isolates were chosen based on biofilm biomass, i.e., one strain per group (CF 
and non-CF) producing more biofilm (C457 and C423) and another one 
producing less biofilm (C450 and C430) (data not shown). In particular, PA48 
and PA50 were tested against the higher biofilm producers C457 and C423, 
while PA49 was tested on all the strains since it showed better killing activity 
against planktonic P. aeruginosa PA01 (Figure 4.41).  
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As reported in Figure 4.42, there was an overall dose-dependent decrease in 
biofilm biomass when biofilms were treated with increasing concentrations of 
phages. These decreases were statistically significant in most cases, especially 
at higher phage concentrations. In just one case, which is C423 biofilms treated 
with PA48, the biofilm biomass decrease was not significant even at high 
concentrations (1 x 109 PFU). Increasing the phage concentration is likely to 
impair C423 biofilms. In addition, dose-dependency was not appreciated in the 
case of PA01 infected by PA50 and C423 infected by PA49. This could be due to 
the achievement of maximum eradication activity of phages already at a 
concentration of 1 x 107 PFU. Decreasing the phage concentration may allow to 
appreciate the dose-dependency. Maximum eradications for PA48, PA49 and 
PA50 were, respectively, 64% (1 x 109 PFU against PA01), 71% (1 x 108 PFU 
against C423) and 70% (1 x 108 PFU against PA01) decrease in biofilm 
biomass.  

 

Figure 4.42. PA48 (A), PA50 (B) and PA49 (C) biofilm eradication activity against P. aeruginosa 
PA01, C450, C457, C423 and C430 biofilms treated with increasing concentrations of phages (1 x 
107, 1 x 108 and 1 x 109 PFU.) Colour legend is shown below the graphics. These experiments 
were performed three times, each time in six replicates. Statistically significant differences are 
indicated (One-way ANOVA test; *, p < 0.05; **, p < 0.005; ***, p < 0.0005; ****, p < 0.0001).  
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4.16. Phages can be employed to select P. aeruginosa bacteriophage-
insensitive mutants 

Phages were employed to select P. aeruginosa PA01 bacteriophage-insensitive 
mutants (BIMs). Specifically, PA49 and PA18 (a lytic Myoviridae phage 
previously characterized in the lab; data not yet published) were used. PA48 
and PA50 were excluded since their genomic characterization was lacking. 9 
BIMs were selected by PA18 and 10 BIMs were selected by PA49 (Figure 4.43). 
After isolation, BIMs were confirmed to be resistant to the selecting phage by 
double layer agar spot method. In addition, their sensitivity for the other 
phages was tested and P. aeruginosa PA01 was used as control. As expected, 
BIMs were resistant to the respective selecting phage, i.e., BIMs selected by 
PA18 were resistant to PA18 and BIMs selected by PA49 were resistant to 
PA49, while P. aeruginosa PA01 was sensitive to all phages. Interestingly, PA18 
BIMs were all sensitive to PA48, PA49 and PA50, while PA49 BIMs were all 
resistant to these three phages, but sensitive to PA18 (Figure 4.43). This may 
be due to the fact that PA48, PA49 and PA50 recognize the same host receptor, 
which may be different from that recognized by PA18. 

 

Figure 4.43. Sensitivity to PA18, PA48, PA49 and PA50 of BIMs selected by PA18 and PA49, along 
with P. aeruginosa PA01 as control. Colours associated to sensitive (clear lysis) and non-sensitive 
(no lysis) strains are shown in the legend on the right. This experiment was performed three 
times, each time in triplicate. 

4.17. Evolutionary trade-off to counter phage infection may influence 
both growth and biofilm formation of the BIMs 

Bacterial resistance to phages typically results in physiological changes that 
may lead to a reduced bacterial fitness and increased antibiotic susceptibility 
(Hasan and Ahn, 2022). Consequently, the two panels of BIMs (PA18 BIMs and 
PA49 BIMs) were first analysed by monitoring their growth, measuring the 
OD600, every 15 minutes, up to 720 minutes (12 hours). Most of the BIMs 
selected by PA18 (BIM1, 2, 3, 6, 7, 8 and 10) (77.8%) did not show any growth 
defects compared to P. aeruginosa PA01. In contrast, BIM4 and 5 showed a 
significant decrease in bacterial growth compared to the control (Figure 4.44).  
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Figure 4.44. Growth curves of BIMs selected by PA18, along with P. aeruginosa PA01 as a control 
(black curve). Growth curves of BIMs with equal statistical significance are represented with the 
same colour. This experiment was performed three times, each time in triplicate. Statistically 
significant differences are indicated (Student’s t test; ***, p < 0.001; ****, p < 0.0001). 

In the case of BIMs selected by PA49, half of them (BIM15, 17, 18, 19 and 20) 
did not show any growth defects compared to P. aeruginosa PA01. On the other 
hand, BIMs 11, 12, 13, 14 and 16 grew significantly slower compared to the 
control (Figure 4.45). 

 

Figure 4.45. Growth curves of BIMs selected by PA49, along with P. aeruginosa PA01 as a control 
(black curve). Growth curves of BIMs with equal statistical significance are represented with the 
same colour. This experiment was performed three times, each time in triplicate. Statistically 
significant differences are indicated (Student’s t test; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 
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To further investigate the extent to which phage resistance causes reduced 
bacterial fitness, the biofilm formation abilities of the BIMs were analyzed by 
crystal violet staining. As reported in Figure 4.46, six PA18 BIMs (BIM1, 2, 3, 5, 
6 and 8) (67%) produced a significantly higher biofilm biomass compared to P. 
aeruginosa PA01, while biofilm formation abilities of BIM4, 7 and 10 (33%) 
were not affected. Specifically, biofilm increase ranged from 24 (BIM1) to 51% 
(BIM5), with an average of 32%. In contrast, nine PA49 BIMs (BIM11, 12, 14, 
15, 16, 17, 18, 19 and 20) (90%) resulted significantly impaired in their 
production of biofilm compared to the control, while BIM13 produced as much 
biofilm as P. aeruginosa PA01. In particular, biofilm decrease ranged from 75 
(BIM18) to 91% (BIM11), with an average of 83%. 

 

Figure 4.46. Biofilm formation abilities of both PA18 (yellow column) and PA49 (orange 
column) BIMs compared to the control P. aeruginosa PA01 (black column). This experiment was 
performed three times, each time in six replicates. Statistically significant differences are 
indicated (Student’s t test; *, p < 0.05; **, p < 0.005; ****, p < 0.0001).  

4.18. Evolutionary trade-off may also influence antibiotic susceptibility of 
the BIMs 

As previously mentioned, bacterial resistance to phages may also result in 
increased antibiotic susceptibility. To investigate this aspect, the MICs of 
different antibiotics currently used to treat P. aeruginosa infections were 
determined against six PA18 BIMs (BIM1, 3, 4, 5, 7 and 10), six PA49 BIMs 
(BIM11, 12, 13, 14, 15 and 19) and P. aeruginosa PA01. These BIMs were 
selected because they displayed different growth and biofilm formation 
properties. Tested antibiotics were chosen based on different mechanisms of 
action: tobramycin, ciprofloxacin, ceftazidime, meropenem and colistin. As 
reported in Table 4.7, PA18 BIMs were slightly more susceptible to at least two 
antibiotics compared to P. aeruginosa PA01 (2-fold decrease in the MIC). In 
contrast, BIM4 and 5 were mildly less susceptible to ceftazidime and 
meropenem compared to P. aeruginosa PA01 (2-fold increase in the MIC). 
However, the MIC of colistin against all the BIMs was significantly lower 
compared to the reference strain, ranging from 4- to 16-fold reductions. 
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Table 4.7. MIC values of tobramycin, ciprofloxacin, ceftazidime, meropenem and colistin against 
the BIMs selected by PA18 and P. aeruginosa PA01. The MIC fold reduction or increase is 
indicated in brackets. This experiment was performed three times, each time in duplicate. 

 

On the other hand, PA49 BIMs also showed a slightly higher susceptibility to at 
least two antibiotics compared to P. aeruginosa PA01 (2-fold decrease in the 
MIC). Unlike PA18 BIMs, no PA49 BIM was less susceptible to any antibiotic 
tested. Also in this case, BIMs resulted to be more susceptible especially to 
colistin, ranging from 2- to 4-fold reductions in the MIC values (Table 4.8). 

Table 4.8. MIC values of tobramycin, ciprofloxacin, ceftazidime, meropenem and colistin against 
the BIMs selected by PA49 and P. aeruginosa PA01. The MIC fold reduction is indicated in 
brackets. This experiment was performed three times, each time in duplicate. 
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5. Discussion and future perspectives 

 

Infections caused by antibiotic-resistant strains of Pseudomonas aeruginosa, 
Burkholderia cenocepacia and Staphylococcus aureus represent a significant 
threat to patients with cystic fibrosis (CF) and those who are 
immunocompromised (Qin et al., 2022; Rojas-Rojas et al., 2019; Goss and 
Muhlebach, 2011). Given the risk of infection by these antibiotic-resistant 
strains and the limited progress in developing new antibiotics, there is an 
urgent need to explore alternative therapeutic strategies, also considering drug 
repurposing and combination therapy (Liao et al., 2022; Wang et al., 2020).   

The dispirotripiperazine derivative PDSTP is a non-toxic compound with a 
positive net charge that prevents both in vitro and in vivo infections caused by 
different viruses (Schmidtke et al., 2002; Makarov and Popov, 2022). Its 
mechanism of action involves impairing viral adsorption to negatively charged 
heparan-sulphate glycosaminoglycans (HSGAGs) expressed on the surface of 
human cells by saturating them though electrostatic interactions (Egorova et 
al., 2021). Considering that P. aeruginosa, B. cenocepacia and S. aureus also 
adhere to HSGAGs (Bucior et al., 2012; Martin et al., 2019; Liang et al., 1992), 
the aim of the first part of this work was to investigate the potential activity of 
PDSTP in treating the infections caused by these bacteria, thereby repurposing 
this compound.  

To begin with, PDSTP was shown to have a negligible inhibitory activity on the 
growth of P. aeruginosa PA01 and nine CF clinical isolates, B. cenocepacia K56-2 
and J2315, and S. aureus ATCC 25923. This is consistent with the size and 
positive charge of the compound which prevent its entry into bacterial cells 
(Egorova et al., 2021). Indeed, the high molecular weight of PDSTP prevents its 
diffusion through porins, while its high polarity makes its diffusion across the 
lipid bilayer unlikely (O'Shea and Moser, 2008). 

The compound was then tested against P. aeruginosa PA01 adhesion to various 
pulmonary epithelial cell lines, including a CF cell line, resulting to be highly 
effective at very low concentrations which were more than 50 times lower than 
the 50% cytotoxic concentration (Schmidtke et al., 2002). Furthermore, when 
tested against hypermucoid P. aeruginosa BT2 and BT72 clinical isolates, 
PDSTP maintained its antiadhesive activity. Imaging flow cytometry validated 
these results, highlighting that PDSTP treatment particularly affected the 
adhesion of multiple bacteria to human cells, probably by reducing the 
accessibility of human cell surface receptors.  
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Focusing on the current research on antiadhesive molecules against  
P. aeruginosa, PDSTP offers some advantages compared to other approaches 
such as natural extracts (Ahmed et al., 2014; Molina Bertrán et al., 2022) and 
glycoclusters (Malinovská et al., 2019). In fact, PDSTP was extensively 
characterized in vivo as an antiviral agent, demonstrating non-cytotoxicity, 
effectiveness at low concentrations and a broad therapeutic index. Conversely, 
natural extracts and glycoclusters often necessitate very high concentrations in 
vitro, typically in the range of mg/mL, limiting their in vivo application.   

Pretreatment of P. aeruginosa PA01 with PDSTP prior to adhesion assays 
resulted in an increase in bacterial adhesion, providing the first evidence that 
the compound interacts with this bacterium, likely involving its outer 
membrane due to the molecular structure of PDSTP. On the other hand, 
pretreatment of both bacteria and human cells with the compound led to a 
reduction in bacterial adhesion comparable to a standard PDSTP treatment, 
suggesting that the mechanism of action involved in PDSTP-mediated 
impairment of bacterial adhesion may be due to electrostatic repulsion 
between PDSTP molecules bound to bacteria and those bound to human cells.  

A preliminary study of the mechanism involved in PDSTP-mediated 
impairment of bacterial adhesion was conducted. Specifically, the presence of 
heparin, a structural analogue of heparan-sulphates (Liu and Thorp, 2002), 
during adhesion assays restored the normal adhesive capabilities of  
P. aeruginosa PA01 by sequestering PDSTP. This result highlights the high 
affinity of the compound for HSGAGs and suggests a potential involvement of 
these surface receptors in PDSTP antiadhesive activity, similar to its action 
during viral adsorption. However, when human cells were pretreated with 
heparinase, an enzyme that cleaves heparan sulphate chains (Dong et al., 
2012), P. aeruginosa PA01 adhered to both untreated and heparinase-
pretreated A549 cells in the same manner, even when PDSTP was 
administered. This experiment was also performed using another cell line, 
CFBE41o-, and another bacterium, B. cenocepacia J2315, showing the same 
result. These findings suggest that HSGAGs are not the primary receptors 
mediating bacterial adhesion, implying that the mechanism of action of PDSTP 
differs between bacterial and viral infections. 

The involvement of HSGAGs in PDSTP antiadhesive properties will be further 
explored through adhesion assays using A549 cells lacking these host cell 
receptors. Specifically, the expression of the β-1,3-glucuronyltransferase 3 gene 
will be knocked-down as it plays a crucial role in HSGAGs biosynthesis (Martin 
et al., 2019). 
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The interaction between PDSTP and P. aeruginosa PA01 was also investigated. 
Preliminary analyses showed that this interaction relies on electrostatic forces 
and mediates the transitioning of the bacterium from a rod-shape to a 
spherical shape. Subsequently, it was demonstrated that the molecular target 
of the compound was the lipopolysaccharide (LPS) present on the external 
leaflet of the outer membrane of P. aeruginosa PA01. Indeed, PDSTP displaced 
the dansyl-polymyxin (DPX) from the LPS, targeting the negative charges of 
both lipid A and core-oligosaccharide (Moore et al., 1986). 

Interestingly, the O-antigen of B. cenocepacia K56-2 prevented the interaction 
of PDSTP with lipid A and core-oligosaccharide. In fact, a strain of  
B. cenocepacia incapable of producing the O-antigen (MH1K ∆OAg) 
(Hanuszkiewicz et al., 2014) resulted to be sensitive to the antiadhesive 
properties of the compound, while a strain of B. cenocepacia J2315 transformed 
with a plasmid allowing the production of the O-antigen (J2315-pXO4) (Ortega 
et al., 2005) exhibited resistance to the antiadhesive activity of PDSTP. 
However, the O-antigen shielding activity of the compound depends on the 
bacterial strain since P. aeruginosa PA01 was sensitive to the compound even 
though it produces the O-antigen. This could be attributed to differences in the 
O-antigen composition between P. aeruginosa PA01 and B. cenocepacia K56-2. 
Indeed, although both LPS profiles displayed an O-antigen of 11 bands when 
visualized via silver staining, their polysaccharide composition is different. 
Specifically, the O-antigen of P. aeruginosa PA01 consists of mannuronic acid, N-
acetyl-D-fucosamine and rhamnose (Huszczynski et al., 2019), while that of B. 
cenocepacia K56-2 is composed of N-acetylgalactosamine and rhamnose 
(Ortega et al., 2005).  Moreover, variations in the number of sugar residues in 
their O-antigen may further contribute to the observed differences in PDSTP 
antiadhesive properties. 

As previously anticipated, PDSTP exhibited low antimicrobial activity when 
determining the MIC against P. aeruginosa PA01 and nine CF strains, with 
strain-specific susceptibilities. These differences likely arise from 
modifications of the LPS which will be extracted and analysed. Interestingly, 
the MIC values resulted to be increased in TSB compared to CAMHB. A similar 
effect was previously observed with aminoglycosides and was attributed to salt 
interfering with the electrostatic interactions between these antibiotics and the 
components of the outer membrane surface that mediate their uptake 
(Hancock, 1981). The positive charges of PDSTP may play a role in this specific 
biological activity. 
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The modest inhibitory effect on bacterial growth displayed by PDSTP is a 
characteristic of specific antibiotic adjuvants such as outer membrane 
permeabilizers (Douafer et al., 2019). Given this characteristic and also the 
interaction of PDSTP with the LPS, the putative adjuvant activity of PDSTP was 
investigated, revealing an overall increase in the effectiveness of the tested 
antibiotics against P. aeruginosa PA01 and multidrug-resistant CF isolates. 
Specifically, a combination of the compound with β-lactams showed the most 
significant reduction in the MIC and a durable efficacy over time for most 
strains.   

The efficacy of PDSTP as an antibiotic adjuvant against P. aeruginosa is similar 
to that of natural polyamines, which can reduce the MIC of many β-lactams and 
other low molecular weight antibiotics against P. aeruginosa, although only at 
high concentrations (Kwon and Lu, 2006). These outer membrane 
permeabilizing molecules carry positively charged nitrogens and function by 
inhibiting efflux pumps (Cadelis et al., 2021; Wang et al., 2022; Li et al., 2019). 
Depolarization assay on P. aeruginosa PA01 demonstrated that PDSTP-
mediated antibiotic potentiation relies on the same mechanism.  

Besides the promising results achieved, the importance of developing PDSTP as 
an adjuvant compound is also highlighted by its exceptional efficacy against 
highly drug-resistant P. aeruginosa. Indeed, many adjuvants exhibit limited 
synergy with antibiotics against this bacterium (Vaara et al., 2010; Nikolaev et 
al., 2020; Stokes et al., 2017; Zhou et al., 2022).  

Antibiotic potentiation was validated using a Galleria mellonella infection 
model, revealing that PDSTP enhanced the activity of ceftazidime also in vivo, 
highlighting its translational potential. Establishing the most suitable 
administration protocol in mammals requires further investigation with 
murine infection models, allowing for the testing of multiple administrations of 
the adjuvant, which is an option not available in G. mellonella. Antibiotic 
potentiation will be further investigated both in vitro and in vivo focusing on 
high molecular weight antibiotics. Additionally, other relevant CF bacteria will 
be employed. 

Furthermore, the potential of PDSTP as a biofilm inhibitor was assessed, 
demonstrating a significant reduction in biofilm formation at sub-inhibitory 
concentrations using different in vitro and ex vivo models. The consistency in 
results across strains with structural differences in their biofilms suggests that 
PDSTP disrupts biofilm formation by targeting an essential mechanism shared 
by various P. aeruginosa strains. Specifically, since the compound is introduced 
only after the initial bacterial adhesion to the surface, it likely affects bacterial 
aggregation. Given that the LPS is involved in biofilm formation, its interaction 
with the compound may be involved in this specific biological process 
(Huszczynski et al., 2019).  
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This putative mechanism of action would distinguish PDSTP from most 
reported biofilm inhibitors which primarily function as quorum-sensing 
inhibitors (Wang et al., 2022; O'Loughlin et al., 2013; D'Angelo et al., 2018), 
lectin binding competitors (Bergmann et al., 2016) or repressors of 
exopolysaccharide production (van Tilburg Bernardes et al., 2017). 

In conclusion, PDSTP showed a wide range of activities, especially against P. 
aeruginosa, being an effective inhibitor of bacterial adhesion to epithelial cells, 
enhancer of antibiotic activity and inhibitor of biofilm formation. These 
combined antivirulence and antibiotic potentiation properties may help 
addressing the growing threat of multidrug-resistant bacteria. 

During my PhD, I spent six months in the laboratory of Prof. Sarah Vreugde at 
the University of Adelaide (Adelaide, South Australia), focusing on another 
alternative to fight P. aeruginosa infections: the phage therapy. Phages offers 
species-specific activity against not only bacteria resistant to antibiotics, but 
also biofilm-embedded and persister bacterial cells (Strathdee et al., 2023). 
Consequently, the aim of the second part of this work was to isolate and 
characterize novel P. aeruginosa phages and use them to select phage-resistant 
P. aeruginosa mutants. 

Three P. aeruginosa phages, named PA48, PA49 and PA50, were isolated from 
wastewater. Interestingly, P. aeruginosa phages with high therapeutic potential 
are commonly found in this source (Martínez-Gallardo et al., 2023).   

Genomic analysis demonstrated that PA49 is suitable for clinical applications. 
Indeed, the genome of PA49 was sequenced using the Nanopore platform and 
subsequently characterized, revealing its lytic nature and the absence of genes 
encoding virulence factors and antibiotic resistances.  

Isolated phages were initially characterized in terms of stability and phage 
cycle dynamics. In fact, phages must remain active post-administration and 
during storage. Furthermore, the phage cycle should be short with a 
substantial phage progeny production for a rapid bacterial infection clearance. 
The three phages demonstrated stability across a wide range of pH values, 
temperatures and storage conditions. Considering that phages are generally 
administered by inhalation for treating bacterial infections at the lung level 
(Wang et al., 2021), the stability of the phage after nebulisation will be 
assessed. In terms of phage cycle, the results suggest a faster killing activity for 
PA49, compared to PA48 and PA50. 
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Subsequently, the phages were characterized from a microbiological 
perspective to investigate their killing properties both on planktonic and 
biofilm-embedded bacteria. They showed a similar broad host range, indicating 
that they may recognize a common receptor on bacterial surfaces. 
Nevertheless, they can be combined with other phages into phage cocktails to 
broaden the host range, besides overcoming phage resistance, thus enhancing 
treatment efficacy (Strathdee et al., 2023). Interestingly, three clinical isolates 
were resistant to all phages, suggesting the lack of the recognized receptor. 
When assessing the killing activity against planktonic P. aeruginosa PA01, PA48 
and PA50 suppressed bacterial growth later compared to PA49. This is 
consistent with the rapid adsorption, shorter latent period and higher burst 
size of the myoviral phage, compared to the siphoviral phages. Finally, PA48, 
PA49 and PA50 were tested against mature biofilms of both P. aeruginosa PA01 
reference strain and clinical isolates showing efficient biofilm eradication 
properties, especially for PA49. 

It is worth highlighting that PA48 and PA50 produced highly similar results 
across all assays, suggesting that they might be the same phage. Considering 
the limitations of sequencing the genomes of these phages using the Nanopore 
platform, they will be sequenced using the Illumina platform. This approach 
should help overcome the Nanopore limitations, subsequently allowing to 
determine whether PA48 and PA50 are two different phages.   

Earlier this year, several P. aeruginosa phages were described and primarily 
classified within the Caudovirales order. Indeed, phages belonging to this order 
are the majority of described phages, according to the literature (Dion et al., 
2020), including the phages characterized in this study. Specifically, they fall 
into three categories which are myoviral (Wang et al., 2023b; Suchithra et al., 
2023; Abdelghafar et al., 2023a), podoviral (Fei et al., 2023; Abdelghafar et al., 
2023b) and schitoviral (Tsai et al., 2023; Kamyab et al., 2023) phages. The 
thermal stability of PA48, PA49 and PA50 aligns with those of the recently 
described phages. However, the phages described in this study exhibited a 
better stability under extreme pH conditions. PA48 and PA50 showed the 
lowest phage progeny productivity, even with their relatively long latent 
period. In contrast, PA49 displayed the highest burst size among the recently 
described myoviral phages (Wang et al., 2023b; Suchithra et al., 2023; 
Abdelghafar et al., 2023a), comparable to those of schitoviral phiPA1-3 (Tsai et 
al., 2023) and podoviral HZ2201 (Fei et al., 2023), but achieved within a 
shorter latent period. The host range of PA49 is comparable to those of the 
highly effective podoviral HZ2201 (Fei et al., 2023) and myoviral PseuPha1 
(Suchithra et al., 2023). Finally, all these phages demonstrated efficient killing 
of both planktonic and biofilm-embedded P. aeruginosa, with some of them 
even showing promising in vivo activity in mouse (Wang et al., 2023b; 
Abdelghafar et al., 2023ab) and zebrafish (Tsai et al., 2023) infection models.  
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These findings highlight the therapeutic potential of PA48, PA49 and PA50, 
with a particular focus on PA49. Considering the promising antimicrobial 
activity observed in phage-antibiotic combinations (Martínez-Gallardo et al., 
2022), the potential synergistic effects of these phages when used in 
conjunction with antibiotics will be evaluated. Finally, the efficacy of these 
phages will be tested in a mouse model of lung infections. 

Phages exert strong selective pressure on bacteria, leading to the emergence of 
resistance. This resistance often results in physiological changes that may 
reduce bacterial fitness and increase antibiotic susceptibility. To counter phage 
resistance, one strategy is to drive bacterial evolution toward favourable trade-
offs (Hasan and Ahn, 2022).  In this work, two myoviral phages, PA49 and PA18 
(previously characterized in the lab), were employed to select  
P. aeruginosa PA01 resistant mutants. The result of their sensitivity to PA18, 
PA48, PA49 and PA50 suggested that PA48, PA49 and PA50 share the same 
bacterial host receptor, while PA18 recognize a different one. In most cases, the 
growth of the BIMs was comparable to that of the parental P. aeruginosa PA01 
strain. However, their ability to form biofilms was affected. Specifically, BIMs 
selected by PA18 exhibited increased biofilm formation, while PA49 BIMs 
displayed a defect in biofilm formation. Moreover, the BIMs resulted to be 
overall more susceptible to antibiotics commonly used in clinical setting, 
compared to the parental strain. Although most strains showed only a 2-fold 
MIC reduction, the MIC of colistin was significantly reduced, up to a 16-fold.  

Some interesting favourable trade-offs associated with P. aeruginosa phage 
resistance were recently described, sharing similar characteristics with those 
characterized in this study. For instance, Li et al. described three phage-
resistant bacteria: hipa2-R, phipa4-R and phipa10-R, selected by a podoviral, a 
siphoviral and a myoviral phage, respectively. hipa2-R and phipa4-R exhibited 
reduced biofilm production, similar to PA49 BIMs. In contrast, phipa10-R 
demonstrated increased biofilm formation, resembling PA18 BIMs. Moreover, 
hipa2-R and phipa10-R displayed different antibiotic profiles compared to the 
parental strain. However, there was no reduction in the MIC for colistin. On the 
other hand, phipa4-R exhibited an antibiotic profile identical to that of the 
parental strain (Li et al., 2022b). Interestingly, Wannasrichan et al. described 
three bacteria resistant to the myoviral phage JJ01 which not only exhibited 
reduced biofilm formation, but also showed a significant increase in 
susceptibility to colistin compared to the parental strain. These results align 
with the findings obtained for PA49 BIMs. Furthermore, this group 
demonstrated that the hypersensitivity to this antibiotic is due to perturbation 
of bacterial membranes (Wannasrichan et al., 2022). Further analyses will be 
performed to explore whether the BIMs isolated in this work share the same 
mechanism of action.  
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Finally, these phenotypes were attributed either to mutations in genes involved 
in the biosynthesis of the type IV pilus or large genomic deletion containing 
LPS-related genes (Li et al., 2022b; Xuan et al., 2022). Whole-genome 
sequencing will be performed to investigate whether mutations in type 4 pilus 
or LPS genes are involved. 

These findings suggest that, although phage-resistant bacteria would emerge 
following phage administration, it will come at cost of bacterial fitness. These 
trade-offs could be beneficial for treatment, potentially impairing bacterial 
virulence and increasing the antibiotic susceptibility of these BIMs also in vivo. 
To further evaluate the impact on the virulence of these strains, their 
exoproteins will be collected and tested against air-liquid interface cultures of 
human nasal epithelial cells. Specifically, cytotoxicity, trans-epithelial electrical 
resistance and paracellular permeability will be explored. Finally, to determine 
whether the BIMs become more sensitive to antibiotics also when embedded 
into biofilm, minimum biofilm eradication concentration determination will be 
performed. 

In summary, this research has been dedicated to the development of potential 
therapeutic strategies for combating bacterial infections, particularly those 
caused by antibiotic-resistant strains in cystic fibrosis patients. Overall, the 
alternative approaches described in this work provide a basis for further 
research and potential clinical applications, representing a valuable 
contribution for addressing the growing threat of antibiotic-resistant bacterial 
infections in contexts where conventional antibiotic therapy is often inefficient.
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