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Abstract

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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Introduction

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).

Esophagus [ Normal Airway:
1 (- In healthy lungs, the
airway is lined with
thin layer of mucus

if Bacterial
‘ infection

Airway With CF:
With cystic fibrosis,
thick, sticky mucus

intestine blocks the airway.

Pancreatic duct

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
(7931.2) 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 [ 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).

Chloride and bicarbonate

'n
endosome l
VI Recycl ing
Lysosome endosome
Trans- GDlgl network

Endoplasmic
reticulum

Proteasome

Figure 1.2. Classification of CF mutations. Class I, defects in CFTR synthesis. Class I, defects in
CFTR maturation. Class III, defects in CFTR gating. Class 1V, 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
Il 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.



Introduction

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).

ASL
AS|

Non-CF i CF

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 CE 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).
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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.

Host cell Ex0S, ExoT, ExolU, ExoY
PemA, PemB "
Bacterium

PEA p:,aPBfD
Flagellum Protease IV
LasA, LasB =T PscF EstA
LipA, LipC T:sA
Flagellin TpsB
T1Ss T28S T3SS T5SS
e_o
s .. Quorum sensing [ T6SS
JLast f ———p (asR . [AmbBCDE &
1M
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Rl | CRMR T pqu®) [pasanco o0g
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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-a and IL-1f (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 0-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 PAO1 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, 7-0-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-y and TNF-q,
thereby impairing host immunity (Bleves et al., 2010). The type 2 secretion
system (T2SS) delivers extracellular toxins, including proteases (protease 1V),
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 [-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 Tsel-3 (Russell et al., 2011). Additionally, T6SS
delivers P1dS and P1dB 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, Igs 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, [-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. B-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 1V, 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 B-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 -
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 (-
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 [-lactamases which
inactivate (-lactam antibiotics by hydrolysing the B-lactam ring (Wright, 2005).
Interestingly, certain P aeruginosa clinical isolates can produce extended-
spectrum [-lactamases that break down a broad range of -lactam antibiotics,
including cephalosporins and penicillins (Rawat and Nair, 2010). However, (3-
lactam antibiotics can be combined with [-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 -lactams,
mutations in genes encoding penicillin-binding proteins can result in
resistance (Moya 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 [-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 §3-
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” (Dacco
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 ]2315 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).
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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 ccilR, mediated by acyl-
homoserine lactose (AHLs) (Mahenthiralingam et al.,, 2005).

20



Introduction

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
0-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 (Saldias 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 ccilR, 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 ccilR 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, $-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 -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 (-
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 B-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 6-0O-
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).

Phage attaches to host Occasionally, the prophage excise

% @%\ % cell and injects DNA @ from the bacterial chromosome

and enters the lytic cycle
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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 Kkilling 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
(Dabrowska 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 (Oromi-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).

37



Introduction

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 PAO1 reference strain (laboratory collection),
isogenic GFP-expressing P. aeruginosa PAO1 strain (Crabbé et al., 2017), 18 P
aeruginosa CF clinical isolates BT2, BT72, BST44, NN2, NN83, NN84, RP73,
RP74, SG2 (Alcala-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,]2315 (laboratory collection) and MH1K AOAg
(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 cm? 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% CO-.
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Specifically, A549 cells (Giard et al, 1973) were grown in DMEM, while
16HBE140- (Cozens et al, 1994) and CFBE4lo- (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
uL 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 pg/mL of PDSTP for 30 minutes at 4°C (gentle shaking).
Pretreatment of human cells: incubation of pulmonary epithelial cells with 100
ug/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% CO..

3.5. Quantification of the adhesion by ImageStream Flow Cytometry

After incubating the infected monolayers (MOI = 100) with an isogenic GFP-
expressing P. aeruginosa PAO1 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 Mg?+) and resuspended in 50 uL 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 pum) 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.
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3.6. PDSTP binding assay

PDSTP binding assay was performed as follows. P. aeruginosa PAO1 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 pg/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 A = 370 nm. The
calibration curve was obtained by plotting the absorbance values against
different concentrations of PDSTP, ranging from 1 to 100 ug/mL.

3.7. Phase-contrast microscopy analysis

Phase-contrast microscopy analysis was performed as previously described
(Pellegrini et al., 2022). P aeruginosa PAO1 was grown in TSB and 5 pL of the
bacterial culture at an ODgo of approximately 0.5 were seeded on agar pads
(Young et al,, 2011) with or without 50 pg/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
PAO1 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 (ODgoo = 0.05) and 100 pL 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 pL
of DPX (100 uM), 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 (ODgoo = 0.05) and 0.5 pL 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 (Iso) was then extrapolated.
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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 ODsgo 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 pL of lysis
buffer (0.5 M Tris-HCl pH 6.8, 2% sodium dodecyl sulphate and 4% f3-
mercaptoethanol) and incubated at 95°C for 10 minutes. 10 uL of 20 mg/mL
proteinase K were added, samples were vortexed and incubated overnight at
60°C to digest proteins. 150 pL 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 uL 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-HCI pH 8.9) were added to the upper and lower chambers,
respectively. LPS samples were supplemented with loading dye (0.187 M Tris-
HCI pH 6.8, 6% SDS, 30% glycerol, 0.03% bromophenol blue and 15% f-
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 NH4+OH 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 pL 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 ODego 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 ODgoo 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 ODeoo of
approximately 0.35, 200 pL/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 ODggo 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 PAO1 or physiological saline (control), with an
injection volume of 10 pL. After two hours of incubation at 30°C, in the dark,
control and infected larvae were administered with 10 pL 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 pL of 5 mM HEPES buffer (pH 7.2) (control), while 50 pL of PDSTP and
EDTA were added to two different wells to have a final concentration of 10
ug/mL and 5 mM, respectively. EDTA was the positive control since it
permeabilizes bacterial membranes. An overnight P aeruginosa PAO1 culture
was diluted 1:100 into 10 mL of fresh medium and was incubated at 37°C (200
rpm). Once the culture reached an ODeoo 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 pM. 150 pL 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 PAO1 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 ODego 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 pM of DiSC3(5). Bacteria were incubated at 37°C for 15 minutes (200
rpm). After the incubation, 100 pL 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 pg/mL, carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was
supplemented at a concentration of 10 and 30 pM, and colistin was added at a
concentration of 1, 5 and 10 pg/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 ODego of approximately 0.05 (about 1 x 108
CFU/mL). 200 uL 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 pL of fresh
medium with or without 50 pg/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 ODsgo of approximately 0.05.
Bacteria were inoculated into the four-well chambered coverslip p-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 pg/mL of PDSTP. After overnight incubation,
the supernatant was removed, biofilms were washed with PBS twice and
stained with 1 pM 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 um. For visualization and processing of images,
Image] 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 ODeoo of
approximately 0.05. 2 uL of the culture were spotted onto the tissue, while 2 pL
of SCFM were spotted onto the tissue as negative control. To further mimic the
CF lung environment, 500 uL. 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 uL of fresh SCFM with or
without 25-50 pg/mL of PDSTP. Ciprofloxacin (0.06 pg/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 pL of PBS
and transferred in homogenization tubes (Fisherbrand) containing 5 mm glass
beads (Merck) and 500 pL 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 pm 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 PAO1 phages, the double layer agar
method was performed (Camens et al., 2021). 100 pL of filtered wastewater
samples were mixed with 100 pL of an overnight P aeruginosa PAO1 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 NacCl, 8
mM MgS04, 0.01% gelatine).

3.21. Phage propagation

A small-scale propagation of phages was first performed (Camens et al.,, 2021).
P. aeruginosa PAO1 was grown in 5 mL of TSB, infected during the log-phase of
growth with 100 pL 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 PAO1
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 pL of an overnight P aeruginosa PAO1
culture were mixed with 4 mL of molten 0.4% TSA and poured onto a 1.5% TSA
plate. Phages were diluted in SM bulffer, 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 pL of the phage
stock (approximately 1 x 101° 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 pL
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 101° PFU/mL) was treated with 20 U
of RNase-free DNase [ 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 pL of Lysis Buffer B were added and samples
were vortexed for 10 seconds. 4 pL 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 pL 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 pL 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 pL 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 Soding, 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 101° 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 102 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 101° 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 PAO01 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 PAO1 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:

PFUs/mlL after the burst
Initial PFUs/mL

Burst size =

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 pL 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 101° 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
PAO1 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 ODgoo 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 pL of the resulting suspension were inoculated in a U-bottom 96-
well plate. One lane was filled with 150 pL 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 pL of TSB to achieve 1 x 107, 1 x 108 and 1 x 10° PFUs and
applied to the biofilms in six replicates. One lane was filled with 180 pL 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 PAO1 mutants was performed
according to the following protocol (Wannasrichan et al, 2022), with
modifications. P. aeruginosa PAO1 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 pL 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 uL were inoculated into a flat-bottom 96-well plate in
triplicate and incubated at 37°C (80 rpm). The ODsoo 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

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 PAO1 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 TSBor LB
(ng/mL) (ng/mL)
P. aeruginosa PAO1 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
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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 PAO1 was determined in the growing media of human
cells and corresponded to 64 and 128 pg/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 PAO1 to A549
lung epithelial cells was impaired in a dose-dependent manner when
increasing concentrations of PDSTP, ranging from 1 to 400 pg/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 pg/mL of the compound. Moreover, nearly complete inhibition of
bacterial adhesion was achieved with 400 pg/mL of compound, resulting in a
95.9% reduction, compared to the control (Figure 4.1).
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Figure 4.1. Differential adhesion abilities of P aeruginosa PA01 to A549 cells treated with 1 to
400 pg/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 pg/mL, PDSTP also affected the adhesion of P
aeruginosa PAO1 to the 16HBE140- (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).
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Figure 4.2. Differential adhesion abilities of P. aeruginosa PA01 to 16HBE140- (A) and CFBE410-
(B) cells treated with 50 pg/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 pg/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 pg/mL of PDSTP but, when the
concentration of the compound was increased to 200 pg/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 pg/mL of PDSTP. The experiment was performed twice, each time in
duplicate. Statistically significant differences are indicated (One-way ANOVA test; **, p < 0.01;
ek 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 ug/mL of PDSTP, the adhesion of GFP-expressing P. aeruginosa
PAO1 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.
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Figure 4.4. Differential adhesion abilities of GFP-expressing P. aeruginosa PA0O1 to A549 cells
treated with 50 pg/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).

Ch04/Ch02

Ch04/Ch02

Figure 4.5. Representative images of A549 cells infected with GFP-expressing P aeruginosa
PAO1. 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 PAO1 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 pg/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 PAO1 bacteria per A549 cell on
a total of 10,000 acquisitions of the control (black column) and treatment with 50 pg/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).
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Figure 4.7. Events of adhered P aeruginosa PAO1 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 pg/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 pg/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 pg/mL, respectively, compared to the control (Figure
4.8B).
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Figure 4.8. Differential adhesion abilities of B. cenocepacia K56-2 (A) and J2315 (B) to A549
cells treated with 50 and 200 pg/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 pug/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 pg/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 PAO1 at a concentration of 50 pg/mL, to A549
cells at a concentration of 100 upg/mL to saturate heparan-sulphate
glycosaminoglycans (HSGAGs), and to both simultaneously. As illustrated in
Figure 4.10, pretreatment of P. aeruginosa PAO1 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 PAO1 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 pg/mL), human cells (100 pg/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;
*xEk 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 pg/mL
PDSTP, 50 pg/mL of heparin and a combination of both compounds (50 pg/mL
each). When compared to the control, heparin alone did not affect P aeruginosa
PAO1 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 PAO1 to A549 cells treated with
PDSTP (50 pg/mL), heparin (50 pg/mL) and a combination of PDSTP and heparin (50 pg/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 PAO1 adhered to both
untreated and heparinase-pretreated A549 cells in the same manner. Moreover,
treatment with 50 and 200 pg/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 CFBE410- 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 ]2315 (data not
shown).
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Figure 4.12. Differential adhesion abilities of P aeruginosa PAO1 to A549 cells treated with 50
and 200 pg/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 PAO1 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 PAO1 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 PAO1 treated and pretreated (PT)
with 50 pg/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 PAO1 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 PAO1. 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 A = 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 Rz = 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.
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Figure 4.14. PDSTP binding assay of P. aeruginosa PA01. PDSTP absorbs light at A = 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 PAO1, a phase-contrast microscopy analysis was
performed. Upon treatment with 50 pg/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.

67



Figure 4.15. Representative phase-contrast micrographs of P aeruginosa PAO1 untreated (A)
and treated with 50 pg/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 PAO01. 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 uM, 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 Iso, representing the concentration required for 50%
displacement of DPX, provides insights into the relative affinity of a specific
compound for LPS. For PDSTP, the I5o value corresponded to 18.09 pM (17
pg/mL), while for colistin it was 23.91 pM (28 pg/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 PAO1. 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 AOAg and an O-antigen producing strain of
B. cenocepacia ]2315 were employed. In detail, B. cenocepacia MH1K AOAg 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 ]2315 was transformed with the
pX04 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 ]2315, ]J2315
carrying the empty pSCRhaB3 plasmid, ]J2315 bearing the pX04 plasmid, K56-2
and MH1K AOAg were analysed. Upon silver staining, LPS components
appeared as typical ladder-like bands. Specifically, both B. cenocepacia ]2315
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 pX04 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 AOAg 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).

A B C D E

Figure 4.17. Electrophoretic profiles of LPS extracted from B. cenocepacia J2315 (A), J2315
carrying either the empty pSCRhaB3 plasmid (B) or the pX04 plasmid (C), K56-2 (D) and MH1K
AOAg (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 AOAg), resulting in a 58.1% reduction in bacterial adhesion
to A549 cells, compared to the control.
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Figure 4.18. Differential adhesion abilities of B. cenocepacia MH1K AOAg to A549 cells treated
with 50 pg/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 ]2315
bearing the empty pSCRhaB3 plasmid to A549 cells was affected when treated
with 50 and 200 pg/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 ]2315 produced the O-antigen (bearing the
pX04 plasmid), it exhibited resistance to PDSTP, even at high concentrations
(200 pg/mL) (Figure 4.19).
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150

% of bacterial adhesion

Figure 4.19. Differential adhesion abilities of B. cenocepacia 2315 carrying either the empty
pSCRhaB3 plasmid or the pSCRhaB3 plasmid bearing the gene encoding the glycosyltransferase
WbXE (pX04 plasmid) to A549 cells treated with 50 and 200 ug/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 PAO1 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 PAO1 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 PAO1. 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 PAO1 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 PAO1.

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 PAO1 strain. For these experiments, the compound
was administered at a concentration of 25 pg/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.

P. aeruginosa MIC + Fold

Susceptible Intermediate Resistant MIC

PAO1 PDSTP reduction
Amikacin  <16pg/mL 32 pg/mL 264 4 1 pg/mL 4x
Hg/mL pg/mL
. =16 0.5 0.25
Tobramycin < 4 pg/mL 8 pg/mL ug/mL ug/mL ug/mL 2X
- =32 2 0.0156

Ceftazidime < 8 pg/mL 16 pg/mL ug/mL ug/mL ug/mL 128x
Meropenem < 2 yg/mL 4 pg/mL =8 pg/mL 1 0.0625 16x

pg/mL pg/mL

. . 0.125 0.0078
< >
Ciprofloxacin = 0.5 pg/mL 1 pg/mL = 2 yg/mL ug/mL ug/mL 16x

. 1 0.0625
- < =
Colistin < 2 pg/mL =4 pg/mL ug/mL ug/mL 16x

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 pg/mL for BST44, 50 ug/mL for SG2, 25 pg/mL for NN2,15 pg/mL
for NN83, 25 pg/mL for NN84, 200 ug/mL for RP73 and 200 pg/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 B-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.

BST44 SG2 NN2 NN83 NN84 RP73 RP74

MIC 64 32 256 32 64 32
pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL
Amikacin MIC + 16 16 128 16 32 16
PDSTP pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL
Fold
reduction 4% 2% 2X 2% 2% 2X
8 =256 =256
MIC pg/mL pg/mL  pg/mL
. MIC + 4 =256 =256
Tobramycin PDSTP pg/mL pg/mL pg/mL
Fold 2%
reduction
MIC 16 128 16 32 16 32 128
pg/mL pg/mL po/mL pg/mL pg/mL pg/mL pg/mL
Ceftazidi MIC + 1 2 0.125 4 05 4 32
eltazidime PDSTP pg/mL  pg/mL  pg/mL pg/mL pg/mL pg/mL pg/mL
Fold
reduction 16x B4x 128x 8x 32x 8x 4x
16 32 16 16
MIC pa/mL pg/mL  pg/mL  pg/mL
M MIC + 1 1 1 2
eropenem PDSTP pg/mL pg/mL  pg/mL  pg/mL
Fold
reduction 16x 32x 16x 8x
4 16
hC ug/mL pg/mL
Ciorof] . MIC + 2 8
iprofloxacin - pherp el ua/mL
Fold ox %
reduction

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 pg/mL),
ciprofloxacin (0.0625 pg/mL), ceftazidime (1 pg/mL) and colistin (1 pg/mL) at
concentrations equal to half of the respective MIC in TSB (data not shown)
were combined with 50 and 200 pg/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 ug/mL of PDSTP showed a greater activity
compared to those with 50 pg/mL. Specifically, the combination of tobramycin
with 50 and 200 pg/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 pg/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 pg/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 pg/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 PAO1 treated with tobramycin (A), ciprofloxacin
(B), ceftazidime (C) and colistin (D) combined with 50 and 200 pg/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 pg/mL of PDSTP; red line, treatment with 200 pg/mL of
PDSTP; blue line, treatment with a concentration equivalent to % MIC of the antibiotic; light
green line, combination of 50 pg/mL of PDSTP with the antibiotic; dark green line, combination
of 200 pg/mL of PDSTP with the antimicrobial. The experiment was performed twice.
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To validate the results observed with the PAO1 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 ODeoo, considering the fair correlation between CFU
reduction and ODsgo variations observed in the time-killing experiments with
the PAO1 strain (Figure 4.22).
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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 pg/mL of PDSTP. Data are
represented in terms of variation of ODeoo. Black line, untreated sample; orange line, treatment
with 50 pg/mL of PDSTP; red line, treatment with 200 pg/mL of PDSTP; blue line, treatment
with a concentration equal to %2 MIC of the antibiotic; light green line, combination of 50 pg/mL
of PDSTP with the antibiotic; dark green line, combination of 200 pug/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.

BST44 SG2 NN2 NN83 NN84 RP73 RP74 BT2 BT72

Ceftazidime 8 64 8 16 16 16 64 4 8

Mic Tobramycin 8 16 >256 >256 16 32 4 1 4
(Mg/mL)  iorofioxacin 025 025 1 1 4 1 4 1 025

Colistin 2 0125 05 1 2 2 00625 2 1

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 ODggo 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.

BST44 SG2 NN2 NN83 NN84 RP73 RP74 BT2 BT72

Ceftazidime

4 32 2 8 12 16 32 1 0.5
(ng/mL)
Tobramycin 2 16 32 32 8 8 1 0.75 4
(ng/mL)
Ciprofloxacin o156 0125 025 025 2 025 1 00312 00312
(ng/mL)
Colistin 2 0125 05 1 2 2 00625 2 1
(ng/mL)

PDSTP (ug/mL) 200 200 200 100 200 200 200 200 150

79



Results

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).
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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 ODeoo. 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).
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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 ODeoo. 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.

81



Results

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).
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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 ODeoo. 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 PAO1 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).
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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 ODeoo. 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 PAO1 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.
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Figure 4.27. Kaplan-Meier survival curve of G. mellonella infected with P aeruginosa PAO1 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
PAO1 was treated with 10 pg/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 uM 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.
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Figure 4.28. NPN assay of P, aeruginosa PAO1 treated with 10 pg/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 PAO01 was incubated with
DiSC3(5) and then treated with increasing concentrations of PDSTP (1 to 100
ug/mL), carbonyl cyanide m-chlorophenylhydrazone (CCCP) (10 and 30 pM),
an uncoupling agent dissipating the proton motive force used as a positive
control, and colistin (1 to 10 pg/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 PAO1 treated with PDSTP (A) (orange line, 1
pug/mkL; red line, 10 pg/mL; light green line, 20 pg/mL; dark green line, 50 pg/mL; blue line, 100
pg/mL), colistin (B) (red line, 1 pg/mL; light green line, 5 pg/mL; blue line, 10 pg/mL) and CCCP
(C) (red line, 10 pM; blue line, 30 pM). 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 PAO1
and two clinical isolates, NN2 and SG2, in vitro biofilm inhibition assays were
performed. Initially, crystal violet assays revealed that 50 pg/mL of PDSTP (or
25 pg/mL for SG2 due to growth inhibition at 50 pug/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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Biofilm biomass (ODsso)

Figure 4.30. Biofilm inhibition assays of P. aeruginosa PA01, NN2 and SG2 treated with 25 or 50
pug/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
COMSTAT?2 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 PAO1,
NN2 and SG2 following treatment with 25 or 50 pg/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
ug/mL), used as a positive control (Figure 4.32).
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Figure 4.32. Biofilm inhibition assays of P aeruginosa PA01 (A), NN2 (B) and SG2 (C) treated
with 25 or 50 ug/mL of PDSTP or 0.06 pg/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 PAO1 biofilm stained
with Syto9 on lung tissue fragments. In this case as well, PDSTP (50 pg/mlL)
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 pg/mL) (Figure 4.33).
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Figure 4.33. CLSM images (400x magnification) of the biofilm formed by P. aeruginosa PAO1 on
EVPL following treatment with 50 pg/mL of PDSTP and 0.06 pg/mL of ciprofloxacin as a positive
control (A). COMSTAT?2 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 PAO1 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 PAS0 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).

PA48

PA49 PAS50

100 nm

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 [llumina 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).
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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).
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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).
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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 PAO1 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).
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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.
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Figure 4.39 PA48 (A), PA49 (B) and PA50 (C) one-step growth assay using P. aeruginosa PAO1 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
PAO1, 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
(PAO1, 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).
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Figure 4.40. PA48, PA49 and PA50 host range determination employing 19 strains which include
P. aeruginosa PAO1, 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 PAS50 against P aeruginosa
PAO1, 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 ODggo, 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 PAO1 growth.

97



Results

A. PA48

3.0

2.5+

2.0

g 15
g1

1.0

0.5+

0.0 1T 1 T T 1T 1T T 71T 1

0 30 60 90 120 150 180 210 240 270 300
Time post-infection (minutes)
B. PA49 C. PAS0
3.0+ 3.0
2.5+ 2.5
2.0+ 2.0
Qg 1.5 Dg 1.5
o o
1.0 1.04
0.5+ 0.5
0.0 T T T T T T T T 1 0.0 — T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 0 30 60 90 120 150 180 210 240 270 300
Time post-infection (minutes) Time post-infection (minutes)
- MOI0O - MOID.1 - MOI1 MOI 10

Figure 4.41. PA48 (A), PA49 (B) and PA50 (C) killing activity against planktonic P. aeruginosa
PAO1. 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 ODsoo. 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 10° 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 PAO1 (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 PAO1 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 10° PFU against PA01), 71% (1 x 108 PFU
against C423) and 70% (1 x 108 PFU against PAO1) decrease in biofilm
biomass.
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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 PAO1 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 PAO1 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 PAO1 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.
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Figure 4.43. Sensitivity to PA18, PA48, PA49 and PA50 of BIMs selected by PA18 and PA49, along
with P. aeruginosa PA0O1 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
ODsoo, 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 PAO1. 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 PAO1 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 PAO1. On the other
hand, BIMs 11, 12, 13, 14 and 16 grew significantly slower compared to the
control (Figure 4.45).
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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 PAO1, while biofilm formation abilities of BIM4, 7 and 10 (33%)
were not affected. Specifically, biofilm increase ranged from 24 (BIM1) to 51%
(BIMS5), 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 PAO1. In particular, biofilm decrease ranged from 75
(BIM18) to 91% (BIM11), with an average of 83%.
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Figure 4.46. Biofilm formation abilities of both PA18 (yellow column) and PA49 (orange
column) BIMs compared to the control P. aeruginosa PAO1 (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 PAO1. 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 PAO1 (2-fold decrease in the MIC). In
contrast, BIM4 and 5 were mildly less susceptible to ceftazidime and
meropenem compared to P aeruginosa PAO1 (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 PAO1. The MIC fold reduction or increase is

indicated in brackets. This experiment was performed three times, each time in duplicate.

Bacterial strain Tobramycin Ciprofloxacin Ceftazidime Meropenem Colistin
2 “F':zgo‘:‘”"sa 1 pgimL 0.125 pg/mL 4 pgimL 2 pgimL 8 pg/mL
2 pg/mL 2 pg/mL
BIM 1 1 ug/mL 0125 pg/mb 5 fold reduction) 2 ng/mL (4-fold reduction)
2 pg/mL 2 pg/mL
el il 0125ugimL 5 toid reduction) Bedhil s (4-fold reduction)
BIM 4 0.5 pg/mL 0.0625 pg/mL 8 pg/mL 4 ug/mL 1 pg/mL
(2-fold reduction)  (2-fold reduction)  (2-fold increase) (2-fold increase)  (8-fold reduction)
BIM5 0.5 pg/mL 0.0625 pg/mL 8 pg/mL 4 pg/mL 0.5 pg/mL
(2-fold reduction)  (2-fold reduction) (2-fold increase) (2-fold increase)  (16-fold reduction)
0.5 pg/mL 0.0625 pg/mL 2 pg/mL 2 pg/mL
BIM 7 (2-fold reduction)  (2-fold reduction)  (2-fold reduction) 2 pg/mL (4-fold reduction)
i 1 gimL 0.0625 pg/mL 2 pg/mL 2 gL 2 pg/mL

(2-fold reduction)

(2-fold reduction)

(4-fold reduction)

On the other hand, PA49 BIMs also showed a slightly higher susceptibility to at
least two antibiotics compared to P. aeruginosa PAO1 (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 PAO1. The MIC fold reduction is indicated in

brackets. This experiment was performed three times, each time in duplicate.

Bacterial strain Tobramycin Ciprofloxacin Ceftazidime Meropenem Colistin
L 1 pg/mL 0.125 pg/mL 4 pgimL 2 pgimL 8 pg/mL
BIM 11 1 Hg/ml (2[-)f.glszrseldjglcrl?cl)_n) (2-fo|2dpr?a"dr:ttion) 2 ug/mL (4-fofd“rgijn;ttion)
ElAE (EElE (2-26?3 zrgduu%'trirz)l;l) (2-fo|2durge':jn:4t1ion) it (2-fon“rgldettion)
BIM 13 1 pg/mL 0.125 pg/mL 4 pgimL 2 pg/ml ( 4_fof d“rggz';tion)
BIM 14 (z-fgig ::a-gélﬂl;ion) (z?fgﬁzfeSELTén) (Z-folzdl-lr%"dr:tlion) ERaint (2-f0?durg’::lnalc_:lion)
BIM 15 1 ng/mL 0.125 pg/mL (Z—folzdl-lr%"cmlr_:tion) 2 ug/mL (foo?dprgldn;tlion)
BIM 19 1 pgimL 0.125 pg/mL 2 veglill 2 pgimL 4 ug/mL

(2-fold reduction)
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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 (0O'Shea and Moser, 2008).

The compound was then tested against P aeruginosa PAO1 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 Bertran et al., 2022) and
glycoclusters (Malinovskd 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 PAO1 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 PAO1 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 PAO1 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,
CFBE410-, and another bacterium, B. cenocepacia ]2315, 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 f5-1,3-glucuronyltransferase 3 gene
will be knocked-down as it plays a crucial role in HSGAGs biosynthesis (Martin
etal., 2019).
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The interaction between PDSTP and P. aeruginosa PAO1 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 PAO1. 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 AOAg)
(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-pX04) (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 PAO1 was sensitive to the compound even
though it produces the O-antigen. This could be attributed to differences in the
0O-antigen composition between P. aeruginosa PAO1 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 PAO1 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 PAO1 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 PAO1 and multidrug-resistant CF isolates.
Specifically, a combination of the compound with (-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 (3-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 PAO1 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 (Martinez-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 PseuPhal
(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 (Martinez-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 PAO1 resistant mutants. The result of their sensitivity to PA18,
PA48, PA49 and PAS0 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 PAO1
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 phipal0-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, phipal0-R
demonstrated increased biofilm formation, resembling PA18 BIMs. Moreover,
hipa2-R and phipal0-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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Biofilm-associated bacteria, especially ESKAPE pathogens (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter spp.), are a serious
challenge worldwide. Due to the lack of discovery of novel antibiotics,
in the past two decades, it has become necessary to search for new
antibiotics or to study synergy with the existing antibiotics so as to counter
life-threatening infections. Nature-derived compounds/based products are
more efficient than the chemically synthesized ones with less resistance
and lower side effects. In this descriptive review, we discuss the most
promising therapeutics for the treatment of ESKAPE-related biofilms. The
first aspect includes different types of natural agents [botanical drugs,
essential oils (EOs), antimicrobial peptides, bacteriophages, and endaolysins]
effective against ESKAPE pathogens. The second part of the review deals
with special references to EOs/essential oil components (EOCs) (with some
exclusive examples), mode of action {via interfering in the quorum-sensing
pathways, disruption of biofilm and their inhibitory concentrations, expression
of genes that are involved, other virulence factors), existing in literature so far
Moreover, different essential oils and their major constituents were critically
discussed using in vivo models to target ESKAPE pathogens along with the
studies involving existing antibiotics

antibiotics, biofilm, ESKAPE, essential oils, quorum-sensing, synergy, toxicity
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Introduction

The ESKAPE bacteria are a group of opportunistic
pathogens consisting of Enterococcus faecium, Staphylococeus
aureus, Klebsiella pneumoniae, Acinetobacter bawmannii,
Pseudomonas aeruginosa, and Enterobacter species. These
bacteria represent a global threat from a clinical point of
view since they are generally multidrug-resistant (MDR},
extensively drug-resistant (XDR}, and pan drug-resistant
(PDR). In particular, E. faecium is a Gram-positive generally
inhabiting the human gastrointestinal tract which may lead to
several diseases such as bacteremia, endocarditis, and neonatal
meningitis. 8. aureus is a Gram-positive bacterium colonizing
humans at the level of the skin and the upper respiratory
tract (nostrils) which maybe involved in skin infections, as
well as pneumonia and sepsis. K. pnewmoniae is a Gram-
negative that is part of the normal microbiota of humans
{skin and digestive system) which may cause respiratory and
urinary infections, as well as bacteremia and liver abscess.
A. baumannii is a ubiquitous Gram-negative bacterium which
may lead to respiratory and urinary infections. P, aeruginosa is a
ubiquitous Gram-negative causing several infections, including
respiratory (especially in cystic fibrosis patients), urinary and
skin infections (generally after a burn injury). Last, the genus
Enterobacter comprises Gram-negative bacteria that may be
natural commensals of the human gastrointestinal tract which
may be involved in urinary, respiratory and soft skin infections.
Due to the resistance of the ESKAPE bacteria to a broad range
of antibiotics, there are severe challenges in the treatment
of their infections, especially when biofilms are involved. In
fact, bacteria inside the biofilms are about 1,000 times more
resistant to antimicrobials as compared to planktonic cells
{Patil et al, 2021). Consequently, there is an urgent need to
develop new weapons to fight these pathogens, with particular
emphasis on the eradication of their biofilms (Panda et al,
2021). Several strategies are being explored around the world
in order to treat ESKAPE-related biofilms (Sahoo et al, 2021;
Figure 1). A broad variety of proteins are involved in biofilm
structuration, making them attractive targets to inhibit biofilm
formation. For instance, the Acinetobacter bawmannii outer

Abbreviations: AMPs, antimicrobial peptides; CBA, checkerboard assay;
CFU, colony forming unit; CL. Il lysis assay; EGCG, epigallocatechin

gallate; tial oils; EQCs, essential cil companents; ESKAPE
En aecium, Staphylococcus aureus, Klebsi pneumonae
Aci Pseudomonas ae sa and Entercbacter
spp.; essential oil; DM dimethyl sulfoxide;
FICI, fractional inhibitory concentration index; HAI, hospital-acquired
nfec IEPAJE, inhibition of efflux pumps activity/expression;
IZGC, inhibition zone by EOQ gaseous contact; Lech, lectin A; LPS,

lipopolysaccharide structure; OM,
embrane protein A; Q5, quorum
nhibitory concentration; MDM, micr on methed; MDR, multidrug-
resistant: MIC, minimum inhibitory cencentration: MSSA, methicillin
susceptible 5. aureus; MRSA, methicillin resistant 5. aureus; NTP non
thermal plasma; ¥DR. ext ely drug-resistant

membrane; OmpA, outer
ng; MBIC, minimum biofilm
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membrane protein A (OmpA), involved in the virulence of this
bacterium, plays a role in the formation of the biofilm: by down-
regulating the expression of this protein through synthetic
small compounds inhibiting the ompA promoter, the in vitro
formation of biofilm is also affected (Na et al,, 2021), Another
example is the Pseudononas aeruginosa carbohydrate-binding
protein Lectin A (LecA) which is involved in the generation
of the biofilm matrix: this molecule may be targeted by LecA
synthetic inhibitors in order to impair the structure of the
biofilm (Siebs et al., 2022).

For the of biofilm,
communicate among each other by means of quorum-sensing.

establishment bacteria have to
The inhibition of quorum-sensing, ie., quorum-quenching, is
one of the promising strategies to impair biofilm formation.
For instance, the P. aeruginosa acylase PvdQ is able to cleave
the acyl homoserine lactones of A. bawmannii which are
the mediators of quorum-sensing in this pathogen, affecting
bacterial communication and, as a consequence, impairing
biofilm formation in vitre (Vogel et al,, 2022).

Other  strategies biofilms
immunotherapy. Besides vaccines (active immunotherapy),

used to target involve
monoclonal antibodies (passive immunotherapy) may be
exploited to fight the ESKAPE-related biofilms. For example,
a monoclonal antibody which targets alginate produced
by P. aeruginosa, an exopolysaccharide involved in biofilm
structuration and protection of the bacterium from the host
immune system, could be used. Indeed, when treated in vitre
with this antibody, P. acruginosa showed impairment in the
formation of biofilm (Gao et al,, 2020).

In general, it is important to consider both drug
reuse/resensitization and drug repurposing. Belonging to
the first category, carboxylic acid salts derived from the
fluoroquinolone norfloxacin have a higher activity on the
ESKAPE pathogens compared to the parent molecule and are
active on their biofilms, particularly on the Gram-negative
ones (Lowrence et al, 2018). Ethyl bromopyruvate, in spite
of being a derivative of anticancer agent 3-bromo-pyruvic
acid, can be used for drug repurposing (Kumar et al, 2019).
In fact, it is effective on planktonic ESKAPE bacteria and on
Staphylococcus aureus biofilms, and hence is a good example of
drug repurposing (Kumar et al., 2019).

Some of the most promising therapeutics for the treatment
of the ESKAPE-related biofilms are antimicrobial peptides,
bacteriophages, bacteriophage-encoded products, and natural
products such as essential oils (EOs) to eradicate them. It is
crucial to consider the treatment of the biofilms of the ESKAPE
pathogens on/inside of medical devices since they are sources
of nosocomial infections, before implementing the treatment
options. For instance, non-thermal plasma (NTP) is a partially
ionized gas characterized by both antimicrobial and antibiofilm
activity on the ESKAPE pathogens that can be used for the
disinfection of medical devices as well as hospital surfaces. NTP
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FIGURE 1

Therapeutic strategies for the treatment of the ESKAPE biofilms {adapted from "Biofilm Formation Cycle”, by BioRender.com, 2022)

is more effective on Gram-negative bacteria compared to Gram-
positive bacteria (Scholtz et al,, 2021). Besides NTF, ozone can
be used in order to eradicate ESKAPE-related biofilms from
medical tools (Thi 2022).

This descriptive review includes the discussion of the most

ez-Cervantes et al.,

promising therapeutics for the treatment of ESKAPE-related
biofilms. The first aspect covers different types of natural
products effective against ESKAPE pathogens. The second part
of the review deals with special references to EOs/essential oil
components (EQCs) with some exclusive examples, mode of
action, and synergy studies. Moreover, different EOs and their
major constituents, as well as in vive models to target ESKAPE
pathogens were critically discussed.

Natural molecules against ESKAPE
pathogens

Nature has provided a vast source of therapeutic agents
along with a wide range of modern drugs which are in
current use. These drugs are obtained from traditional medicinal
plants as the diversity of biologically active molecules in these
plants make them a potent source of medicines (Kothari
et al, 2010; Tiwari et al, 2015). It has been reported that
approximately 80% of the worlds population, specifically in
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developing countries, depend on medicinal plants to fulfill
their primary health care needs (Akinsulire et al, 2007). The
plant secondary metabolites like alkaloids, flavonoids, terpenes,
saponins, tannins, etc., possess different medicinal properties
(Mors et al., 20005 Tiwari, 2016).

The prolonged hospital stays have resulted in increased risk
of medical expenses and mortality due to hospital-acquired
infections which majorly occur in immunocompromised
patients because of the exposure to ESKAPE pathogens.
Theretore, in order to combat the rapid evolution of disease-
causing pathogens, finding new antimicrobials is essential.
Numerous secondary metabolites, or phytochemicals, that have
the ability to prevent disease are known to be produced by
plants. The main benefits of plant-derived products make them
viable options for medical treatments because of their potential
efficacy and minimal to no negative side effects (Pal and Shukla,
2003). Therefore, the discussion of use of such chemicals and
extracts produced from plants to combat ESKAPE pathogens
is quite significant. Many efficacious drugs can be produced for
disease eradication by using these bivactive compounds. About
80% of the total population which majorly includes developing
nations is dependent on natural products. Synthetic drugs are
gaining popularity these days due to their time effectiveness,
refined quality, cost-effectiveness, and quick effect {Ekor, 2014).
However, many natural products-derived compounds are in
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various stages of drug development and have already highlighted
the importance as well as the versatility of natural products as
a future of novel drug development. Plants are a vital resource
for novel drug development and other pharmacologically active
compounds it has been observed that there are many drugs
that are developed directly or indirectly from plants. According
to World Health Organization (WHO), 11% of 252 drugs
are considered basic and essential during the start of the
21st century and these drugs exclusively originated from the
flowering plant (Veeresham, 2012). Some recent studies against
biofilms provide the best example of natural products being
effective and safe like synthetic halogenated furanone molecule,
a secondary metabolite derivative, is generated from natural
furanone produced by the Australian macroalga Dilsea pulchra.
This substance can hinder bacterial signaling mechanisms
and swarm cell movement. Additionally, it was proposed
that D. pulchra furanones and AHL molecules’ structural
similarity affects how putative regulatory proteins interact
with AHL molecules by binding competitively to the receptor
In ecologically relevant concentrations, furanone prevents
the surface aggregation characteristics of relevant ecological
microorganisms. Other common examples of plant-based drugs
are Tannic acid, Endolysins (PlyC), and Epigallocatechin
gallate (EGCG) which result in the cleavage of peptidoglycan
(Payne et al., 2013).

Proteins including enzymes and transporters are the
main target of the herbal compounds. Additionally, these
block the location
where the pathogenic elements bind. These herbal medicines

active substances could attach to or

can also impact the behavior of biomolecules, or even
their expression in a disease-causing condition. By utilizing
cutting-edge techniques, their target and method of action
can also be determined, hence, lowering the chance of
protein conformations that could cause diseases in the
future. Plants can be metabolically engineered to produce
more antimicrobial chemicals, which may pave the way
for the discovery of new therapeutics. Active substances
found in plants which change the expression or shape
of proteins that cause illness are proved to be effective
against drug-resistant microbes (Table 1). Consequently, they
can be useful for creating a brand-new medicine to treat
illnesses. To develop phytoconstituents as medicines targeting
protein conformation, a thorough biochemical and biophysical
investigation is required. Before being employed as medicines,
phytoconstituents must be examined for their absorption,
distribution, metabolism, excretion, and toxicity (ADMET)
characteristics, pharmacophore mapping, effectiveness, and
safety. However, for screening the antimicrobial compounds
extracted from various plants against a wide range of Gram-
positive as well as Gram-negative bacteria, the most commonly
adopted methods are minimum inhibitory concentration
(MIC), disk diffusion assay, and colony forming unit (CFU).
According to the literature survey, it was found that few
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compounds were highly active against Gram-negative bacteria
while some other compounds showed high activity against the
Gram-positive bacteria.

Antimicrobial peptides
One of the most promising alternatives for the treatment

of the ESKAPE-related biofilms are
peptides (AMPs). AMPs are positively-charged peptides

the antimicrobial

generally made up of 10-15 amino acids. They are found
in all the living organisms and are involved in the innate
immunity (Patil et al, 2021). Generally, AMPs are broad-
spectrum and cause the osmotic lysis of bacterial cells by
permeabilizing their membranes, due to their amphipathic
nature. Since this mechanism of action differs from that of
antibiotics, resistance to AMPs can be more difficult to achieve
(Panda et al., 2021).

Despite their potential, they rarely reach the market
mostly due to problems such as low solubility, cytotoxicity,
loss of activity (after administration), and susceptibility to
proteolysis (Rodriguez et al, 2021; Sarkar et al, 2021).
Synthetic molecular evolution can be exploited to evolve the
AMPs that may overcome these limitations (Chen et al,
2022), The pipeline starts from parent peptides characterized
by a strong antimicrobial activity on both Gram-positive
and Gram-negative bacteria in vifro and, at the same time,
ineffectiveness in vivo due to the impediments previously
cited. These peptides are modified in order to construct
a library of evolved peptides. Then, In vitre assays are
performed to down-select candidate molecules based on
s()lubi]ity, cytotoxicity and pf-‘ptidr: inactivation, besides their
antimicrobial activity. Rational variation follows the down-
selection step. As an example of an effective evolved AMP,
D-CONGA showed a good activity on the ESKAPE pathogens
in the planktonic form. Moreover, this peptide dramatically
reduced P. aeruginosa viability within the biofilm in vitro
(Starr et al,, 2020).

In the context of synthetic AMPs, antimicrobial peptoids
are synthetic oligomers that mimic AMPs and are resistant to
proteolysis since their backbone is based on nitrogen atoms
rather than carbon atoms. Not only their chemical structure
is crucial to define the antimicrobial activity, but also their
propensity to self-assemble in a physiological environment:
among the most interesting therapeutic peptoids, TM peptoids
that form bundled ellipsoidal structures show better
antimicrobial and antibiofilm activity against the ESKAPE

or

pathogens compared to the TM peptoids which are not able
to properly self-assemble or are characterized by worm-like
assemblies. As an example of biologically active TM peptoids,
the TM1 peptoid inhibits the growth of planktonic ESKAPE
pathogens and affects the formation of their biofilms in vitro
(Nielsen et al., 2022).
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TABLE 1 Plant active compounds and their significant efficacy against various resistant pathogens

Active compound Plant Botanical name Active against MIC References
(common name) (wg/ml)
Ilexahydroxy diphenoyl ester Purple loosestrife Lythrum salicaria L. Acinetobacter banmanuii, NA Becker etal, 2005;
vescalagin Pseudomonas neruginosa, NA Gueluetal, 2014
Staphylococeus qurens 62
Geraniol and terpinol-4-o0l Sugandhakokila Cinnamonum MERSA 369 Panda et al, 2020
glacescens
Diosgenin, smilagenin, p-sitosterol Kumarika Smilax zeylanica MERSA 220 Tanda et al,, 2020
and hydroxy-tyrosol
Trapylene glycol N/A Syzygium praecox MERSA 1,019 Panda et al, 2020
Tetradecanal and hexadecanoic aicid Charcoal tree Trema orientalis MDR-§ 369 Panda et al,, 2020
f-Amyrine, acrosolic acid, Betulinic Java cedar Bischofia javanica MDR-§ 234 Panda et al, 2020
acid
Myricitrin, mearnsatin-3-O-p-D Ceylon olive Elaeocarpus serraius MDR-§ 2,768 Panda et al, 2020
gluco-pyrnoside
Methyl tridecanoate, arborinone, Climbing acacia Acacia pennata MERSA 369 Panda et al., 2020
conferamide
Terpenoids and steroids Long-leal warnish Holigarna eaustica MERSA 369 Panda etal,, 2020
tree
a-pinene, methyl salicylate, fi- Orange Jessamine Murraya Pennicula MERSA 406 Panda et al, 2020
cyclocitrol
Glycosides and saponins Buddha coconut Plarygota alata MDR-S 550 Panda etal,, 2020
No phytochemical reported till now Lavender scallops Kalanchoe fedtschenkoi Staphylococcus aureus, 256 Richwagen
Acinetobacter banmannii, 2019
Pseudomanas areugenosa
Saponins, polyphenols, tannins, Coastal golden leaf Bridelia mircrantha Staphylococcus aureus, 128 Ngane, 2019
anthrocyning, triterpines Klehsiella pnewmoniae,
Psendomonas arugenosa,
MERSA,
glucopyranoside Bichoo Martynia annua Klebsiclla preumoniae, 256 Khan et al, 2018
Acinetobacter banmannii,
Enterracoccus faccalis,
Staphylococcus qurens
Methanol Stff Bottlebrush Collistemon rigidus MERSA NiA Subramani et al,
2017
Aloe—emaodine, coniine and lupeol Bitter Aloe Aloe ferox Staphylococeus aureus, 310 Ghuman et al,, 2016
Pseudomonas aeruginosa,
Klebsiella pnewsonioe
Ellagic acid Japanese rose Rosa rugosa Thunb. A. baumannii 230 Miyasaki et al,, 2013
Terchebulin Black- or chebulic Terminalin chebula A, bawmanii 500 Miyasaki etal,, 2013
Chebulagic acid myrobalan Retz. 1.00¢
Chebulinic acid 62.5
Corilagin Loog
Norwogonin Chinese skullcap Scutellaria baicalensis A, bawmannii 128 et al., 2007;
Baicalin Georgi NA ki etal, 2013
Baicalein NA
Eugenol Clove Syzygium aromaticum A. bawmananii 1,250 Johny et al., 2000;
(L.) Merr. & L.M.Perry Pelletier, 2012
Trans-cinnamaldehyde Cinnamon Cinnamomum verum A. bawmannii 310 Johny et al,, 2010;
(Dalchini} J.Presl Pelletier, 2012
Carvacro Oregano Origanum vidgare L. Biofilms of §. aurens, 0.0L5-0031% Nostro et
A, bawmannii wiv lohny et
B Pelletier, 2012
‘Thymol Thyme Thymus adamovicii A, bawmannii, Staphylococcus NA Nostro et al,, 2007;
Velen. epidermidis biofilms 031%, viv Tohny et al., 2010;
0.031-0.062%,  Pelletier, 2012
v
(Confinued)
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TABLE1 (Continued)

Active compound

Curcumin

Epigallocatechin gallate (EGCG)

Epicatechin

Theaflavin

{+)-Lyoniresinal-3
alpha-0O-beta-D-glucopyranoside

TFaeonol

Berberine

Berberine

Honekiol, Magnolol
a-Elemene, §-elemene,
furanosesquiterpenes

p-Coumaric acid, ascorbic acid,

cid

pyrocatechol, cinnam

Allyl methyl disulfide, diallylsulfide,
diallyltrisulfide, allyl methyl trisulfide,
diallyldisulfide, diallyltetrasulfide
Stigmasterol, nimbiol, sugiol,
4-cymene, -terpinene, terpinen-1-ol

Gossypetin, hibiscetin, quercetin,
sabdaretin, delphinidin

3.0 sambubioside and cyanidin
3-0-sambubioside
Quercetin-7-0-B-Dxylopyranaside,

7-baueren-3-acetate

Plant
(common name)

Turmeric

Green tea

Green lea

Black tea

Chinese boxthorn

Moutan Peony

Coptidis Rhizoma

Desert barberry

Cloudforest
mangolia

Myrrh

Aloe vera

Garlic

Neemn

(Indian sorrel/Rose

mallow)

Baobab/Gorakh imli

‘Unresolved name, NA, MIC information is not available.

Bacteriophages and bacteriophage

endolysins

Besides AMPs, bacteriophages (phages) and bacteriophage-
encoded products can be employed as therapeutics for the
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Botanical name

Curcuma longa L.

Camellia sinensis (L)

Kuntze

C. sinensis

C. sinensis

Lycium chinense Mill.

Paeonin = suffruticosa

Andrews

Coptis chinensis
Iranch

“Berberis fremontit

Magnolia macrophylla
var, dealbata {Zucc.)
D.LJohnson

Commiphara myrrha
(Nees) Engl.

Aloe barbadensis Mill.

Allisem sativim 1.

Azadirachta indica
AJuss.

“Hibiscus subdarifa
Rotth.

Adansonia digitata L.

Active against

8 anreus,

A baumannii

5. aureus,

AL baumannii

A, bavmannii

Abawmanyii

A. baumarni,

S. aureus,
Enterococcus faccalis
A. baumanni,

5. aureus,

E faecalis

A, bawmannii,
5. aureus,
E favcalis
5. aureus

P. aernginosa,
A. baumannii

Klebsiella prevmoniae,
P. geruginosa,

AL barmannii

S. aureus,
Streptococcus sp.,

P. aeruginosa,

K. prewmoniae

P. aeruginosa,

K preumoniae,

A bavwmannii

. aureus,
Enterococci,
Klebsiella sp.,

P. aeruginosa

K. prevmonia,
Enterobacter aeragens,

Enterobacter cloacae

K preumonine
E acrogens

E. cloacae

10.3389/fmicbh.2022.1029098

MIC
(g/ml)

125250
4 {while
FGOG s
present)
100

312-625

NA
NA
NA
NA
NA

NA
NA
NA

NA
NA

6,250
6250
2,500

NA

3,120
1.250
3,120
L.00D
500

2,000
1,000
1,024
1,024
256

1024
1,024
1024

References

De et al,, 2009; Mun
et al,, 201 3; Betts and

Wareham, 2014

Kono et al., 1997;
Zhao et al,, 2002;
Osterburg et al.,
2009; Gordon and
Wareham, 2010;
Betts and Wareham,
2014

Betts et al., 2011

Betts et al., 2011

Chan et al, 2011

Chan et al.. 2011

Chan et al., 2011

Stermitz et al., 2000
Jacobo-Salcedo et al,

2011

Masoud and Gou

2012

Lawrence et al., 2009

Khadri etal,, 2010

Fabry et al., 1998;
Nand et al.,, 2012

Djeussi etal., 2013;

Rebelo, 2014

Djeussi et a

treatment of the ESKAPE-related biofilms. Virulent phages are

wviruses that naturally infect bacterial hosts, eventually causing

their lysis. As this interaction is specific, dysbiosis may be
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prevented. Importantly, they can be used to target antibiotic-
resistant strains and are able to eradicate the biofilms of the
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ESKAPE pathogens. Noteworthy, phages are able to degrade
the biofilm matrix (including capsular polysaccharides) via
specific enzymes that may promote the access of antibiotics to
the deeper regions of the biofilms. Since bacteria can develop
resistances against phages, phage cocktails may be used in
order to overcome this problem, which also broadens the
host range (targeting different strains of the target bacterium).
In this context, PA4 is a recently described phage belonging
to the Myoviridae family which reduces the biomass of
P. aeruginosa biofilms, impairing the viability of the bacterium
in vitro (Camens et al,, 2021). Similarly, some of the recently
characterized vB_SauM kayviruses are able to affect the vitality
of 8. aureus within the biofilm, reducing the pathogen biomass
in vifro (Kazmierczak et al., 2022).

During the lytic cycle of the bacteriophage within the
bacterial host, lysins play a fundamental role, since they digest
the peptidoglycan layer of the bacterial cell wall, causing the
lysis of the cell and the release of the phage progeny. One of
the features of lysins is that they are generally narrow-spectrum,
which means that the beneficial bacteria belonging to the
patient’s microbiota are not compromised once administered.
Not only lysins are active on planktonic bacteria, but also on
biofilms. Efforts have been made in recent years specially to
target Gram-negative bacteria. Due to the low permeability of
the outer membrane of these bacteria, lysins
reach their target. In this context, LysECD7 is a promising
recombinant lysin that shows a promising activity on the

are not able to

Gram-negative ESKAPE pathogens, both in the planktonic form
and in the biofilm state, even if a significantly higher lysin
concentration is needed for a marked effect on the latter; this
lysin is able to cross the outer membrane without any delivery
system or additives (Vasina et al., 2021).

Interestingly, lysins encoded by phages infecting Gram-
negative bacteria may be characterized by an amphipathic
region able to permeabilize the outer membrane after
administration, allowing the peptidoglycan layer to be affected.
These amphipathic components may be isolated and employed
as cationic peptides. PaP1 is a peptide derived from the
PlyPa01 lysin (isolated from a phage infecting P. aeruginosa)
characterized by membrane-acting properties and modified
in order to increase the net charge of the peptide, as well
as its antibacterial properties. When tested, PaP1 was found
active on the ESKAPE pathogens in both monospecies and
polymicrobial populations (A. baumannii, P. aeruginosa and
§. aureus) and eradicates P. aeruginosa mature biofilms in vitro
(Heselpoth et al., 2022).

Essential oils
Natural products can be a source of compounds which are

active on both the planktonic and sessile forms of bacteria
(Da Silva et al,, 2017). Plant-derived EQs are a reservoir of

Frontiers in Microbiology

a7

List of original manuscripts

10.3389/fmicb.2022.1029098

volatile, hydrophobic secondary metabolites which may show a
broad antimicrobial and antibiofilm activity against microbial
pathogens, including the ESKAPE bacteria (El-Tarabily et al,
2021). The antimicrobial properties of these molecules are
due to the fact that medicinal and aromatic plants naturally
synthetize them in order to respond to various stresses,
including microbial attacks. Noteworthy, EOs have a low
potential for the development of microbial resistance due to
their complex nature with multiple bivactive compounds, that
leads to a multi-target activity which is not in the case of
conventional antibiotics (Angane et al,, 2022),

The mechanisms of action of these compounds are diverse
and may be related to the target of either the bacterial virulence
factors or the drug resistance mechanisms that characterize
these pathogens (Vasconcelos et al, 2018). Belonging to the
first category, these metabolites can inhibit biofilm formation
and quorum-sensing while, in the second case, they can inhibit
the function of efflux pumps and plasmid-mediated resistance
(possibly by causing the loss of the plasmid carrying the
resistance gene or by interfering with the transfer of the
R-plasmid itself to a recipient cell). In the latter cases, EOs
can be used in combination with known antibiotics since they
mediate re-sensitization of the bacteria to the drug: in this
way, the problem of antibiotic resistance can be addressed.
It is important to highlight that these metabolites can also
have bactericidal properties since they are lipophilic and can
alter the membrane permeability, possibly causing membrane
disruption (Alvarez-Martinez et al, 2021). An interesting
application of EOs is related to their use in the disinfection of
medical devices as well as hospital surfaces, preventing hospital-
associated infections. As an example of EOs applications in
the treatment of the ESKAPE biofilm, P. aeruginosa biofilm
formation can be impaired in vitro by using EOs extracted from
Mediterranean plants such as Foeniculum vulgare and Ridolfia
segetim (Artini et al., 2018).

Anti-biofilm activities of essential
oils and/or components

Biofilm-producing bacteria are typically resistant to
antimicrobials and there is an urgent need for new approaches
to fill the gap (Jouneghani et al., 2020; Sahoo et al,, 2021). The
formation of biofilm involves a complex mechanism with several
targeted factors. There are several reports a.lrr_'ad)f pub]ished
on the steps involved in development of biofilm (adhesion,
microcolonies formation, and maturation) (Figure 2) and
the targets starting with the adhesion to mature biofilm. The
easiest way to prevent the formation is initiated by attachment,
which involves the interaction between adhesive substances
and receptors on the host surface. Table 2, provides a list of
EOs and their compoenents with anti-biofilm activity against
ESKAPE pathogens. The list involves complex oils like Cassia,
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FIGURE 2
Steps involved in the development of bacterial biofilms (Sahoo etal,,

cinnamon, clove, cucalyptol, lavender, lemon, marjoram,
orange, oregano, peppermint, Peru balsam, rosemary, fea,
and thyme oil. Moreover, several individual components were
also reported including carvacrol, cinnamaldehyde, citral,
citronellol, eugenol, Linalool, linalyl acetate, menthol, pulegone,
thymeol, w-terpineol, and terpinen-4-ol (Table 2). Most detailed
studies involved the Gram-positive bacteria 8. aureus, with
genes [icaDficaA, (intracellular gene)], biofilm-associated
protein (bap), and several controlling genetic loci, e.g., sarA
lux$, and agr quorum sensing (QS) (Yadav et al,, 2015). Beside
8. aureus, the Gram-negative bacteria P. aeruginosa is well
studied with its mode of action.

Essential oil and quorum
sensing—The language of bacteria

The
P. aeruginosa. Two most common oils, viz. clove oil (IHusain

two most studied bacteria are S awreus and
ct al, 2013) and peppermint oil (Husain et al, 2015), were
tested to see their effects in reducing P. aeruginosa QS
regulated biofilm formation. Authors observed a strong
effect of both oils along with menthol as a constituent in
inhibiting biofilm formation (84%), swarming migration (81%),
production of virulence factors like LasB elastase activity
(80%), protease activity (76%), chitinase activity (78%), and
pyocyanin production (85%) (Table 3). A similar observation
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was also verified with eugenol on two MDR P. aeruginosa.
Moreover, the authors found additional wirulence factors
such as rhamnolipid (57%), and pyoverdine (69%), which
are responsible for microbial cell adhesion (Rathinam et al,
2017). Another report is also available by Al-Shabib el al.
(2017) on the effect of eugenol to reduce the QS-regulated
production of similar virulence factors in P. aeruginosa PAO1.
In P. aeruginosa, curcumin (1 pg/ml) inhibits the formation
of signaling molecules (Rudrappa and Bais, 2008), Tea oil was
also observed to be effective in controlling biofilm formation in
S. aureus, with interesting findings by transcriptome analysis
as 104 genes downregulated while 200 genes were upregulated.
Many of these genes are linked to biofilm formation, e.g.
sarA gene (encodes the DNA-binding protein SarA) which is
downregulated, and responsible for biofilm (“Zhao et al,, 2018).
Eugenol is also very effective in reducing the formation of
biofilm in methicillin-resistant S. aurens (MRSA) (MIC: 0.04%)
(Yadav et al, 2015). With the help of RT-qPCR tests, it was
confirmed that eugenol (0.5 » MIC) reduced sarA, seA and icaD
expression. Further, the gene expression studies showed why
eugenol is strong enough to reduce the biofilm since these genes
are related to biofilm eg. regulatory gene (sard), enterotoxin
gene (seA), and adhesion gene (icaD) (Yadav et al, 2015). The
authors also studied the effects of eugenol in in vivo experiments
using an otitis media rat model. Eugenol (0.02%) bears a
significant reduction of the bacterial colonization without any
biofilms in comparison to the control tympanic bulla which was

frontiersin.org



Panda etal

List of original manuscripts

TABLE 2 Antibacterial activities of essential oils/essential oil components against ESKAPE pathogen.

Essential oils and
constituent(s)

Cinnamormum cassia (1.} [.Presl.

Coriandrum sativim L.

Cymbopogon flexuosus (Nees ex

Steud.) W. Walson

Cymbapagon nardus (1) Rendle

Mentha piperita L.

Origanum vulgare
L.

Perilla frutescens 1. Britton

Plectranthus amboinicus (Lour.)

Spreng.

Syzygium aromaticum (L.) Merr.

8 LM Perry

S aromaticum

Cassia oil

Cassia oil

Cinnamon oil

Clove oil

Clove oil

Lavendor oil

Lavendor oil

Lemon oil

Lemon Balm oil

Orange oil

Oregano oil

Peru Balsam oil

Deru Balsam oil

Rosemary oil

Tea tree oil
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Pathogenic bacteria

P acruginosa
A. baumannii

S, aureus, MRSA
8. aureus

28 clinic strains of 5 aurens

@

. AUTENS

w

. aurews, MRSA

8. aureus

8. aureus

=

Acriginosa

w

aureus

P, aeruginosa

K. prnenmaniae, 5. aureus

P. aeruginosa;

K. prewmoniae and 5. aureus
8. aurews

S, aureus

A. baumannii

K. preumoniae;
Paeruginosa, § aitreus

S. aureus

K. prevmoniae,
P nemginosa;h‘ AUPEUS

8. aurews

S. aureus

P, aeruginosa

K. prewmnoniae, P
aernginosa;
8. aureus

S. aureus

MIC values;
(references)

(Conda et al., 2020)
1-4 pliml;

(Duarte et al,, 2013)
0.5-4 mg/ml;

(Piasecki etal, 2021)

64-256 pgimkh
(Lietal, 2011)

0.4 pliml;
(Qiu et al, 2011)

0.25 mgiml;
(¥
854 pliml;

(Kagdniové et al., 2021)

asconcelos et al, 2017)

2233 pliml;

(Kaddniovd et al, 2021)

0.3%, viv;

(Kavanaugh and Ribbeck, 2012)
0.2%, vivi

(Kavanaugh and Ribbeck, 2012)
= 1.6 mgiml

3.2 mgiml;

(Prabuseenivasan et al., 2008)

= 1.6 mgiml;

= 6.4 mg/ml; (Prabuseenivasan etal,, 2006)
1.2%, wiv;

(Kavanaugh and Ribbeck, 2012)
0.8%, viv;

(Budzyniska et al., 2011)
10.5-13,0 plyml;

(Sienkiewicz et al., 2014)

=128 mg/mk
(Prabuseenivasan et al., 2006)
0.1%, wiv;

(Budzyniska et al., 2011)

=12.8 mg/ml

= 6.4 gl ml;

(Prabuseenivasan et al., 2006)

0.062%, vfv; (Nostra et al,, 2007)

2.5%, vivi
(Kavanaugh and Ribbeck, 2012)
2.5%, viv,
(Kavanaugh and Ribbeck, 2012)

= 6.4 mgiml;
=12.8 mg/ml; (Prabuseenivasan et al , 2006)

V4%, viv
(Budzyznska et al, 2011)
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MBIC;
(references)

0.2%, v/v;

(Kavanaugh and Ribbeck, 2012)
A4 pliml

(Duarte et al., 2013)

0.06% v/v;

(Adukwu etal, 2012)

0.5 mgiml;

(Pontes et al., 2019)

10 pliml;
(1Dos Santos Rodrigues et al., 2018)

0.5 mg/iml;

(Vasconcelos et al., 2017)

0.106 mp/ml;

(Budi et al., 2015)

1.3% viv;

(Kavanaugh and Ribbeck, 2012)
0.6%, v/v;

(Kavanaugh and Ribbeck, 2012)
0.4%, viv

(Kavanaugh and Ribbeck, 2012)

S, aurens (1 mg/ml) (Cuietal, 2016)

3.2%, sub MIC, biofilm of P. aeruginosa;
(Husain et al.,, 2013)

1.6%, viv;

(Kavanaugh and Ribbeck, 2012)
1.6%, viv

(Budzyniska et al., 2011)

=5%, viv (P, aeruginosal;
(Kavanaugh and Ribbeck, 2012)
K. prewmoniae (170 pwlfL);
(Sahal et al, 2018)

0.4%, v/v;

(Budzyniska et al., 2011)

0.5%, v/v;
(Nostro et al., 2007)

3.5%, viv;
(Kavanaugh and Ribbeck, 2012)
3.5%, v/
(Kavanaugh and Ribbeck, 2012)

0.8%, v/v;
(Budzynska et al,, 2011)

{Contimued)
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TABLE 2 {Continued)

Essential oils and
constituent(s)

Thyme oil

Allicin

Carvacral
Carvacrol
Carvacrol
Carvacrol
Carvacrol
Cinnamaldehyde
Cinnamaldehvde
Cinnamaldehyde
Citral

Citronellol
Curcumin
Eucalyptol
Eugenal

Eugenol

Geraniol
Geranium
Limonene
Linalool

Linaloal

Linalyl acetate
Marjoram
Menthol
Peppermint
Pulegone

Thymaol

Frontiers in Micrabiclogy

Pathogenic bacteria

S aureus

MSSA and MRSA

S. aureus

S, aureus

8. aureus

S aureus

Group A Streplococci
P. aeruginosa

P. acruginosa

S, aureus

S, aureus, MRSA

S, aureus

P. acruginosa

S, dureus

S aureus

S, aureus (26 strains)
8. aureus

K. prienmoniae,

P. aeruginosa, 5. aureus

MRSA

3

aureus

S, aureus

S, aureus

S. aureus

S, aureus, MRSA

“

. Aureus

8 aureus

“~

aurus

MIC values;
(references)

0.5%, viv;

(Kavanaugh and Ribbeck, 2012)
32-64 pgiml;

(Leng et al,, 2011)

.35-2.80 mg/mk

(Rosato etal., 2010)

0.02%, viv;

(Yadav et al, 2015)

0.015%, wiv;

(Neostro et al., 2007)

0.3 plfml;

(Souza et al., 2013)

64-256 pg/ml;

(Magi et al., 2015)

0.1%, viv;

(Kavanaugh and Ribbeck, 2012)

0.5 mgfml;

(Porfirio et al,, 2017)
0.35-1.40 mg/mb
(Rosato et al,, 2007)
62.5 pg/mh
(Adameczak et al., 2020)
2.80-3.60 mg/mk
(Rosato et al, 2007)
0.04%, viv;

(Yadav et al., 2015)
128-512 pg/mb;

(Qiu et al,, 2010)
0.08-1.40 mg/ml;
(Rosato etal, 2007)
12.8 10 = 12.8 mg/ml;
(Prabuseenivasan et al., 2006)

0.2-2.5 mg/ml;
(Sonboli et @

2005)

0.19%, viv;

(Budzynska et al,, 2011)
0.19%, viv;

(Budryiiska et al., 2011}
0.125% v/
(El-Shenawy
=2 myiml;

(Qiu et al.,, 2010)
0.5% (viv);

(Xiao et al, 2020)

tal,2015)

375t0 =15 mg,fml:
(Sonboli et al,, 2006)
0.7-1.40 mg/ml;
(Rosato etal,, 2007)
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MBIC;
(references)

1.6%, viv;
(Kavanaugh and Ribbeck, 2012)
80 pg/ml

(Zhang et al., 2022)

0.25 mg/ml;

(Vasconcelos et al,, 2017)
0.04%, viv;

(Yadav et al,, 2015)

0.25%, viv;

(Nostro et al., 2007)

200 plVLy

{Espinaetal., 2017}

E. faccalis (0.01%, wiv);
{Campana and Baffone, 2018)
0.2%, vfv;

{Kavanaugh and Ribbeck, 2012)
11.8 mM;

(Topa et al, 2018)

0.19% mg/ml;

(Budri et al,, 2015)

S00 pliLs
(Espina et al,, 2017)

0.5 mg/ml;

(Piasecki et al., 2021)
100 pg/mbk
(Packiavathy et al, 2014)
256 pg/ml;

{Hendry et al., 2009)
0.08%, viv;

(Yadav et al,, 2015)
0.237 mg/ml;

{Budri etal., 2015)
0.25 mg/ml;

(Pontes et al., 2019)

200 pl/L;

(Espina et al,, 2015)

A. bavmannii (8l fml);
{Alves et al,, 2016)
0.78%, viv;

(Budzyniska et al., 2011}
0.19%, viv

(Budzynska etal, 2011)

Mixed biofilm {0.25 and 20 mg/ml);

(Kerekes etal., 2019)
0.64-1.98 mg/ml;
(Kifer et al., 2016}

0.5 mgfml;
(Kang etal, 2019)

0.5 pl/ml;
{Ceylan and Ugur, 2015)
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List of original manuscripts
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Essential oils and Pathogenic bacteria MIC values; MBIC;
constituent(s) (references) (references)
Thymal 8. aureus 0.031%, viv; 0.25%, v/v;

(Nostro et al,, 2007) (Nostro et al., 2007)
Triacetin S, aurens 22.40 mg/ml; =

(Rosato et al.,, 2007)
- terpineol S. aurens 0.19%, v/v 0.38%, v/v;

(Budzyriska etal, 2011) (Budzyrska et al., 2001}
"T'erpinen-4-ol 8. aureus 0.19%, viv; 0.19%, v/iv;

(Budzyriska etal, 2011)

(Budzyriska et al., 2001}

- data not available; MIC, minimum inhibitory concentration; MBIC, minimum biofilm inhibitory concentration; M88A, methicillin susceptible 8. aureus; MRSA, methicillin resistant

5. aureus.

filled with cell debris and biofilm (Yadav et al,, 2015). Another
study also evidenced a significant reduction of biofilm in MRSA
at sub-MIC concentration (Al-Shabib et al., 2017).

Several monoterpenes (citral, MIC = 500 pl/L; carvacrol,
MIC = 200 pl/L; (+)-limonene, MIC = 5,000 pl/L), also
showed reduction of biofilm formation in S. aureus at sub-
MIC concentration. Among them, carvacrol is reporLed to
be highly potent with the lowest concentration of 10 wl/L
up to 80% reduction (Lspina et al, 2015). In P. aeruginosa,
cinnamaldehyde is able to reduce the production of AHLs
probably due to hydrophobic interaction and strong bonding
between cinnamaldehyde and LasI (Chang et al, 2014).

Eradication of established biofilms

Most of the biofilm studies are performed using
spectrophotometer for absorption analysis performed using
biofilm specific dyes. These assays indicate only the inhibition of
biofilms and do not indicate the capability of the compound to
eradicate an already established biofilm. All ESKAPE pathogens
are biofilm-associated and, due to their intrinsic resistance, they
are difficult to treat. Table 2 shows a list of selected essential
oilsfessential ail components and their activity against ESKAPE
pathogens in both planktonic (MIC values) and biofilm cells
(Minimum Biofilm Inhibitory Concentration, MBIC). Most
studies are found to be effective against S. aureus followed
by P. aeruginosa while limited studies have been performed
on A, baumannii and K. preumoniae. In most cases, it is
observed that the MIC value is not sufficient to inhibit biofilm,
while in few cases even 100 fold could is not sufficient to treat
established biofilm. Coelho and Pereira (2013) tested the three
most common oils, e.g., cinnamon, tea, and palm rosa on
established biofilm of P. aeruginosa. The authors noticed a
sufficient reduction of the bacterial population (5 logl0 to 2.5
logl0 CFU/cm?) and compared it with the standard antibiotic
ciprofloxacin (Coelho and Pereira, 2013). Another interesting
study by Lu et al. (2018) established the removal of preformed
biofilm against both 5. aureus and P. aeruginosa biofilms when
treated with the oregano oil (carvacrol as a major constituent)
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(Lu et al,, 2018). The experiment was further validated by an
in vivo mouse model (third-degree burn wound infection)
treated with the oregano oil (10 mg/ml for 3 days), resulting
in a reduction of the 3 logl0 steps population (Lu et al, 2018).
Moreover, authors also detected changes in the cell structure,
with disruption of biofilm under electron microscopy. This
kind of study is highly valuable as it shows the direct effect of
EOs/EOC and can distinguish the destruction or eradication of
established biofilm.

Bactericidal toxic effects of
essential oils and essential oil
components on biofilms

Only limited oils/components were reported to be
bactericidal. Eugenol is one of the major components that
act very effectively at higher concentrations, at 12.8% (v/v),
with 91.6% on the inhibitions of biofilms formed by MDR
S. aureus. In comparison to eugenol, thyme oil also showed
similar antibiofilm activity. The highest biofilm reduction (88%
inhibition of §. qureus JSA10) was observed at 12.8% v/v (Jafri
et al,, 2014). Both 8. aureus and P. aeruginosa were inhibited
significantly when treated with cinnamaldehyde, a major
constituent of Cinnamomum zeylanicum and Cinnamomum
cassia. An interesting observation made by the anthors is that
the inhibition is not due to its anti-QS effect, but to its cytotoxic
effects (Firmino ct al.,, 2018).

Synergistic potentials of essential
oils/essential oil components
along with antibiotics against
multidrug-resistant ESKAPE
pathogens

In the past decade, there has been an increase in the
research on the synergetic potentials of clinical antibiotics in
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TABLE 3 Mode of action of select EOs/EOC against ESKAPE pathogen.

Essential oils

Chenopodium
anthrosioidesia-Terpinene

C. ambrosivides/a-Terpinene
C.overnum

C cpmimon

Dodartia ovientalis

Dorema aucheri Bioss

Ferula asafoetida |..

Melalewca alternifolia
(tea tree oil}

Melaleuca alternifolia

Tea tree oil

Mentha piperita L.
Mentha piperita L.
Octmum gratissinum

Origanum vulgare
{oregano oil)

Rosmarinus
afficinalis1.8-cineol

Rosmarinus
afficinalisiEucalyptol

Origanum vulyare L.

Perilla frutescens L. Britton

Syzygium

aromaticun/Eugenol

Syzygium aromaticum

Thymes valgarisithymol
Essential oil components

Allicin

Carvacrol

Carvacrol

Carvacrol

Carvacrol

Carvacrol

Carvone

Cinamoldehyde

Cinamoldehyde

Curcumin
Curcumin

Eugenol

Frontiers in Microbiclogy

Pathogen

5. aureus (I8-38)

S, aurcus (1199B/1199)
K. prewmaoniae

K. presmaniae

S atrens

P aeruginosa PAOL

P. aeruginosa PAOL
P aeruginosa NCTC 6749

Methicillin-resistant

S, aureus,
Carbapenem-resistant

K. prewmoniae, A
bawmanii, and P aeruginesa

5. aureus

S. aureus

P aeruginosa PAO1

P. aeruginosa and 8. aureus

P.agruginosa and §. aureus
MDR K. pneumoniae

MDR A. bawmannii and
P aeruginosa

S, aurens

S, aurews, MRSA
MRSA

P acruginesa

8, aurens

MSSA and MRSA
5. aureus

S, aureus

MRSA

S, aurens

B aeruginosa
MRSA

Carbapenem resistant
A. baymannii

P. aeruginosa PAOL

P aeruginosa PAOI
P. aeruginosa PAOL

S, aurens

Mode of action
Inhibition of EPs ( tetK}

Inhibition of EPs { norA)

Induction of oxidative stress and oxidation/DBM
Loss of plasmid integrity

DEM

(Q5-inhibition, reduction on virulence factors (RVE)
(pyoverdine and elastase production), and the
transeription of lnst

Q5-inhibition, RVE (pyocyanin, pyoverdine, elastase
production), and the transcription of lasl

DBM and metabolic events

DEM (structural integrity and membrane

permeabilization)

Cell division inhibition

Inhibition of e-toxin production (ITP)

QS-RVF (elastase, proteases, pyocyanin and chitinase)
Change in membrane permeability (CMP)

Bacterial enzyme inhibition and reduce bacterial lipase
and coagulase activity

CMP
Inhibition of EPs

ITP
Ire
Anti-QS and anti-biofilm

QS- Inhibit swarming motility

Inhibition of EPs (norA)

ITP

DEM

Inhibit enteratoxin production completely
Anti-QS and anti-biofilm

Changes in fatty acid composition
Q5-1nhibitien (pyecyanin production, biofilm)

Disruption and separation of the cytoplasmic contents by
R-cat

Anti-biofilm

Q5-Inhibition 7-fold of the lasR level, and pyocyanin
production

(25~ Inhibition 2-fold of elastase activity
Q5-Inhibition (aigmate and prodigiosin production)

Inhibit enterotoxin and w-hemolysin production
significantly
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TABLE 3 (Continued)
Essential oils Pathogen

Farnesol and nerolidel 8. aureus

permeability, inhibition of cell respiration, Kt Teakage)

6-Gingerol P aeruginosa

Mode of action

Cytoplasm disruption (alteration of integrity and

QS5-Inhibition (biofilm formation, 53%}, RVFE

List of original manuscripts

10.3389/fmicb,2022.1029098

References

Cox et al,, 2000; Inoue et al.,

2004

Kim et al, 2015

(exoprotease, pyocyanin and rhamnolipid)

Linalyl acetate S, aurens

DBM and leakage of intracellular materials

DBM and leakage of intracellular materials

DBM and leakage of intracellular materials

QS-Inhibition, Anti-biofilm, RVT (protease activity,

Trombetta et al., 2005; Mahizan

etal, 2019

Yang et al., 2021

‘rombetta et al, 2005; Mahizan

etal, 2019

Qiu etal, 2010

Husain et al., 2015

elastase activity, chitinase activity, pyecyanin produstion,
swarming metility, EPS produetion)

Linalyl anthranilate Carbapenemase-producing
K. prewmaoniae
Menthol 8. aureus
Menthol 8. aureus, MRSA TP
Menthol P, aeruginosa PAOI
fi-pinene L. faecalis
Thymol 8. aureus
Thymol MRSA
Thymaol 8. aurews; MRSA

a- and y-terpinene 8. aureus DBM

Anti-biofilm

DBM and leakage of intracellular materials

Anti-biofilm and anti-quorum sensing

Inhibit a-hemolysin, enterotoxin praduction

Negreiros etal, 2016
Trombetta et al., 2005; Mahizan
etal, 2019

Sharifi et al., 2018

Qiun etal, 2011

Mak

zan etal, 2019

Terpinene-4-ol MRSA Anti-QS and anti-biofilm Perez et al, 2019
Terpinene-4-ol S, aurens Formation of multilamellar, mesosome-like structures Carsen el al., 2002; Reichling
etal, 2002

Zingerone P, aeruginosa FPAOL

Q5-Inhibit protease production

Kumar ¢t al., 2015

M, change in membrane permeahility; DBM, disruption of hacterial memhranes Eps, extracellalar palymeric substances; ITE, inhibition of a-toxin production; QS, quorum scnsing.

combination with essential oils or individual components. We
have reviewed various publications on the ESKAPE pathogens
and summarized (Table 4) the synergistic effects of essential oils
and antibiotics.

In combination with chloramphenicol, several essential oils
viz. Artemisia herba-alba, Cymbopogon citratus, Helichrysum
italicum, and Thymus riatarum showed synergistic effects
against Enterococcus aerogenes EA27 (overexpressing the
AcrAB-TolC efflux system) (Lorenzi et al, 2009; Fadli et al,
2014, 2016), Moreover, available literature suggests that
H. italicum and Thymus mareccanus act synergetically against
A. baumannii AP1 (reduced OprD expression) (Lorenzi et al,
2009; Fadli et al, 2011). Geraniol is the major constituent in
most of these oils which in combination with chloramphenicol
showed synergistic effects E. aerogenes EA27 with 256-
fold reduction in MIC (Lorenzi et al, 2009). Authors also
concluded that the mechanism of action is due to inhibition
of efflux pumps activity/expression (AcrAB-TolC efflux system)
(Table 3). Similarly, EOs- Thymus broussonetii and Thymus
riatarum, showed synergistic effects when combined with
ciprofloxacin, against MDR P. aeruginosa, MDR S, aureus and
MDR K. penumoniae Fractional inhibitory Concentration Index
(FICI < 0.5) (Fadli et al,, 2012). The major constituents among
both essential oils are carvacrol which was also observed to
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be in synergism with ciprofloxacin showing 8-fold reduction
in MIC. The mechanism of action is due to the disruption
of the bacterial membrane (Fadli et al, 2012). Moreover,
carvacrol has also been observed to be synergistic with other
antibiotics, such as nitrofurantoin against Klebsiella oxytoca
(Zhang et al, 2011), and tetracycline against MDR S. aureus
(Cirino et al,, 2014; Table 3). Gentamicin is a commonly used
antibacterial agent for synergy studies in several MDR bacteria,
such as A, baumannii, S. aureus, E. clocae, P. aeruginosa, and
K. penumoniae. Gentamicin in combination with EOs such as
Pelargonium graveolens, T. broussonetii, and T. riatarum showed
synergism by action on disruption of bacterial membrane
(FICI < 0.5) (Fadli et al, 2012). Fadli et al. (2012}, also
studied the same essential oils in combination with the antibiotic
Pristinamycin against S, aureus, E. clocae, P, aeruginosa, and
K. penumoniae and recorded synergistic effects (FICI = 0.5).
Other major components include thymol and eugenol, whose
synergistic effects were tested in combination with tetracycline
(Cirino et al,, 2014} and vancomycin (Hemaiswarya and Doble,
2009), respectively.

Most studies focused on bacteria . aurens and P. aeruginosa
while few studies involved A. bawmannii, Enterobacter, and
Klebsiella. Most essential oils are complex in nature, but
few studies also followed up on the major components,
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TABLE 4 Synergistic effects of Essential oils and antibiotics against ESKAPE pathogens.

10,3389/fmicb.2022.1025098

EOs/EOC Antibiotics Bacterial Method(s) Outcome Mechanism of  References
strains action
Artemisia herba-alba Chloramphenicel E. aerogenes EA27 Microdilution 4-fold reduction in Alteration of outer Fadli et al., 2016
Asso method (MDM) MIC membrane (OM]),
lipopolysaccharide
structure (LPS)
Aniba rosacodora Gentamicin A, bawmanii Checkerboard FICI =0.11 = Rosato et al., 2007
assay (CBA)
Cymbopagon citratus Chloramphenicol E.aevogenes EA27 MDM 4-fold reduction in Aleration of Fadlietal, 2016
(DC.) Stap MIC OM-LPS
Cinnamomum Amikacin Acinetobacter sp., CBA Additive effect - Guerra et al, 2012
zeylanicum
Coriandrum sativam Chloramphenicol, A. bawmannii CBA FICI = 0.047 to - Duarte et al, 2012
Ciprofloxacin, 0.375
Gentamicin
Croton zelintneri Pax & Norfloxacin 8 aureus SA 11998 Change in I2GC = 39.5% Inhibition of effllux Coutinho et 2}
K.Hoffm inhibition zane by pumps activiry/
EO gaseous expression
contact (IZGC) (TEPA/E)
Helichrysum italiciom Chloramphenicol E. acrogenes EA27 MDM 8-fold reduction in IEPA/E Lorenzi et al., 2009
(Roth) G.Don MIC
Helichrysum italicim Chloramphenicol A. bawmansii AP1 MDM 8-fold reduction in TEPA/E Lorenzi et al., 2009
(Roth) G.Don MIC
Lippia wicrophylla Norfloxacin 5. aureus SA 11998 [0 I2GC =39.5% [EPASE Coutinho et al, 2011
Cham.
Myrtus communis Ciprotloxacine, AL bavmannii CBA FICT = 0.047-0.375 = Aleksic et al., 2014
polymixin B
Origanum vidgare L Tetracycline 8. aurens 1-58 MDM 4-fold reduction in IEPA/E Cirino etal., 2014
MIC
Pelargonivm graveolens Gentamicin A, bawsmanii, 5, CBA FICI =0.11 - Rosato et al,, 2007
AUTEUS
£ gravealens Morfloxacin 8. aureus CBA FICI =0.11 - Rosato et al,, 2007
Thymus broussonetii Cefixime MDR P. acruginosa CBA, Cell lysis FICI =05 Disruption of Fadlietal, 2012
Bois assay (CLA) bacterial
membrane (DBM)
T Broussoretii Cefixime MDR S, aureus CBA; CLA FICI = 0.5 DBM Fadlietal, 2012
T. broussosnetii Ciprofloxacin MDR P. aeruginosa CBA, CLA FICT=0.14 DBM Fadli et al., 2012
T. broussonetii Ciprofloxacin MDR S, aureus FICI=10.5 DBEM Fadlietal, 2012
T. broussanetii Gentamycin MDR E. clocae FICI =05 DEM Fadli et al., 2012
T broussonetii Gentamycein MDR P. aeruginosa CBA, CLA FICI = 0.28 DBM Fadli et al, 2012
T, broussonetit Gentamyein MDR S, ativeus CBA, CLA FICI =05 [EM Fadli et al,, 2012
T. broussonetii Pristinamycin MDR K. prewmaniae CBA, CLA FICI=0.5 DBEM Fadlietal, 2012
T. broussonetii Tristinamycin MDR 8, aurens CBA, CLA FICI=0.5 DEM Fadli etal., 2012
Thymus maroccanies Chloramphenicol A. bawmanstii AP1 MDM 8 to 16 -fold Alteration of OM- Fadliet al,, 2011
Ball reduetion in MIC LPS
T. maroccanits Chloramphenicol P. acruginosa PA124 MDM 4to 8 -fold TEPA/E Fadliet al,, 2011
reduction in MIC
Thymus riatarim Chloramphenicol E. acrogenes EA27 MDM 16 -fold reduction IEPA/E Fadli et al., 2011
Humbert & Maire in MIC
Triatarum Ciprofloxacin MDR E. clocue CBA. CLA FICI =0.37 DBEM Fadliet al, 2012
T riatarum Ciprofloxacin MDR K. penumoniae CBA, CLA FICI =0.5 DBEM Fadli et al, 2012
T. riatarum Ciprofloxacin MDR B aeruginosa CBA, CLA FICI =0.15 DEM Fadli et al., 2012
T riatarum Ciprofloxacin MDR 5. aureus CBA, CLA FICI = 0.26 DBM Fadli et al., 2012
T viatarum Gentamyein MDR E clocae CBA, CLA FICI =0.19 [YEM Fadli et al., 2012
T. riatarum Gentamycin MDR K. penumoniae CBA, CLA FICI=0.5 DBEM Fadlietal, 2012
(Continued)
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List of original manuscripts

10.3389/fmich.2022.1029098

EOs/EOC Antibiotics Bacterial Method(s) Outcome Mechanism of  References
strains action
T. riatarum Gentamyein MDRK. P. CBA, CLA FICI=0.18 DBM Fadli et al, 2012
aeruginosa
T. riatarum Gentamycin MDL S, aureus CBA, CLA FICI=05 DBM Fadli etal,, 2012
T, ristarum Prisinamyein MDR E. cloacae CBA, CLA FICI=0.5 DBM Fadliet al, 2012
I rigtarum Pristinamycin MDR 8, aureus CBA, CLA FICI =03 DBM Vadli et al 12
Fataria multiflora Vancomyein S, aureus CBA FICT=0.32 - Mahboubi and
Hin]t‘n‘i, 2010
Carvacrol Ampicillin S aureus CBA EICI = 03 = Palaniappan and
Holley, 2010
Carvacrol Bacitracin 5. anreus CBA FICI = 0.3 = Palaniappan and
Holley, 2010
Carvacrol Nitrofurantoin K. axytoca CRA FICI =05 - Zhang et al., 2011
Carvacrol Ciprofloxacin S. aureus MDM, CLA 8-fold reduction in DBM Fadli et al,, 2012
MIC
Carvacrol Ciprofloxacin K. preumoniae MDM, CLA 4-fold reduction in DBM Fadli et al,, 2012
MIC
Carvacrol Ciprofloxacin E. cloacae MDM, CLA 4-fold reduction in DBEM Fadli et al., 2012
MIC
Carvacrol Tetracycline S. aureus 1-58 MDM 2-fold reduction in TEPA/E Cirino et al,, 2014
MIC
Eugenol Vancomycin, E. aerogeses, P. MDM, CBA DBM
B-lactams aeruginosa
Geraniol Chloramphenicol E. aerogenes EA2T MDM 256-fold reduction 1EPASE Lorenzi el al,, 2009
in MIC
Thymol ‘Tetracycline & anreus 1-58 MDM 2-fold reduction in 1EPASE Cirino et al,, 2014

MIC

CBA, checkerboard assay; CLA, cell lysis assay; [ZGC, change in inhibition zone by EO gaseous contact; OM, outer membrane, LPS, lipopolysaccharide structure; IEPA/E, inhibition of

cfflux pumps activity/expression; DBM, disruption of bacterial membrane,

e.g, carvacrol, eugenol, geraniol, and thymol. Owing to
the complexity, it is important to know the mechanism
of action that is responsible for synergistic effects. Table 3
describes the mechanism of actions in which mostly the
disruption ol bacterial membrane and inhibition of efflux pump
activity/expression was observed to be the most common mode.
Few studies also provide insights into the changes occuring
in lipopolysaccharide structure and alteration of the outer
membrane. Due to a complex mixture of components, most
EQs exhibit antibacterial activities against both Gram-positive
and Gram-negative pathogens. Moreover, the target bacteria and
mode of action are different, as a result, the chances of resistance
probability are less (Rai et al,, 2017; Subramani et al., 2017).
In most cases, the mode of mechanism acts as a membrane
disruption, and as a result, leakage of cell content as well
as coagulation of the cytoplasm. Moreover, other mechanisms
involve their ability to inhibit the bacterial efflux pumps,
metabolic pathways, antibiofilm, and anti-quorum sensing
activity (Table 4). Moreover, due to the multiple bioactivities,
such as antioxidant, anti-inflammatory, and wound healing
properties, additional benefits may be observed during the
treatment of ESKAPE pathogens (Subramani et al., 2017).
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In vivo analysis of antimicrobial
properties of essential oils against
ESKAPE pathogens

Biofilm-forming bacteria are commonly involved in
infection of skin wounds impairing the reparative process
due to prolongation of inflammatory phase (Macedo et al,
2021). Thus, the microbial infection can lead to chronic wound
development (Rahim et al, 2016). In this section we discuss
the application of EOs and EOCs in the treatment of wound
infections provoked by biofilm-forming bacteria (Table 5)
(A. baumannii, P. aeruginosa, and S. aureus).

Acinetobacter baumannii

Some studies have examined the antimicrobial effects of
EOs against A. baumannii using mamumalian models. One study
showed the evaluation of the EO extracted from Origanum
vulgare (Lamiaceae) in A. baumannii-infected wounds in Wistar
rats. The EO enhanced the healing and reduced the growth
in tissue and wound secretions. The EO is mainly composed
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TABLE 5 In vivo antimicrobial properties of essential oils against ESKAPE pathogens.

Bacteria

Essential
oil/essential oil
compound

Main compounds

Formulation

10.3389/fmicb.2022.1029098

Model

References

A. bamannii

P, aeruginosa

5. aurens

5. avrens and
P.aeruginosa

Pimenta dioica (L)
Merr. (Myrtaceae)

Pimenta racetnose
(Mill) |.W.Meore
(Myrtaceae)

Eugenol

Origanum vulgare
(Lamiaceae)

Clinnamomum
zeylanicum
Blume (Lauraceae)

Cinnamaldehyde

Anethum graveolens

(Apiaceas)

Cymbopagon citratus
(Poaceae)

Oliverin

decumbens (Apiaceae)

Pelargonium graveolent
(Geraniaceae)
Trachyspermum ammi
(L.) Sprague
(Apiaceae)

Tcarurn carvi L.
(Apiaceae)

Cinnamomum verum
J.Presl (Lauraceae)

Mentha = piperita L,
(Lamiaceae):

Mentha pulegium L.

(Lamiaceae)

Rosmarinus officinalis
L. (Lamiaceac)
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B-Myrcene (44.1%),
1.8-cineol (18.8%),
Limonene (11.7%), Eugenol
(8.6%)

B-Myreene (39.6%), Eugenol
(31%), Limenene (15.5%)

w-Thujene, a-pinene,
octanone, terpinene,
p-cymene, carvacrol and
thymol

Cinnamaldehyde {the main
<onstituent), cugenel,
coumarin, and
O-methoxycinnamaldehyde.

w-Phellandrene (47.3%),
p-cymene (18.5%) and
carvone {14.1%)

Citral (38.66%), Myreene
(13.78%), Nerol (2.90%)
‘Thymol (50.1%), v
“terpinene (20.7%}, and
preymene (17.6%)

B-Citronellol (39.3%) and
peraniol (23.6%)

Cymene (p) (36.64%),
Terpinene (y-) (35.98%),
Thymol (18.14%)

Carvone (56.9%), Limonene
(36.1%)

Cinnamic aldehyde (54.1%],
a-copaene (12.3%), and
styrene benzebe, ethenyle
(7%)

Menthol (39.80%), mentone
(19.55%), neomenthol
(8.82%)

Pulegone (72.18%),
piperitenane (24.04%)

1.8-Cineole and u-Pinene,
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EO was dissolved in
sweet almond oil,

EO was dissalved in

sweel almond oil.

Eugenol was
dissolved in sweet
almond oil.

Nanostructured lipid
carrier gel
containing the FO at
2% or 4%

Ointments
containing the EO at
2 or 4%

Carbopal gel with
the EO 1%

Cream formulation
containing

O, decumbens and

P. graveolent

Care-shell
electrospun
nanofibers
containing the EO.
1O encapsulated in
nanostructured lipid

carriers

Ointments
containing the FO at
2 and 4%.

Ointments
containing the FO at
2,4, 0r 8%

FO encapsulated in
nanestructured lipid
carriers

EO encapsulated in
nanostructured lipid

carriers

nanestructured lipid
carrier gel
containing the EO at
2% and 4%.

Excisional wounds in

mice,

Excisional wounds in

mice,

Excisional wounds in

mice.

Excisional wounds in
Wistar rats,

‘Third-degree burn in
male
Sprague-Dawley rats.

Excisional wounds in
female Swiss mice

Excisional wounds in
BALB/c mice

Exeisional wounds in
Wistar rats
Excisional wounds in
BALB/c mice

Excisional wounds in
Sprague-Dawley
male rats

Excisional wounds in
BALB/c mice

Excisional wounds in
BALB/c mice

Excisional wounds in

BALB/c mice

Excisional wounds in
BALB/c mice

Excisional wounds in
BALB/c mice

Excisional wounds in
BALB/e mice

Ismail etal., 2020

Ismail et al., 2020

Tsmail et al., 2020

Amini et al., 2019

Wen et al, 2021

Ferro et al, 2019

Oliveira et al, 2019

Mahboubi et al,
2016

Zareet al, 2021

I'azehjani et al., 2021

Seved Ahmadi etal,
2019

Modarresi et al.,

2019

Ghodrati et al,; 2019

Khezri et al,, 2019

Khezri et al., 2019

(Contirtted)
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TABLE5 (Continued)

Essential
oil/essential oil
compound

Bacteria Main compounds

Salvia officinalis L,
(Lamiaceae)

cis-Thujone (26.8%),
camphor (16.4%),
trans-thujone (14.1%) and
1,8-cineole (10.8%)

Satureja sahendica Carvacrol, thymol,

Bornm (Lamiaceae) y-terpinene, p-cymene

Zataria

multiflora Boiss (9.10), y-lerpinene (8. 10%)

{Lamiaceae) and carvacrol (6,80%)

of alpha thujene, alpha-pinene, octanone, terpinene, p-cymene,
carvacrol, and thymol (Amini et al., 2019).

Other research examined the i vitro and in vive
antimicrobial effects of EOs from Pimenia divica (L.) Merr.
and Pimenta racemose (Mill.) J.W.Moore (Myrtaceae) against
A. baumannii (Premachandran and Murthy, 2022), The EOs
showed in vitro antimicrobial and antibiofilm actions against a
range of A. baumannii strains. The authors selected the leaf oils
for in vivo assay using male mice. The excisional wounds were
infected by two successive additions of 10 pl of A. baumannii
suspensions (107 and 108 CFU/ml). The animals were treated
with the EOs and eugenol dissolved in sweet almond oil (5.2 and
2 pg/ml). Interestingly, the administration of Pimenta EOs had
the highest action than eugenol. The authors did not report data

about the wound repair ([smail et al,, 2020).

Pseudomonas aeruginosa
Trans-cinnamaldehyde is an EOC with reported
antivirulence and antimicrobial action against P. aeruginosa.
The in vive antimicrobial effects of Trans-cinnamaldehyde were
analyzed in wounds contaminated by P. aeruginosa (30 pl of
1.5 x 10* CFU/ml). Female Swiss mice (4 months old) were
treated by the EOC solution in Dimethylsulfoxide (DMSO). The
daily administration of trans-cinnamaldehyde modulated the
host inflammatory response and inhibited the bacterial growth.
Interestingly, the authors reported that the EOC actions were
mediated by Transient Receptor Potential Ankyrin 1 (TRPA1)
(Ferro et al., 2019).

The barks of Cinnamomum zeylanicum (Lauraceae) bear an
EO mainly composed of Cinnamaldehyde, eugenol, coumarin,
and O-methoxycinnamaldehyde (Alizadeh Behbahani et al,
2020). Wen (2021) developed and
topical nanostructured lipid carrier (NLC) gel loaded with
C.
407 as a gelling agent. The effectiveness of this formulation

et al characterized

zeylanicum bark EQ using thermosensitive Poloxamer

was evaluated im a model of third-degree burn in male
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Thymol (52.90%), p-cymene
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Formulation Model References
Ointments Excisional wounds in Farahpour et al.,
containing the KO ar BALB/e mice 2020

2 and 4%,

Ointments Excisional wounds in Omarizadeh et al,,
containing the EOQ at BALB/c mice 2021

1, 2, and 4%.

Ointments Excisional wounds in hpour et al.,

containing the EO. BALB/c mice 020

Sprague-Dawley rats. Each wound received an injection of
P. ageruginosa suspension (~7.5 x 10° CFU/ml). The daily
administration inhibited the growth of P. aeruginesa at the
wound tissue and enhanced the skin repair (Wen et al, 2021).

Staphylococcus aureus

The EOQs from Oliveria Decumbens (Apiaceae) and
Pelargonium Graveolens (Geraniaceae) have been reported
as effective against these bacteria (Mahboubi et al, 2011).
These EOs were incorporated in a topical ointment and the
antimicrobial effects were evaluated on MRSA-infected wounds
in male Balb/c mice. In this model, the infection was established
by the application of sutures containing MRSA strain. After
6 hour, the treatment was initiated and was provided three
times a day. The treatment with the herbal formulation
containing both EQ reduced the bacterial load in the wound,
with values similar to those observed in the positive control
(mupirocin ointment). In addition, the EOs-incorporated
ointment enhanced the healing process by collagen deposition.
The major compounds detected in the EOs were thymol and
p-citronellol for O. decumbens and P. graveolent, respectively
(Mahboubi et al., 2016).

Anethum graveolens L. (Apiaceae) is popularly known as
dill and its essential oil (DEOY) is reported as an antimicrobial
agent (Singh et al, 2005). The effects of ointments (90%,
5% hard paraffin and 5%) containing DEQ at 2 or 4% were
evaluated in excisional wounds infected by MRSA in male
BALB/c mice (nine-weeks-old). The wounds were infected with
50 pl of MRSA suspension (5 x 107 CFU/wound) and treated
daily with the ointment. The topical administration of DEO-
ointments promoted the wound contraction and reduced the
bacterial burden. Histological analysis revealed that these effects
were associated with the improvement of re-epithelialization,
angiogenesis and collagen deposition. The animals treated with
DEO-ointments also showed higher expressions of Bel-2, p53,
caspase-3, VEGE, and FGF-2 in comparison to the untreated
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mice. The major compounds of DEO were w-phellandrene,
p-cymene and carvone (Manzuoerh et al., 2019).

The EO from Cymbopogon citratus is another example of EO
which reported in vivo anti-S. aureus activity. In this case, the
EO was incorporated in carbopol at 1% and the formulation was
applied in 8. aureus-infected wounds (0.5 x 10° CFU/wound)
performed in male Wistar mice (3-4 months). The EO used is
mainly composed of Citral (38.66%), Myrcene (13.78%), and
Nerol (2.90%). The treatment with C. citratus EOQ reduced
the bacterial load with the same effectiveness as vancomycin
(Oliveira et al., 2019).

Zare et al. (2021) developed Core-shell electrospun
nanofibers containing the EO from Trachyspermum ammi
(L.) Sprague (Apiaceac) and evaluated them in wounds
contaminated by S. awrews. In this case, the author used
Sprague-Dawley male rats (7-8 weeks old) and the wounds
were infected with 1,000 ul of S. aureus suspension (1-
1.5 x 108 CFU/ml). The major compounds detected in the EO
were Cymene (p) (36.64%), Terpinene (y) (35.98%), Thymol
(18.14%). The formulation showed high efficacy in reducing the
growth of 8. aureus in the wounds and promoted the healing
process (Zare et al., 2021),

Staphylococcus aureus and
Pseudomonas aeruginosa

Mentha x piperita L. (Lamiaceae) is source of an EO (known
as PEO) with antibiofilm and antimicrobial actions against
8. aureus and P. aeruginosa (Husain et al,, 2015; Chraibi et al.,
2021). The in vivo antimicrobial effects of ointments containing
the PEO at 2, 4 and 8% were investigated. In this case, wounds
in male BALB/c mice (12-14 weeks old) were infected by
25 x 107 units of S. aureus and P. aeruginosa. The topical
treatment with PEO-containing ointments reduced the bacterial
load and the expression of some inflammatory mediators (TNE-
o, VEGF and FGF-2), while the genes for CCL2, CXCLL, IL-1p,
TGF-p1, and IL-10 were upregulated. On the other hand, the
PEO-treated wounds showed faster wound contraction than
control animals, due to the increase in fibroblasts migration
and collagen synthesis (Modarresi et al, 2019). PEO loaded
in nanostructured lipid carriers also exhibited efficacy in this
model (Ghodrati et al., 2019).

Similarly, the antimicrobial effects of ointments prepared
with Cinnamon verum essential oil (2 and 4%) were tested in
wounds infected by 5. aureus and P. aeruginosa. The ointments
were prepared using soft yellow paraffin. The excisional
wounds were contaminated with 107 CFU of each bacterium.
C. verum EO-containing ointment accelerated the tissue repair
by inhibiting the inflammation and increasing the collagen
depasition, keratin synthesis and the expression of key genes
(IGF-1, FGF-2, and VEGF expression), The animals treated with
C. verum EO exhibited higher antioxidant power. The major
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compounds presented in the used EO were Cinnamic aldehyde
(54.1%), a-copaene (12.3%), and styrene benzebe, ethenyle (7%)
(Seyed Ahmadi et al, 2019).

Other EOs that were efficient for the treatment of wounds
with mixed infections by §. aureus and P. aeruginosa including
those obtained from Carum carvi L. (Apiaceae) (Tazehjani et al.,
2021), Mentha pulegium L. (Lamiaceae) (Khezri et al., 2019),
Rosmarinus officinalis L. (Lamiaceae) (Khezri et al, 2019), Salvia
officinalis L. (Lamiaceae) (Farahpour et al, 2020), Satureja
sahendica Bornm (Lamiaceae) (Omarizadeh et al, 2021),
Zataria multiflora Boiss (Lamiaceae) (Parahpour et al,, 2020),

Mechanism of resistance, safety
and application of essential oils

The present review deals with the recent development
of EOs/EOCs targeting biofilm amongst ESKAPE pathogens.
Table 3 has elaborated the mode of action of selected EOs/EOCs
but the gathered information is not sufficient and still, several
efforts needed further studies on the mechanism of actions of
individual EOs for a better understanding of the EO% anti-
biofilm mechanisms. In general majority of EO’s mechanisms
of action to inhibit the formation of biofilm as well as
to eradicate matured biofilm involves the action of EQs
by inhibiting QS mechanisms, as well as interacting with
the EPS matrix. Words and phrases like “all-natural” are
safe, not correct that includes diffusing essential oils. Like
other plant compounds safety of essential oils also depends
largely on dosage. Many of the reported essential oils are
reported to have allergic reactions to the skin as well as
“hormone-related health complications” hittps:.//www.cnel.com/
health/are-essential-oils-actually-safe/. Lu et al. (2018) studied
the efficacy of oregano oil against several isolated bacteria with
multidrug resistance as well as in in vive burn infection model
(P. aeruginosa PAO1 and 8, aurens USA 300). An interesting
observation was found that MDR strains could not regain
resistance even up to 20 passages when tested at sub-lethal
concentrations. The effect of oregano oils on the skin of mice
is prominent without any side effects (skin histologically or
genotoxicity). Another experiment on mice model infected with
S. aureus (ATCC #14775), aids in the survival of one-third
treated population for thirty days compared to the control (all
dead within 7 days) when treated with Origanum oil (Preuss
et al., 2005). Yang et al. (2019), studied effects of Arfemisia
vestila oil on mice model infected with Streplococcus pyogenes
and observed significant improvement on respiratory function
of lungs as well as biochemical parameters of blood without
any noticeable toxicity. Table 5, provides details of several
in vivo studies infected with ESKAPE pathogens and most
of these essential oils are effective without any side effects
(Amini et al, 2019 Ferro et al., 2019; Oliveira et al, 2019;
Tazehjani et al, 2021).
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On the other hand, EOs are used for human kinds since
ancient times. Many of the EOs are widely used in food
and cosmetic as well as pharmaceutical industries without
any toxicity. Indeed, it is necessary to study complete toxicity
so as to make the best use of beneficial effects. The prime
rewards of essential oil are its vast collection of aromatic plants
(=3000, of which 300) are known to be safe for humans
by the US. FDA (Lu et al, 2018). Most of these essential
oils are reported to possess antioxidant and antimicrobial
activity, so as to consider green antimicrobials (economically
low cost in crude form, biocompatible, less toxic without any
harm to the environment and most importantly less resistance
toward antibiotics). All these characteristics perfectly suit for
an alternative effective solution for tackling antimicrobial
resistance for ESKAPE pathogens. Morcover, certain limitation
still needs to be addressed and more research needs to
address including the “stability, sclectivity, bio-availability,
biocompatibility or any possible non-target or toxic effects
on the human body or any type of allergy” (Yu et al,
2020),

Conclusions, challenges, and
future perspectives

Compared to the planktonic form of the ESKAPE
bacteria, those found within biofilms are estimated to be
up to 1,000 times less sensitive to antimicrobials. To make
this scenario worse, antibiotic resistance characterizing these
pathogens is an ever-growing global threat. In order to
address these problems, several strategies are being explored
all over the globe especially to eradicate the biofilms of these
bacteria. Some strategies include antimicrobial peptides and
peptoids, bacteriophages and bacteriophage-encoded products
such as endolysins, compounds able to impair biofilm
formation (inhibiting either biofilm structuration or the
quorum-sensing mechanisms regulating the formation of the
biofilm) and immunotherapies (both active and passive), also
drug reuse/resensitization and drug repurposing. Despite the
potential of these strategies, the most important challenge
that must be faced is the possible development of bacterial
antibiotic resistance. This problem may be addressed by
cnmhinjng these slrategies among each other, as well as
with conventional antibiotics. For instance, one of the most
promising alternative approaches is the use of EOs since their
components naturally possess antimicrobial and antibiofilm
activity, EOs can mediate resensitization of the bacteria
to currently available antimicrobials by inhibiting antibiotic
resistance mechanisms; another example is connected to the
capability of phages to disrupt the matrix of the biofilm, making
it permeable to antibiotics. New combinations of different
approaches must be investigated as well, in order to broaden
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the therapeutic options for eradication of ESKAPE-biofilm
mediated infections.
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Group B Streptococcus (GBS) is a Gram-positive bacterium able to switch from a
harmless commensal of healthy adults to a pathogen responsible for invasive infections
in neonates. The signals and regulatory mechanisms governing this transition are stil
largely unknown. CodY is a highly conserved global transcriptional regulator that links
nutrient availability to the regulation of major metabolic and virulence pathways in low-
G+C Gram-positive bacteria. In this work, we investigated the role of CodY in BM110,
a GBS strain representative of a hypervirulent lineage associated with the majority of
neonatal meningitis. Deletion of codY resulted in a reduced ability of the mutant strain
to cause infections in neonatal and adult animal models. The cbserved decreased
in vivo lethality was associated with an impaired ability of the mutant to persist in the
blood, spread to distant organs, and cross the blood-brain barrier. Notably, the codY
null mutant showed reduced adhesion to monolayers of human epithelial cells in vitro
and an increased ability to form biofilms, a phenotype associated with strains able to
asymptomatically colonize the host. RNA-seq analysis showed that CodY controls about
13% of the genome of GBS, acting mainly as a repressor of genes involved in amino
acid transport and metabolism and encoding surface anchored proteins, including the
virulence factor Srr2. CodY activity was shown to be dependent on the availability of
branched-chain amine acids, which are the universal cofactors of this regulator. These
results highlight a key role for CodY in the control of GBS virulence.

Key is: group B S
regulation of gene expression, pathogenesis

lactiae, CodyY, Srr2, bacterial meningitis, RNA-Seq, global

INTRODUCTION

Group B Streptococcus (GBS, Streptococcus agalactiae) is the leading cause of sepsis and meningitis
in neonates (Thigpen et al., 2011; Okike et al, 2014). Maternal vaginal colonization during
pregnancy represents the principal risk factor for GBS transmission to the newborn through
in utero ascending infections or aspiration of contaminated amniotic or vaginal fluids during
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delivery. Vertically acquired neonatal infections lead to early-
onset (0-7 days of life) invasive disease manifesting as pneumonia
that rapidly progresses to sepsis (Edmond et al., 2012; Patras
and Nizet, 2018). GBS can also cause late-onset disease that
manifests between 7 and 90 days of life with bacteremia and a
high complication rate of meningitis (Tazi et al., 2019).

Group B Streptococcus is capable of causing these diverse
clinical manifestations thanks to its capacity to invade different
host niches and adapt to various environmental conditions.
This versatility is made possible by the activity of several
transcriptional regulators which, in response to environmental
signals, control the expression of proteins involved in nutrient
acquisition, adhesion, virulence, and immune evasion (Rajagopal,
2009; Thomas and Cook, 2020).

CodY is a global transcriptional regulator highly conserved in
nearly all low-G+C Gram-positive bacteria, including the genera
Bacillus, Lactococcus, Streptococcus, Listeria, Staphylococcus,
Clostridium, and Clostridioides (Guédon et al, 2005; Lemos
et al, 2008; Dineen et al, 2010; Kreth et al, 2011; Lobel
et al, 2012; Belitsky and Sonenshein, 2013; Brinsmade et al.,
2014; Feng et al., 2016; Waters et al., 2016; Geng et al., 2018).
In these organisms, CodY directly and indirectly controls the
expression of hundreds of metabolic genes in response to
nutrient availability (Sonenshein, 2005). In pathogens, CodY
regu]ates also critical virulence determinants and, therefore,
links nutrient availability and metabolism to pathogenesis in
a species-specific manner. The nutritional status of the cell
is monitored by CodY by its interaction with two ligands:
branched-chain amino acids (BCAAs) (Guedon et al., 2001;
Shivers and Sonenshein, 2004; Brinsmade et al., 2010) and
GTP (Ratnayake-Lecamwasam et al, 2001; Handke et al,
2008). However, while BCAAs are universal cofactors of CodY,
GTP was not found to be involved in CodY activation in
Lactococcus (Petranovic et al,, 2004) and Streptococcus species
(Hendriksen et al, 2008). Once activated by binding to its
cofactors, CodY binds DNA at sites characterized by a 15-nt
canonical consensus binding motif “AATTTTCWGAAAATT”
(den Hengst et al,, 2005; Belitsky and Sonenshein, 2013; Biswas
et al, 2020). As the intracellular pools of BCAAs change, the
hundreds of genes whose expression is controlled by CodY
are expressed in a hierarchical manner, reflecting the choice
of turning on specific metabolic pathways ahead of others
(Brinsmade et al., 2014; Waters et al,, 2016). In many cases, the
hierarchy of gene expression stems in part from the interplay
between CodY and other transcriptional regulators. That is,
many direct targets of CodY regulation are also controlled
by other factors and the expression of several transcriptional
regulators is Cod‘{fregulated. Consequently, regulatory circuits
interlinking different pathways are created (Belitsky et al., 2015;
Barbieri et al., 2016).

In this work, we aimed at providing the first global analysis
of the CodY regulon in GBS and at investigating the role of
this regulator in controlling and coordinating metabolism and
virulence in this bacterium. To this purpose, a capsular serotype
II strain belonging to the hypervirulent clonal complex 17
(CC17, as defined by Multi Locus Sequence Typing analysis) was
employed. Thislineage is responsible for the vast majority of cases
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of neonatal GBS —elicited meningitis worldwide (Manning et al.,
2009; Joubrel et al., 2015; Seale et al., 2016).

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Growth
Conditions

Bacterial strains and plasmids used in this work are listed in
Table 1 and Supplementary Table 1, respectively. Employed
primers are listed in Supplementary Table 2. GBS was cultured
in Todd Hewitt (TH, Difco Laboratories) supplemented with
5 g/liter of yeast extract (THY) or in chemically defined medium
(CDM, Supplementary Table 3) (Willett and Morse, 1966) at
37°C, 5% COg, steady state. E. coli strains were cultured in
Luria Bertani (LB) broth at 37°C. Antibiotics were used at the
appropriate concentrations. For E. coli: kanamycin 50 jg/ml;
erythromycin 150 pg/ml. For GBS: kanamycin 1 mg/ml;
erythromycin 10 pg/ml.

Strains Construction

The pGl-AcodY vector used to create the AcodY derivative
of BM110 (AcodY) was constructed by Gibson assembly
(NEBuilder HiFi DNA Assembly Cloning Kit, New England
Biolabs) with PCR amplified genomic regions located upstream
and downstream of codY, using pG1_codYUpF + BM_codYFusR
and BM_codYFusF + pGl_BM_codYDwR primers, and an
inverse PCR fragment obtained with the pGIR and pGIF
oligonucleotides on the temperature-sensitive pGl plasmid

TABLE 1 | Bacterial strains used in this work.

S. agalactiae

Strain Relevant genotype Plasmid Source or
Reference

BM110 Serotype Ill, ST-17, Tazi et al., 2010

human hypervirulent
clinical isolate
AcodY BM110 carrying an This work
in-frame codY deletion

BM1102 BM110 pTCVQPa This work

BM1103 BM110 RPTCVQPt_codY This work

Bi1104 AcodY pTCVQP 4 This work

BM1105 AcodY PTCVQPe_codY This work

BM1106 BM110 pTCVlacZ JivKp220 This work

BM1107 AcodY pTCVlacZ_IvKp220 This work

BM1114 BM110 pTCVlacZ_livKp1-220 This work

BM1115 AcodY pTCViacZ_iivKp1-220 This work

E. coii

Strain Genotype Source or
reference

XL-1 Blue recA1 endA 1 gwA9E thi-1 hsdR17 supF44 Agilent

relA? fac [F i
proAB lacl® ZAM15 Tni0 (Tet')]
BL21 DE3 B F-ompT gal dem lon hsd'SB(iB-mB-) w(DE3

Jacl lacUVS-T7p07 ind1 sam7 nin5j)
[malB+]JK-12(1.5)
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(Mistou et al., 2009). The three PCR fragments were fused by
Gibson assembly and electroporated into E. coli XL1 blue. The
obtained pGl-AcodY plasmid was verified by sequencing and
then electroporated in GBS. Transformants were selected at
30°C on TH plates supplemented with erythromycin. Plasmid
integration and excision were performed as previously described
(Biswas et al,, 1993). The resulting in-frame deletion of codY on
genomic DNA was verified by Sanger sequencing using external
primers COH1_1525FUp and COH1_1527RDw.

To complement the codY deletion, the codY gene was
amplified with oligonucleotides pTCV_codYF_Bam and
pTCV_codYR_Pst, using BMI110 chromosomal DNA as
template, The obtained {ragment was cloned between the BamHI
and Pstl sites of the pTCVQP ¢ vector {Buscetta et al., 2016). The
resulting pTCVQP_codY plasmid was verified by sequencing
and used to electroporate wild-type (WT) and AcodY strains,
thus obtaining BM1103 and BMI1105, respectively (Table 1).
Two control strains (BM1102 and BM1104) were prepared by
electroporation of the empty pTCVQP; plasmid into WT and
AcodY strains. Transformants were selected on TH agar plates
supplemented with kanamycin.

Construction of lacZ Transcriptional

Fusions and p-Galactosidase Assays

To prepare the pTCV-lacZ_livKpao plasmid (Supplementary
Table 1), a 269 bp fragment comprising the regulatory region
and the first 27 nucleotides of the livK gene was amplified
with primers livKp220F and livKp220R using the BM110
chromosomal DNA as template. The obtained amplicon was
inserted by Gibson assembly between the EcoRI and BamHI
restriction sites of plasmid pTCV-lacZ (Poyart and Trieu-Cuot,
2006), upstream of the lacZ gene.

To create pTCVlacZ_livKpi-220, a 196 bp product containing
the 5 part of the livK regulatory region was amplified by
using oligonucleotides livKp220F and mutagenic oligonucleotide
livKplR. A 125 bp fragment comprising the 3’ part of the
regulatory region and the first 27 bp of the /ivK coding
sequence was synthesized by using mutagenic oligonucleotide
livKp1F and livKp220R as reverse primer. The two mutagenized,
partially overlapping (52 bp overlap) PCR products and the
EcoRI/BamHI digested pTCV-lacZ plasmid were then fused by
Gibson using the NEBuilder HiFi DNA Assembly Cloning Kit
(New England Biolabs).

B-galactosidase specific activity was determined as previously
described (Trespidi et al., 2020).

Time-Lapse Microscopy and Single-Cell
Image Analysis

Agarose pads (Young et al, 2011) spotted with 5 pl of a
1:10 dilution of GBS cell cultures collected at mid-log phase
of growth (OD600 0.5 in THY medium) were flipped and
transferred to an imaging dish sealed with parafilm. Time-
lapse imaging was performed using a Leica DMi8 widefield
microscope, equipped with a 100 oil immersion objective (Leica
HC PL Fluotar 100x/1.32 OIL PH3), a Leica DFC9000 sCMOS
camera and driven by Leica LASX software. Experiments were
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performed using an environmental microscope incubator set at
37°C and bacteria were imaged in phase contrast, every 5-min
and up to 6 h. Manual segmentation of individual cells and
analysis of image stacks were performed using the Image] 1.52a
software, as previously described (Manina et al., 2015). Data were
analyzed using Prism 9.

RNA Preparation and Quantitative
Real-Time-PCR

Group B Streptococcus total RNA was extracted from cells
collected at mid-exponential phase of growth using the Quick-
RNA Fungal/Bacterial Miniprep Kit (Zymo Research) as per
the manufacturer’s instructions. Traces of genomic DNA were
removed from samples using the Turbo DNA-free DNase
treatment and removal kit (Ambion). Reverse transcription
and quantitative real-time PCR (qRT-PCR) experiments were
performed in a single step using the iTaq Universal SYBR Green
One-Step Kit (Bio-Rad). The reactions were performed in 20 pl
volumes using 4 ng of DNAse I treated RNA and 400 nM primers
targeting livK, braB, brnQ, and gyrA (used as reference gene).

RNA-Sequencing and Analysis

RNA-Seq was performed on four independent biological
replicates for each strain. rRNA was depleted using the QIAseq
FastSelect —55/165/23S Kit (QIAGEN). RNA was sequenced
using Illumina sequencing technology (BMR-Genomics, Padua).
For RNA-Seq data analysis, raw reads were quality checked
using FASTQC' and processed by Trimmomatic (Bolger et al,,
2014) to trim the adaptor sequences and remove low-quality
reads. Clean reads were mapped onto the reference genome
of Streptococcus agalactize BM110 (Accession: NZ_LT714196.1)
using Bowtie2 (Langmead, 2010). To quantify the known
transcripts, the alignment results were input into featureCounts
(Liao et al., 2014). Lastly, the R package DESeq2 (Love et al,,
2014) was used to test for differential expression. We defined
genes as differentially expressed using the following criteria: |
Log2 Fold Change| = 1 and adjusted p-value FDR < 0.05.
Prediction of orthologous groups was performed using COGnitor
(Tatusov, 2000).

Mammalian Cell Culture and Epithelial
Cell Adhesion Assays

A549 cells and HeLa cells were routinely grown in 75 cm? flasks
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) at 37°C in 5% CO,. Cells
were seeded at 2 x 10% cell density per well in 24-well tissue
culture plates and cultured in DMEM without antibiotics for 24 h.
Bacteria grown to the mid-log phase were added to confluent
monolayers at a multiplicity of infection of 10. After a 2-h
incubation, monolayers were washed three times with PBS to
remove the non-adherent bacteria, lysed, and serial dilutions
of the cell lysates were plated to enumerate cell-associated
bacteria. Percent of adhesion of each strain was calculated as
follows (number of CFUs on plate)/(number of CFUs of initial

"https://qubeshub.org/resources/fastqe
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inoculum) x 100. Percentage of adhesion was normalized to the
WT strain, set at 100%.

Biofilm Formation Assay
For bacterial biofilm formation assays, a 1:20 dilution of an
overnight culture grown in TH broth supplemented with 1%
glucose and the appropriate antibiotic was used to inoculate
(100 pl/well) a 96-well Tissue Culture Treated plate (16 technical
replicates per strain). Non-adherent bacteria were removed by
washing with PBS after 6 h of incubation at 37°C, 5% CO;.
Crystal violet staining was performed as previously described
(Trespidi et al, 2021) after 19 h of incubation in TH + 1%
glucose medium (37°C, 5% CO,). Biofilm growth was evaluated
by reading absorbance at 595 nm and normalizing the obtained
value to the OD600 of the culture in the well.

For confocal microscopy analysis of biofilms, bacterial
overnight cultures in TH broth supplemented with 1% glucose

Role of CodY in GBS

and the appropriate antibiotic were diluted in the same medium
to an ODgop 0.05 (about 1 x 107 CFU/mL) before being
added to a four-well Nunc Lab-Tek II Chambered Coverglass.
Non-adherent cells were removed after 6 h. After overnight
growth, biofilms were washed twice with PBS and stained
with 5 uM Syto 9 (Invitrogen). Cells were imaged with a
Leica TCS SP8 confocal microscope equipped with a Leica
DMi8 inverted microscope, a tunable excitation laser source
(White Light Laser, Leica Microsystems, Germany), and driven
by Leica Application Suite X, ver. 3.5.6.21594, using a 63x
oil immersion objective (Leica HC PL APO CS2 63X/1.40).
Images were acquired using a 488 nm laser line as an excitation
source, and the fluorescence emitted was collected in a 500-
540 nm range for Syto 9 as previously described (Trespidi
et al, 2020). Biofilm images were visualized and processed
using Image]. Biofilm parameters were measured using the
COMSTAT 2 software (Heydorn et al, 2000). All confocal

A 10 -2.0%10°
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=-ajeody’ L1.5%10°
1
H]
2 L1 0x10°
8
0.1
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BM110 and AcodY cells during time-lapse microscopy. Scale bar is 5 um.
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FIGURE 1 | Deletion of codY does not affect cell growth but is associated ta a smaller cell size and colony maorphology. (A) Growth of the BM110 strain (WT) and of
the isogenic codY deletion mutant (AcodY) in THY rich medium, evaluated as absorbance at ODggp {left axis) and cfu/ml (right axis). Data. are the average + SD of
two independent experiments {(B). Single cell area measursments (um?] of 50 cells of sach strain. Reported data refer to two independent experiments. Statistically
significant differences are indicated (Welch's i-test). (C) Colcnies of the WT and AcodY strains grown on THY agar plates. (D) Contrast-phase image stacks of
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scanning laser microscopy experiments were performed three
times and standard deviations were measured.

Cloning, Overproduction, and

Purification of CodY

The codY CDS was amplified with primers pET_GBS_codYF
and pET_GBS_codYR. The obtained fragment was inserted by
Gibson assembly between the EcoRI and BamHI sites of plasmid
pET28a. The CodY protein with an N-terminal 6X-His tag was
produced in E. coli BL21 DE3 cells by IPTG (0.5 mM) induction
at 28°C overnight. CodY protein was purified as previously
described (Alfeo et al., 2021), and protein concentration was
measured by Bradford protein assay (Bio-Rad).

Fragments Labeling and Electrophoretic
Mobility Shift Assay

To be used as probes in gel-shift experiments, PCR products
containing the regulatory region of the [ivK gene were
amplified using the appropriate pTCV-lacZ derivative plasmid as
template and the 5FAM labeled, vector-specific primers Vlacl-
FAM and Vlac2-FAM.

FAM-labeled fragments (50 nM) were incubated with
increasing concentrations of CodY and electrophoretic mobility
shift assays were performed as previously described (Barbieri
et al, 2015). When indicated, BCAAs were added to the final
concentration of 10 mM in the CodY-binding reaction mixture.
Ten mM each isoleucine, leucine, and valine were also added
to the 5% non-denaturing Tris-Glycine polyacrylamide gel and
electrophoresis buffer.

Mouse Infection Models

In the neonatal model, 48-h-old mice of both sexes were
inoculated subcutaneously with 8 x 10* CFU of the WT or
the AcodY strain, as previously described. Mice showing signs
of irreversible disease, such as diffuse redness spreading from
the infection site, were humanely euthanized. In the adult
model of GBS sepsis, 8 week-old female mice were inoculated
intraperitoneally with 5 x 10® CFU of the WT or the AcodY
strain, as previously described (Biondo et al, 2014). In the
meningitis model, 8 week-old female mice were inoculated
intravenously 1 x 107 CFU of WT or the AcodY strain, as
previously described (Lentini et al,, 2018). Mice showing signs
of irreversible disease, such as prolonged hunching, inactivity,
or neurological symptoms were humanely euthanized. In further
experiments, mice were euthanized at 16 h after challenge and
bacterial burden was determined in organ homogenates, as
previously described (Fama et al., 2020).

In vivo and in vitro Cytokine Induction

Female mice of 8 weeks of age were infected intraperitoneally
with 1 x 10° CFU of the WT or the AcodY strain. Mice
were treated at 30 min post-challenge with penicillin (500 [U
i.p.) to prevent bacterial overgrowth. Peritoneal lavage fluids
were collected at the indicated times and analyzed for cytokine
levels as previously described (Mohammadi et al., 2016). For
in vitro cytokine induction, bone marrow-derived macrophages
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were obtained from 8-week-old female mice and cultured in the
presence of M-CSF as previously described (Lentini et al., 2021).
Macrophage cultures were then stimulated for 1 h with GBS
grown to the late exponential phase at the indicated multiplicities
of infection (MOI). Cultures were then treated with penicillin
and gentamycin (100 IU and 50 pg/ml) to kill extracellular
bacteria and supernatants were collected at 18 h after culture,
as previously described (Lentini et al., 2021). Cytokine levels
were measured in peritoneal lavage fluid samples or culture
supernatants by ELISA, using Mouse TNF-alpha DuoSet ELISA
DY410, Mouse 1L-1 beta/IL-1F2 DuoSet ELISA DY401, Mouse
CXCL2/MIP-2 DuoSet ELISA DY452, Mouse CXCL1I/KC DuoSet
ELISA DY453 (R&D Systems).

RESULTS

CodY Is Required for in vivo Virulence of

Group B Streptococcus

A marker-free, in-frame deletion of the codY gene was created
by allelic replacement in the CC17 wild-type strain BM110 (WT).
The resulting AcodY mutant showed no growth defects in rich
THY liquid medium (Figure 1A). However, AcodY cells showed
a 10% reduced cell size and formed smaller colonies compared to
the WT strain (Figures 1B-D), similarly to what was previously
observed in codY-deleted mutants in other bacteria (Majerczyk
et al., 2008; Geng et al., 2018).

To assess the in vivo impact of CodY on the ability of GBS
to sustain infection, we determined the virulence properties of
the AcodY strain in several models of infection that closely
mimic features of human infections (Magliani et al, 1998;
Cusumano et al., 2004). In the first murine model of neonatal
GBS sepsis, bacteria replicate at the inoculation site and spread
systemically to the blood and distant organs. Newborn mice
infected subcutaneously with the WT strain showed signs of
irreversible infection within the first 24 h after challenge and
were humanely euthanized. In contrast, nearly all neonates
infected with the AcodY strain survived and remained in good
conditions until the end of the experiment (Figure 2A). In
further studies, newborn mice were infected as above, and the
organs were collected at 14 h after challenge. As shown in
Figures 2C,E,G, considerable bacterial burden was detected in
the blood, brain, and liver of all animals infected with WT GBS,
while low bacterial numbers or no bacteria were present in the
organs from mice infected with the codY-deleted strain. These
data indicated that, in the absence of CodY, GBS is unable to
replicate locally in vivo and to spread hematogenously to distant
organs. Since GBS infections are being increasingly reported
in adults, we sought to confirm the data obtained in newborn
mice in an adult sepsis model. As shown in Figure 2B and
Supplementary Figures 1A-E, all adult mice intraperitoneally
inoculated with the codY-deleted strain survived while all mice
infected with W'T bacteria succumbed to overwhelming infection,
confirming the results obtained in neonates. In view of the clinical
importance of meningoencephalitis in the context of CC17 GBS
infection, we also looked at the role of CodY in the ability of
GBS to cross the blood-brain barrier using a meningoencephalitis
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FIGURE 2 | CodY is necessary during neonatal and adutt infections. (A) Lethality of newborn mice (8 per group) infected subcutaneously with 8 x 10° of the WT
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bars indicate mean log CFU values. (B) Lethality of adult mice (8 per group) infected intraperitoneally (IP) with 5 x 10% of the WT strain or AcodY mutant. (D)
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model in which bacteria are inoculated intravenously. Under
these conditions, the AcodY mutant displayed a considerably
decreased ability to persist in the blood and to cause lethal
encephalitis compared to WT bacteria (Figures 2D,EH).

Deletion of CodY Does Not Impact the
Host Cytokine Response to Group B

Streptococcus Infection

To investigate whether the reduced virulence of GBS in
the absence of CodY could be related to altered induction
of pro-inflammatory cytokines, we used a sepsis model in
which mice are infected intraperitoneally and cytokine levels
are measured in peritoneal lavage fluid samples at different
times after challenge. To avoid bacterial overgrowth, penicillin
was administered at 30 min post-challenge. Under these
conditions, TNF-a, IL-1f, Cxcll, and Cxcl2 levels rapidly
increased, to reach peak levels at 3 h after challenge with a
WT strain (Supplementary Figures 2A-D). However, similar
cytokine levels were detected in mice infected with the WT and
AcodY strains. Similarly, no differences were detected in TNF-a
or IL-1p induction in peritoneal macrophages stimulated with the
two strains (Supplementary Figures 2E,F).

CodY Contributes to Group B
Streptococcus Adhesion to Epithelial

Cells

Adhesion to host cells and tissue colonization are necessary
for the establishment of a successful infection. Deletion of
codY resulted in a 50% decrease in adherence to human
epithelial cervix adenocarcinoma (HeLa) and human epithelial
lung carcinoma (A549) cell lines compared to the WT strain
(Figure 3). Complementation of codY deletion by plasmid-
mediated expression of codY under the control of the constitutive
Ptet promoter restored adhesion to levels similar to the WT

strain. Plasmid-mediated CodY expression in the WT strain did
not affect the adhesion ability of the parental strain.

CodY Controls the Ability of BM110 to

Form Biofilms

The role of CodY in the ability of GBS to form biofilms was
evaluated by crystal violet staining (Figure 4A) and confocal
laser scanning microscopy (Figure 4B). While the WT strain
formed a weak biofilm, the codY-deleted mutant formed a
thicker, more compact biofilm able to completely cover the
surface of the well and of the chambered coverglass (Figures 4B—
D). The biofilm-forming ability was significantly reduced after
complementation of the codY deletion. Eradication experiments
revealed that biofilms formed by the AcodY mutant were strongly
reduced by treatment with proteinase K, while DNAse I was less
effective against the biofilm biomass (Figure 4A). These results
suggest that extracellular proteins are a major constituent of the
AcodY biofilm.

CodyY Is a Global Regulator of Gene
Expression in Group B Streptococcus

To determine the transcriptional changes associated with codY
deletion, an RNA-Seq experiment was performed on WT
and AcodY bacteria during exponential growth in rich THY
medium, i.e., under conditions of maximal CodY activity. A total
of 277 genes (out of 2,128 analyzed genes) were differentially
expressed at least twofold (adjusted p-value < 0.05) in the
AcodY strain, demonstrating a global regulatory role for CodY
(Supplementary Datasets 1A-C). Among these, 256 genes
were up-regulated (Supplementary Dataset 1B) and 21 genes
were down-regulated (Supplementary Dataset 1C) in the
mutant, supporting a role for CodY mainly as a repressor of
gene expression (Figure 5A). Overall, fold changes associated
with negative regulation were higher than those associated
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area occupied by biofilm distribution (D). Data are the average + SD of the results from three independent replicates. :

Role of CodY in GBS

Protease treated AcodY

. WT
Bl AcodY
Il AcodY + codY

Hl Protease treated
AcodY

*p< 0.05, ****p < 0.0001 (one-way ANCVA

with positive regulation. Notably, 55% (140/256) of the over-
expressed genes were located in four prophages. The 98 genes
whose expression was affected by codY deletion at least fourfold
(94 up-regulated and 4 down-regulated genes) (Supplementary
Datasets 1D,E) could be classified into seventeen categories
by the Cluster of Orthologous Genes (COGs) analysis
(Supplementary Dataset 2 and Figure 5B). Among these,
the most represented groups included genes involved in “amino

acid transport and metabelism,” “cell wall/membrane/envelope
»

biogenesis,” and “mobilome: prophages, transposons.”

in Microbiology

n.org

Specifically, ~ CodY-repressed  genes  (Supplementary
Dataset 1D and Figure 5A) included those encoding BCAAs
transporters (braB, brnQ, all the genes belonging to the livK-G
operon), the (oligo)peptide permease OppAl-F adhesins,
and serine peptidases anchored to the cell wall through the
f, as well as proteins involved in DNA replication,

LPxTG motif
recombination, and repair. Interestingly, the genes of the cas
operon, involved in adaptive immunity, were among the ones
more intensely up-regulated in the AcodY mutant. Notably, the
operon encoding for the CC17-specific virulence factor Srr2 was
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FIGURE 5 | (4) Volcano plot of the AcodY transcriptome at mid-exponential phase in THY. Each dot represents a gene with its RNA-seq fold change and adjusted
p-value calculated from four independent replicates. Genes showing a significant differential expression in the AcodY strain (adjusted p-value < 0.05} are
represented in blue (-2 = log2FC = -1 or 1 =< log2FC = 2) and red (log2FC < -2 or log2FC > 2) according to their fold change relative to the WT strain. Black dots
represent genes whose expression is not affected by cod¥ deletion (-1 < log2FC < 1; adjusted p-value < 0.05). Green dots correspond to non-significant (adjusted
p-value > 0.05) differentially transcribed genes. (B) COGs associated to downregulated and upregulated genes.

over-expressed in the absence of CodY. On the contrary, the gene
encoding the CAMP factor pore-forming toxin Cfb was under
positive regulation by CodY (Supplementary Dataset 1E and
Figure 5A).

Using the FIMO Motif Search Tool (Grant et al., 2011), the
genome of BM110 was scanned to search for sequences matching
the conserved AATTTTCWGAAATT CodY binding motif. One
hundred and one matches were retrieved from the genomic
regions located upstream of the coding sequences of the genes,
using a p-value lower than 0.0001. At least one of these sites was
located in the proximity of the coding sequence of eighteen genes
differentially expressed in the AcodY strain (Supplementary

Datasets 1A-D and Supplementary Table 4), predicting that
these genes might be targets of direct CodY-mediated regulation.

Group B Streptococcus CodY Controls
Gene Expression in Response to
Branched-Chain Amino Acid Availability

As BCAAs (isoleucine, leucine, and valine, ILV) are universal
positive cofactors of CodY (Richardson et al, 2015), the
expression of CodY-dependent genes is expected to change in
response to the availability of these amino acids. To test this
hypothesis, the expression of CodY-regulated genes was analyzed
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FIGURE 6 | CodY activity is dependent on branched-chain amino acids availability. (&) Growth of the WT (gray) and AcodY mutant (black) in CDM supplemented
with high (1500 M) and low (50 M) ILV concentrations. Reported data are the average + SD of two independent experiments. (B) Expression analysis by qRT-PCR
of the genes lwK, braB, and bimQ in the WT and Acod¥ mutant grown under high and low ILV concentrations. Gene expression is normalized to the expression of
the housekeeping gyrA gene. Asterisks denote statistically significant differences as assessed by One-way ANOVA analysis *p < 0.05, **p = 0.001, ****p = 0.0001

by qRT-PCR in WT and AcodY cells grown to mid-log phase
in CDM (Willett and Morse, 1966) containing a mix of all
amino acids and supplemented with high (1,500 pM) or low
(50 M) concentrations of ILV. As GBS is unable to synthesize
the precursors of most amino acids, including the BCAA (Glaser
et al., 2002), ILV cannot be omitted from the growth medium.
Under both conditions tested, the two strains showed similar
growth kinetics, displaying approximately a two-fold increase in
their doubling time compared to growth in rich, THY medium
(Figure 6A). Three genes encoding BCAAs transporters and
identified by RNA-Seq analysis (Supplementary Dataset 1D and
Figure 5A) and qRT-PCR (Supplementary Figure 3) as subjected
to different levels of CodY-mediated repression during growth
in rich THY medium were included in the analysis. In the WT
strain, transcription of all three genes increased when BCAA were
less abundant in the defined medium, in accord with expected
decrease in CodY activity. All three target genes were further
and significantly over-expressed in the AcodY mutant compared
to the WT strain under both conditions tested, however, the
extent of this overexpression was higher in /ivK (82-fold and
11-fold increase in CDM + 1500 pM and in CDM + 50 uM ILV,
respectively) and lower in braB (3.4-fold and 2.3-fold increase in
CDM + 1500 uM and in CDM + 50 uM ILV, respectively) and
brnQ (4.8-fold and 2.8-fold increase in CDM + 1500 uM and in

CDM + 50 uM ILV, respectively) (Figure 6B and Supplementary
Table 5). The high level of gene expression in the AcodY mutant
was not affected by ILV levels. The obtained results in the
WT strain suggest that, as the levels of BCAAs decrease, the
expression of CodY-repressed genes increases in a gene-specific
manner (Figure 6B).

Direct Transcriptional Repression of the
livK-G Operon by CodY

The mechanism of CodY-mediated regulation of the hvK-
G operon, encoding an ABC-type BCAAs transporter, was
investigated. Two putative CodY-binding motifs, with three and
two mismatches to the consensus sequence, were identified by
FIMO analysis at positions from —64 to —50 and from —31
to —17 respectively, with respect to the transcription start site
(Mazzuoli et al., 2021) of the livK gene, the first gene of the
operon (Figure 7A).

An electrophoretic-mobility shift assay (EMSA) was
performed using purified CodY and a 6-carboxyfluorescein
(FAM) labeled fragment encompassing the livK regulatory region
from position —168 to 452 with respect to the transcription
start site of the gene (Figure 7A). In the presence of 10 mM ILV,
CodY bound the livK fragment with an apparent equilibrium
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point (Mazzucli et al., 2021}, The transcription start site, —10 and —35 promoter regions, and the starting codon of the ivK CDS are in beldface. The directions of
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shown above the sequence. (B) Electrophoretic mobility shift assays (EMSA) for binding of CodY to the liviK regulatory region. CodY and the WT fivKpazn fragment
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dissociation constant (Kp) of =50 nM (here, Kp reflects
the concentration of CodY required to shift 50% of DNA
fragments under conditions of vast protein excess over DNA)
(Figure 7B). When ILV were omitted from the binding mixture,
affinity of CodY for the livK regulatory region decreased (KD
~2150 nM), suggesting that BCAAs enhance CodY activity.
Specificity of CodY binding was assessed by competitive and
non-competitive binding assays in the presence of ILV and
18-fold excess of unlabeled specific or non-specific competitor
DNA, respectively (Figure 7C).

A lacZ transcriptional fusion (livKpaso-lacZ) including the
region spanning from position —168 to +52 with respect to the

livK transcription start site was constructed using the pTCV-
lacZ plasmid (Poyart and Trieu-Cuot, 2006). Under conditions of
maximal CodY activity, during the exponential phase of growth
in THY medium, expression of the lvKpap-lacZ fusion was
about 400-fold higher in the codY-null mutant strain, BM1107,
than in the WT strain, BM1106 (Table 2). A two-nucleotide
substitution mutation was introduced at positions —22 and
—23 with respect to the livK transcription start site, within the
putative CodY-binding site located immediately upstream of the
livK coding region (livKplag-lacZ). The pl mutation, aimed
at decreasing the similarity of the motif to the CodY-binding
consensus sequence, strongly reduced the affinity of CodY for the

Frontiers in Microbialogy | www.frontiersin.org

April 2022 | Volume 13 | Article 881549

177



List of original manuscripts

Pellegrini et al

livK regulatory region (Figure 7C) and abolished CodY'’s ability
to repress the livK promoter (Table 2).

DISCUSSION

In this study, we showed that the global transcriptional
regulator CodY is essential for GBS virulence in several animal
models of infection.

In low-G4+C Gram-positive pathogens, this conserved
transcriptional regulator coordinates metabolism and virulence
in response to nutrient availability (Brinsmade, 2017). While
CodY controls global metabolism in a generally conserved
manner, genes involved in virulence are subjected to species-
specific modes of regulation, depending on the occupied
niche during infection and on the type of interaction that the
bacterium establishes with the host. In S. aureus and C. difficile
CodY strongly represses virulence genes, so that their expression
is activated only when BCAA levels are low (Dineen et al., 2007,
2010; Majerczyk et al., 2008, 2010; Waters et al,, 2016). On
the contrary, in Bacillus anthracis and Listeria monocytogenes
virulence is positively controlled by CodY (van Schaik et al,
2009; Chateau et al., 2011; Lobel et al., 2012, 2015). While
understanding the function of CodY in S. preumoniae is
complicated by the codY essentiality in this important human
pathogen (Caymaris et al., 2010), a role for this regulator in the
control of virulence was demonstrated in other Streptococcal
species (Malke et al., 2006; Lemos et al., 2008; Kreth et al., 2011;
Feng et al,, 2016; Geng et al,, 2018).

Here, we confirmed that codY is not essential for the growth of
GBS in complex or chemically defined liquid medium (Hooven
et al,, 2016) but is required in vivo. The reduced ability of the
AcodY mutant to cause infection is associated with a lower
ability to disseminate, colonize host tissues, persist in blood and
cause meningitis. This reduced virulence is not associated with an
altered cytokine response in the host but is related to pleiotropic
effects of the codY deletion, such as the decreased ability of the
mutant strain to bind to human epithelial cells in vitro and the
increased ability to form biofilm. Of note, while strains of the
CCl7, responsible for neonatal invasive infections, are generally

TABLE 2 | Expression of livK-facZ fusions®.

Strain Relevant Fusion f-galactosidase activity®
o Y i o 7
Miller Units® %P  Repression®

ratio
BM1106  wild-type IivKpgpg-lacZ 047 £0.07 0.3 393.62
BM1107 AcodY 185+ 19.02 100.0
BM1114  wild-type  IWKplapg-lacZ 157.6 +£0.85 97.3 1.03
BM1115 AcodY 1619 +6.86 100.0

#B-galactosidase activity s reported in Miller Units. Data are the average + SD of
fwo independent experiments, each performed in dupficate.

bg-galactosidase activity of each fusion in the codY-delefed strain was
normalized to 100%.

“The repression ratio is the ratio of expression values for the corresponding fusions
in the codY null mutant in and wild-type strain.
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weak biofilms formers, the ability to form strong biofilms is a
common phenotype of strains able to asymptomatically colonize
the host (Parker et al., 2016). As proteins appear to play a major
role in promoting AcodY biofilm structural stabil ity, it is possible
to speculate that surface proteins involved in bacterial adherence
and encoded by genes that are repressed by CodY (e.g., Srr2,
FbsB, and ScpB3) might be required for biofilm formation in GBS
(Park et al,, 2012).

The transcriptomic analysis in GBS strengthens the conserved
role of CodY as a global regulator of metabolism, with genes
encoding functions involved in the uptake of amino acids
and oligopeptides subjected to the highest level of regulation.
As genes required for the biosynthesis of precursors of most
amino acids, including BCAAs, are missing in the genome of
GBS, this bacterium relies on transporters and peptidases for
amino acids metabolism (Milligan et al., 1978; Glaser et al,
2002). The capacity to take up exogenous oligopeptides is
particularly important to support growth in amniotic fluid, which
contains only low amounts of free amino acids (Mesavage et al,,
1985; Samen et al., 2004). Notably, the majority of the genes
involved in peptide and amino acid transport and metabolism
that are upregulated during GBS growth in amniotic fluid
(oppAl-F and livK operons, braB, brnQ, BQ8897_RS10635)
are members of the CodY regulon identified in this work. As
the codY gene itself is downregulated 11-fold during growth
in amniotic fluid compared to a rich laboratory medium
(Sitkiewicz et al, 2009), it might be hypothesized that the
reduced levels of this repressor could be at the origin of the
overexpression of peptides and amino acids transport systems
in amniotic fluid.

We confirmed that the CodY response in GBS is dependent on
the concentration of extracellular BCAAs which, besides being
abundant amino acids in proteins, are precursors of branched-
chain fatty acids, the predominant membrane fatty acids in
Gram-positive bacteria (Richardson et al., 2015). CodY-mediated
regulation of three genes involved in amino acid uptake (livK,
braB, brnQ) is dependent on the level of BCAAs available
in the growth medium. Therefore, as the abundance of its
cofactors decreases, CodY-mediated repression of genes required
for amino acid uptake is relieved. Among the analyzed genes,
very low levels of livK expression were observed in a WT strain
even under conditions of low BCAA-abundance. This result
suggests that very few active molecules of CodY are sufficient
to efficiently bind the regulatory region of the livK operon and
repress its expression.

The CodY regulatory network links the metabolic status of
several bacteria with the regulation of their virulence (Lobel
et al, 2012; Waters et al, 2016). In GBS, CodY directly
and indirectly regulates numerous genes involved in carbon
and energy metabolism, cell wall and membrane biogenesis
and virulence. The latter category includes surface-anchored
proteins such as the Srr2 adhesin. This CCl7-specific adhesin
is a major virulence factor that supports the ability of GBS
to cross the developing neonatal gastrointestinal epithelium
and to adhere to and invade cerebral endothelial cells, thus
leading to invasive infections and meningitis in neonates (Seifert
et al., 2006; Six et al., 2015; Hays et al., 2019; Gori et al., 2020;
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Deshayes de Cambronne et al., 2021). Importantly, the
transcription of the s#r2 operon and of other genes included
in the CodY regulon are directly repressed by the master
regulator of virulence CovR (Mazzuoli et al,, 2021). In the related
pathogen S. pyogenes, CodY represses covR expression allowing
to counterbalance CovRS activity according to the nutritional
status of the cell (Kreth et al., 2011). Noteworthy, in GBS, CovR
and CodY do not control each other’s transcription (Mazzuoli
etal., 2021), suggesting the existence of a different wiring between
these two major regulatory pathways. A detailed investigation of
the interplay between CodY and CovR regulations is necessary
to define the mechanism(s) allowing a concerted regulation of
virulence and metabolism in GBS.

Understanding how CodY activity is coordinated with the
network of regulators controlling GBS adaptation and virulence
will allow deciphering the signals and conditions governing host-
pathogen interaction during colonization and infection.
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Abstract

Pseudomonas aeruginosa is a major human pathogen, able to establish difficult-
to-treat infections in immunocompromised and cystic fibrosis (CF) patients. The
high rate of antibiotic treatment failure is due to its notorious drug resistance, often
mediated by the formation of persistent biofilms. Alternative strategies, capable of
overcoming P. aeruginosa resistance, include antivirulence compounds which
impair bacterial pathogenesis without exerting a strong selective pressure, besides
the use of antimicrobial adjuvants that can resensitize drug-resistant bacteria to
specific antibiotics. In this work, the dispirotripiperazine derivative PDSTP, already
studied as antiviral, was characterized for its activity against P. aeruginosa
adhesion to epithelial cells, its antibiotic adjuvant ability and its biofilm inhibitory
potential. PDSTP resulted effective in impairing the adhesion of P. aeruginosa to
various immortalized cell lines. Moreover, the combination of clinically relevant
antibiotics with the compound led to a remarkable enhancement of the antibiotic
efficacy towards multidrug-resistant CF clinical strains. PDSTP-ceftazidime
combination maintained its efficacy in vivo in a Galleria melfonella infection model.
Finally, the compound showed a promising biofilm inhibitory activity at low

concentrations when tested both in vitro and using an ex vivo pig lung model.

Author Summary

The increasing number of deaths caused by infections with antibiotic-resistant

bacteria poses a significant threat to global health and implies an urgent need to
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develop new therapeutics. In this context, the ESKAPE bacterium Pseudomonas
aeruginosa represents a critical pathogen, especially for immunocompromised and
cystic fibrosis individuals. Indeed, infections caused by this pathogen are
increasingly difficult to treat due to its remarkable ability to rapidly develop
resistance towards standard antibiotic treatments. In this work, we investigate the
efficacy of the dispirotripiperazine derivative PDSTP as antivirulence compound
and antibiotic adjuvant against P. aeruginosa. This molecule resulted devoid of
antibacterial activity but showed a promising anti-adhesive and anti-biofilm
properties, beside a great antibiotic-enhancing efficacy towards antibiotic-resistant
clinical strains. Our data describe PDSTP as a compound combining different
characteristics that together they will help preventing or successfully treating

infections due to antibiotic-resistant P. aeruginosa.

Introduction

Epidemiological studies have shown that about 1.27 million people died from
infections caused by antibiotic-resistant bacteria in 2019 [1], a number that could
grow to 10 million by 2050 [2]. Among these threatening bacteria, Pseudomonas
aeruginosa plays an important role, especially when carbapenem-resistant strains
are involved. Indeed, this bacterium is listed among the “critical” pathogen by the
World Health Organization [3].

P. aeruginosa is involved in upper and lower airway infections in cystic fibrosis

(CF) patients, that ultimately lead to respiratory failure [4]. This is particularly
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relevant as the prevalence of this pathogen in CF adults can reach 80-90% in some
European countries [5]. Also, this bacterium belongs to the ESKAPE pathogens
and is generally associated with nosocomial infections characterized by a broad
antibiotic resistance [4].

Having a large versatile genome, P. aeruginosa can adapt to several hostile niches
within the human body, being also equipped with many virulence factors [4]. One
of the main challenges in the treatment of this pathogen is connected to its ability
to form biofilms, generally associated with the establishment of chronic infections
difficult to eradicate: it is estimated that bacteria within biofilms can exhibit a 10 to
1000-fold increased antibiotic resistance compared to their planktonic form [6].
Nowadays, the treatment of P. aeruginosa infections primarily involves the
administration of ceftazidime, ciprofloxacin, tobramycin and colistin [7]. However,
these compounds are becoming ineffective because of intrinsic, acquired and
adaptive antibiotic resistance.

Given the limited progress in the development of new antibiotics and the threat of
infections with emerging antibiotic-resistant strains, there is an urgent need to
develop alternative therapeutic strategies, including the repurposing of existing
drugs [8, 9]. Among the various approaches, antivirulence strategies are
particularly promising due to their ability to impair bacterial pathogenesis, without
killing the bacteria, so exerting lower selective pressure and reducing resistance
development compared to conventional antibiotics [10]. Moreover, it is worth

considering combination therapies which involve the use of existing and novel
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antimicrobials with compounds that increase membrane permeability, inhibit efflux
pumps or impair signalling pathways connected to antibiotic resistance [11].
PDSTP is a non-toxic dispirotripiperazine-based compound characterized by four
quaternary positively charged nitrogen atoms (Fig 1). It has been investigated as
antiviral since it impairs viral adsorption to negatively charged heparan-sulphate
glycosaminoglycans (HSGAGs) expressed at the surface of human cells by
saturating them through electrostatic interactions [12]. In particular, PDSTP
exhibits a good antiviral activity in vitro when tested on herpes simplex virus type
1 [12] and on human immunodeficiency virus type 1 and 2 [13]. In addition, this
compound prevents the death of a herpetic encephalitis mouse model when
utilized in combination with acyclovir [14], is more effective compared to acyclovir
when used to treat a guinea pig model of genital herpes [15], reduces both corneal
lesions and viral infection course in a rabbit model of herpes simplex epithelial
keratitis [16] and prevents severe viral pneumonia induced by SARS-CoV-2 in a
Syrian hamster infection model [17].

Besides viruses, bacteria have evolved to use HSGAGs as receptors [18].
Specifically, P. aeruginosa interacts with HS chains through bacterial adhesins
[19]. The probability of this interaction increases when epithelia are injured: for
instance, when the respiratory epithelium is damaged, polarized epithelial cells
dedifferentiate and increase the expression of HS proteoglycans at their apical
surface, promoting bacterial adhesion [20]. In this context, PDSTP may be active
not only on viruses, but also on bacteria, preventing their interaction with HSGAGs

and, possibly, their adhesion to human cells.
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The aim of this work was to investigate the putative anti-adhesive properties of
PDSTP on P. aeruginosa by adhesion assay and imaging flow cytometry, testing
the compound on different human cell lines challenged with P. aeruginosa clinical
isolates. In addition, antimicrobial combination susceptibility testing and time-killing
assays were performed on a panel of P. aeruginosa clinical isolates to determine
whether PDSTP potentiates the activity of antibiotics currently utilized in clinics.
Antibiotic potentiation was then evaluated in vivo employing a Galleria meilonella
infection model. Finally, the ability of the compound to impair biofilm formation was

determined both in vitro and ex vivo.

Results

PDSTP shows a negligible inhibitory effect on P.

aeruginosa growth

The activity of PDSTP was tested by broth microdilution method in MHB and TSB
against the reference strain P. aeruginosa PAO1 and a panel of 9 P. aeruginosa

CF clinical isolates [21], showing a negligible effect on their growth (Table 1).

Table 1. Minimum inhibitory concentrations of PDSTP for P. aeruginosa PAO1 and

a panel of 9 P. aeruginosa CF clinical isolates in MHB and TSB.

PA01 BST44 SG2 NN2 NN83 NN84 RP73 RP74 BT2 BT72

MiC MHB 64 256 128 64 32 64 512 512 64 32

Mo/mL) rsp 256 512 256 256 128 256 >512 512 256 128

187



List of original manuscripts

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

PDSTP impairs P. aeruginosa adhesion to human

pulmonary epithelial cells

To investigate the putative anti-adhesive properties of PDSTP, adhesion assays
were performed by plate counting. The MIC of PDSTP against P. aeruginosa PAO1
in human cells growth medium corresponded to 64 pg/mL in DMEM and 128 pg/mL
in MEM; in fact, bacterial growth was partially affected when adhesion assays were
performed at 37°C. Consequently, infected monolayers were incubated at 4°C to
prevent bacterial growth during the assay [22], thus completely avoiding the
observed growth impairment, even at high concentrations of the compound (data
not shown). P. aeruginosa PAO1 adhesion to the A549 lung epithelial cell line was
impaired in a dose-dependent manner when freated with increasing
concentrations of PDSTP (from 1 to 400 pg/mL). A statistically significant decrease
in bacterial adhesion was already appreciated by treating cells with 10 pyg/mL of
PDSTP (41.4% reduction compared to the control), while it was almost completely
abolished with a treatment of 400 ug/mL (95.9% reduction compared to the control)
(Fig 2).

PDSTP (50 ug/mL) also affected the adhesion of P. aeruginosa PAQO1 to the
16HBE (WT-CFTR) and CFBE (AF508-CFTR) bronchial cell lines, reducing
bacterial adhesion of 60.6 and 54.3%, respectively (Fig 3).

The anti-adhesive properties of PDSTP were then tested against hypermucoid P.
aeruginosa strains. The activity of PDSTP was analysed on a P. aeruginosa clone,

specifically BT2 (early isolate) and BT72 (late isolate) strains, isolated from the
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same CF patient 15 years apart. Interestingly, P. aeruginosa BT2 adhered more
to A549 cells compared to the BT72 strain (data not shown), a phenotype that has
previously been described in longitudinal studies [23]. In this experiment, two
concentrations of PDSTP were assayed. As shown in figure 4, P. aeruginosa BT2
adhesion was 22.5 and 7.5% that of the control when treated with 50 and 200
pg/mL of the compound, respectively. On the other hand, 50 pg/mL of PDSTP
were not able to affect P. aeruginosa BT72 adhesion, but increasing the compound
to 200 ug/mL caused a reduction of 65.8% in bacterial adhesion compared to the
control (Fig 4).

Heparin is a structural analogue of heparan-sulphates [24]. Since PDSTP binds to
heparan-sulphates [12], an excess of heparin should scavenge the compound,
allowing bacteria to interact with HSGAGs and consequently to adhere to human
cells. To test this hypothesis, A549 cell monolayers were treated with PDSTP (50
pg/mL), heparin (50 pg/mL) and an equal combination of these two compounds
(50 pg/mL each). As a result, heparin alone did not impair P. aeruginosa PAQ1
adhesion to human cells, while the combination of PDSTP and heparin re-
established the normal adhesive properties of the bacterium to the A549 cell line
(Fig 5).

To validate these results, adhesion was quantified by imaging flow cytometry.
GFP-expressing P. aeruginosa PAO1 adhesion to the A549 cell line showed a
reduction of 68% when treated with 50 pg/mL of PDSTP, compared to the control
(Fig 6). This is consistent with the adhesion reduction reported in figure 2 using the

same concentration of the compound (66% reduction).
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Imaging flow cytometry can also provide a software-based analysis of the
fluorescent spots within single-cell images (S1 Fig), allowing a more detailed
characterization of the PDSTP anti-adhesive effect. The number of adhered GFP-
expressing P. aeruginosa PAD1 bacteria for each A549 cell was counted and data
were represented in terms of number of events, i.e., the number of human cells
with 1, 2-3, 4-6 or more than 7 adhered bacteria, on 10.000 acquisition (S2 Fig).
As shown in figure 7A, most of the control human cells interacted with only one
bacterium, while the number of events involving a larger number of bacteria
decreased proportionally. The same pattern was observed in samples treated with
50 pyg/mL of PDSTP, but with fewer events due to impaired bacterial adhesion.
Interestingly, when the numbers of events were normalized on the total number of
cells with adhered bacteria, it was evident that PDSTP especially affected multiple

bacterial adhesion (Fig 7B).

PDSTP potentiates the activity of antibiotics currently

used in clinics

Combination therapy involves the combination of antibiotics with compounds that
increase their intracellular concentration or allow to overcome antibiotic resistance
[11]. To determine whether PDSTP could potentiate the activity of antibiotics
currently used to treat P. aeruginosa infections, antibiotic combination
susceptibility tests were performed. Antibiotics with different mechanisms of action
were chosen, specifically amikacin, ceftazidime, ciprofloxacin, colistin,

meropenem and tobramycin. This panel of antibiotics was combined with PDSTP

9

190



List of original manuscripts
201 and tested against P. aeruginosa PAO1. Specifically, PDSTP was used at a
202  concentration of 25 pg/mL, which corresponds to about half of the MIC in MHB
203 (Table 1).
204  As reported in Table 2, the MICs of the tested antibiotics showed a reduction
205 ranging from 2 to 128-fold when combined with PDSTP. In particular, the presence
206 of PDSTP did not cause a great increase in tobramycin efficacy (2-fold decrease
207 in the MIC), while for all the other antimicrobials, especially for ceftazidime (128-
208 fold decrease in the MIC), an adjuvant effect was observed.
209
210 Table 2. Minimum inhibitory concentrations in MHB of a panel of antibiotics and
211 those of their combinations with PDSTP against P. aeruginosa PA01 and

212 respective fold reduction.

P. aeruginosa Susceptible Intermediate Resistant mic antI:’lI)I:t::-tic Fold
PAD1 (S) n (R) + PDSTP reduction
> 64 4 g gL
Amikacin <16 pg/mL 32 yg/mL pg/mL Hg 4x
ug/mL S) (S)
>16 0.5 0.25
Tobramycin <4 pg/mL 8 pg/mL _/mL pg/mL pg/mL 2x
ka ®) (S)
>392 2 0.0156
Ceftazidime < 8 pg/mL 16 pg/mL _/mL pg/mL pg/mL 128x
ka ) (8)
q 0.0625
Meropenem < 2 ug/mL 4 ug/mL 28 ug/mL  pg/mL ug/mL 16x
(S) (S)
0.125 0.0078
Ciprofloxacin <0.5 yg/mL 1 ug/mL =2 ug/mL  pg/mL pg/mL 16x
(S) (S)
1 0.0625
Colistin - <2 pg/mL =4 pg/mL pg/mL pg/mL 16x

0] (8)
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MIC breakpoints used to categorize P. aeruginosa as susceptible, intermediate or resistant to
antibiotics are shown. Susceptible (S), intermediate (1) and resistant (R) antibiotic profile are

indicated below the respective MIC value.

Subsequently, combination efficacy was tested on multidrug-resistant P.
aeruginosa CF clinical strains (BST44, SG2, NN2, NN83, NN84, RP73, RP74,BT2
and BT72) only for those antibiotics that showed, according to the Clinical and
Laboratory Standard Institute (CLSI) guidelines [25], an intermediate or resistant
profile (Table 3). Also in this case, the concentration of PDSTP in the combination
was around half of the MIC determined for each bacterium in MHB (Table 1), i.e.,
100 pg/mL for BST44, 50 pg/mL for SG2, 25 pg/mL for NN2,15 pg/mL for NN83,
25 pg/mL for NN84, 200 pg/mL for RP73 and 200 pg/mL for RP74. As indicated in
Table 3, there was an overall increased activity when antibiotics were combined

with PDSTP.
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Table 3. Minimum inhibitory concentrations in MHB of a panel of antibiotics and of

their combinations with PDSTP against P. aeruginosa CF clinical isolates, along

with the respective fold reduction.

BST44 SG2 NN2 NN83 NN84 RP73 RP74
64 32 256 32 64 32
MIC yg/mL  upg/mL  pg/mL pg/mL pg/mL pg/mL
(R) (1 (R) 0 (R) (1)
Amikacin MIC _ 16 16 128 16 32 16
antibiotic pg/mL  pg/mL  pg/mL pg/mL pg/mL pg/mL
+PDSTP (S) (S) (R) (S) 0 (S)
Fold
reduetion 4x 2X 2% 2X 2X 2X
8 >256 >256
MIC pg/mL  pg/mL  pg/mL
0] (R) (R)
Tobramycin MIiC ¢, >256  >256
antibiotic pg/mL  pg/mL pg/mL
+ PDSTP (S) (R) (R)
Fold ox
reduction
16 128 16 32 16 32 128
MIC pg/mL  pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL
1) (R) (1) (R) (n (R) (R)
Ceftazidime MIC _ 1 2 0.125 4 0.5 4 32
antibiotic pg/mL  pg/mL  pg/mL pg/mL pg/mL pg/mL pg/mL
+PDSTP (S) (S) (S) (S) (S) (S) (R)
Fold 16x 64x  128x  8x 32x 8x 4x
reduction
16 32 16 16
MIC pg/mL pg/mL  pg/mL pg/mL
(R) (R) (R) (R)
Meropenem MIC . 1 1 1 2
antibiotic  pg/mL pg/mL  pg/mL  pg/mL
+ PDSTP (S) (8) (S) (S)
Fald 16x 32x  16x 8x
reduction
4 16
MIC pg/mL pg/mL
(R) (R)
Ciprofloxacin MIC . 2 8
antibiotic Hg/mL pg/mL
+ PDSTP (R) (R)
Fold
reduction = o
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Susceptible (S), intermediate (I) and resistant (R) antibiotic profile are indicated below the

respective MIC value.

Only for tobramycin and ciprofloxacin, MIC reduction did not exceed 2-fold for each
strain, while amikacin MIC decreased 4-fold only against SG2 strain (Table 3). As
reported for PAO1 strain, the combination with ceftazidime showed the most
remarkable effect, leading to a significant reduction in the MICs of all isolates, up
to 128-fold (Table 3). Moreover, meropenem confirmed the promising activity of
PDSTP-B-lactam combination, being its efficacy significantly increased in each
strain tested, up to 32-fold (Table 3). Generally, all the clinical isolates tested
showed resistance to at least two antibiotics. Two strains were even resistant to
four antimicrobials (NN84 and RP74). In most cases, PDSTP was able to
resensitize the clinical isolates showing a resistant antibiotic profile, especially to
meropenem (4/4 strains), ceftazidime (6/7 strains) and amikacin (4/6 strains), while
one strain was only partially resensitized, i.e., from resistant to intermediate
antibiotic profile (Table 3).

To better characterize the activity of the combinations, P. aeruginosa PAO1 time-
kiling assays in TSB were performed. As reported in figure 8, combination of
tobramycin (1 pg/mL), ciprofloxacin (0.0625 pg/mL), ceftazidime (1 pg/mL) and
colistin (1 pyg/mL), at a concentration equivalent to half of the respective MIC in
TSB (data not shown), with either 50 or 200 pg/mL of PDSTP, showed a significant
reduction in bacterial viability respect to the best treatment with the only antibiotic
or PDSTP, especially during the first hours of treatment. As expected,

combinations with 200 yg/mL of PDSTP had a greater activity compared to those
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with 50 pg/mL. In particular, combination of tobramycin with 50 and 200 pg/mL of
PDSTP (Fig 8A) showed a bacterial viability reduction up to 3.48 and 4.45 log1o in
the CFU/mL. On the other hand, 50 and 200 pg/mL of the PDSTP combined with
ciprofloxacin (Fig 8B) reduced bacterial viability up to 2.78 and 4.54 logs,
respectively. Since reductions in the CFU/mL after 5 hours of treatment were
greater than 2 logiw compared to the respective most active compound,
combinations were defined as synergistic at the lowest tested concentration of
PDSTP. On the other hand, combination of PDSTP with either ceftazidime (Fig
8C) and colistin (Fig 8D) did not show synergy (up to 0.72/1.89 log1o CFU/mL
reduction for ceftazidime and 1.43/1.42 logio CFU/mL reduction for colistin).
Interestingly, with the administration of 50 ug/mL of PDSTP in combination with
the antibiotics, bacterial viability after 24 hours was comparable with the control
growth for tobramycin, ciprofloxacin and colistin, and with the antibiotic treatment
alone for ceftazidime. In contrast, when antimicrobials were combined with 200
ug/mL of PDSTP, the number of CFU/mL after 24 hours was, for each antibiotic
but colistin, significantly lower compared to the other conditions, especially for
ceftazidime (Fig 8).

To confirm the results obtained with PAO1 strain, the efficacy of the same PDSTP-
antibiotic combinations was also tested against the 9 P. aeruginosa CF clinical
isolates by time-killing assays in TSB using a plate reader. In this case, considering
the fair correlation between CFU reduction and the ODsoo variations seen in time-
killing experiments with PAO1 strain (S3 Fig), bacterial growth was monitored for

24 hours by measuring the ODeoo. The concentrations of PDSTP and antibiotic
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employed differ for each strain (Tables 4-7) since they were chosen to avoid the
complete inhibition of the growth with the monotherapy. With a few exceptions,
these concentrations corresponded to about half of the MIC value of ceftazidime,
tobramycin and ciprofloxacin, while the concentrations of colistin were equal to the
MIC (S1 Table). In this assay, bacterial growth was considered completely
inhibited after the treatment when the increase in ODeoo did not exceed 0.3.

In general, combination therapies caused a significant inhibition of the bacterial
growth, although this was not the case for RP73 and RP74 strains, against which
PDSTP was unable to synergize with any of the four antibiotics (Tables 4-7, S4-
S7 Figs) and so they were considered resistant to the PDSTP antibiotic-enhancing

activity under these experimental conditions.

Table 4. Efficacy of the PDSTP-ceftazidime combination treatment against 9 P.

aeruginosa CF clinical strains, expressed in hours of bacterial growth inhibition.

BST44 SG2 NN2 NN83 NN84 RP73 RP74 BT2 BT72

Ceftazidime 4 32 2 8 12 18 32 1 05
(ug/mL)
PDSTP (ug/ml) 200 200 200 100 200 200 200 200 150
Growth
inhibition 24 24 24 24 24 None None 24 24
(hours)
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303 Table 5. Efficacy of the PDSTP-tobramycin combination treatment against 9 P.

304  aeruginosa CF clinical strains, expressed in hours of bacterial growth inhibition.

BST44 SG2 NN2 NN83 NN84 RP73 RP74 BT2 BT72

Tobramycin 2 16 32 32 8 8 1 075 4
(ng/mL)
PDSTP (ug/mL) 200 200 200 100 200 200 200 200 150
Growth
inhibition 6 24 None None 24 None None 24 24
(hours)

305

306 Table 6. Efficacy of the PDSTP-ciprofloxacin combination treatment against 9 P.

307 aeruginosa CF clinical strains, expressed in hours of bacterial growth inhibition.

BST44 SGZ NN2 NN83 NN84 RP73 RP74 BT2 BT72

Ciprofloxacin

(pg/mL)
PDSTP
(ng/mL)
Growth
inhibition 24" 24~ 24 24* 24 None None 24 24
) (hours) - ) : § i § i i g
308 * ODsoo of the combination treatment remained stably lower than the other conditions for 24h but a

0.0156 0.125 0.25 0.25 2 0.25 1 0.0312 0.0312

200 200 200 100 200 200 200 200 150

309 modest increase of the ODsoo 0ccurred within the first hours of treatment.

310
311 Table 7. Efficacy of the PDSTP-colistin combination treatment against 9 P.

312 aeruginosa CF clinical strains, expressed in hours of bacterial growth inhibition.

BST44 SG2 NN2 NN83 NN84 RP73 RP74 BT2 BT72

Colistin
(ng/mL)
PDSTP
(ng/mL)

Growth
inhibition 12 None 10 12 24 None None 10 10

(hours)

2 0125 05 1 2 2 0.0625 2 1

200 200 200 100 200 200 200 200 150

313
16
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The most promising results were obtained with the PDSTP-ceftazidime
combination. Indeed, this combination induced complete inhibition of bacteral
growth for 24 hours for each P. aeruginosa strain, including the highly resistant
SG2 strain (Table 4, S4 Fig). Instead, the combination with tobramycin showed a
more variable efficacy, resulting in a 24 hours growth inhibition of SG2, NN84, BT2
and BT72 strains, and only a 6 hours inhibition for the BST44 strain (Table 5, S5
Fig). Moreover, PDSTP could not revert the tobramycin resistant phenotype of
NN2 and NN83 strains (Table 5), as already highlighted by antibiotic combination
susceptibility testing (Table 3, S5 Fig). PDSTP-ciprofloxacin combination showed
a long-term inhibitory effect against each strain, although a complete growth
inhibition was observed only for NN2, NN84, BT2 and BT72 (Table 6, S6 Fig).
Finally, as reported for PAO1, colistin resulted the least effective antibiotic against
P. aeruginosa. Indeed, even using a concentration equal to the MIC, its
combination with PDSTP led to a long-term inhibition only against NN84 strain,
while a 10 hours inhibition was observed for BST44, NN2, NN83, BT2 and BT72
(Table 7, S7 Fig). SG2 strain was insensitive to this combination (Table 7, S7 Fig).
Overall, time-killing assays confirmed the results obtained by antibiotic
combination susceptibility testing, validating the efficacy of PDSTP as enhancer of
the activity of different classes of clinically relevant antibiotics against P.

aeruginosa.

PDSTP increases ceftazidime efficacy in vivo

17

198



List of original manuscripts
337  The in vitro efficacy of the PDSTP-ceftazidime combination was validated in vivo
338 by Galleria mellonella infection experiments. Ceftazidime (5 mg/kg) and PDSTP
339 (6.25 mg/kg) concentrations employed in this assay resulted non-toxic to G.
340  mellonella (data not shown). Infection with 10* CFU of P. aeruginosa PAO1 caused
341  100% larval mortality in the non-treated (data not shown), physiological saline and
342  PDSTP treated groups (Fig 9) 24 hours post-inoculation. On the contrary,
343  treatment with ceftazidime alone resulted in 25% survival after 48 hours. Of note,
344  the combination treatment with PDSTP gave a statistically significant increase in
345  larval viability compared with the antibiotic alone up to 47% at 48 hours (Fig 9).
346  This confirms the in vitro activity observed for the PDSTP-ceftazidime combination.

347

348 PDSTP inhibits biofilm formation in vitro and in an ex vivo

349 pig lung model

350 To evaluate whether PDSTP affects biofilm formation of P. aeruginosa PAO1 and
351 two clinical isolates, in vitro biofilm inhibition assays were performed in TSB. PA01,
352 NN2 and SG2 strains were employed due to their differences in biofilm formation
353 abilities. First, crystal violet assays showed that 50 pyg/mL of PDSTP (or 25 pg/mL
354 for SG2 since 50 pg/mL inhibited the growth in the experimental conditions
355 described in Materials and Methods) significantly decreased the quantity of biofilm
356 formed after 24 hours compared to the respective untreated controls (Fig 10A).

357 PDSTP antibiofilm activity was then evaluated using confocal laser scanning
358  microscopy (CLSM). In particular, PAO1 strain formed a thick and homogeneous

359  biofilm. Compared to PAO1, NN2 biofilm was thicker, while that of SG2 was more
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heterogeneous and characterized by bacterial aggregates (Fig 10B). For all the
strains, PDSTP impaired biofilm formation, i.e. the quantity of biofiim was visibly
decreased and SG2 biofilm was less structured (Fig 10B). Subsequent
COMSTAT2 analysis showed that the compound significantly reduced both the
average biofilm thickness and biomass (Figs 10C and D), while it significantly
increases the roughness, an indicator of altered biofilm structure (Fig 10E).

To validate PDSTP antibiofilm activity, an ex vivo pig lung (EVPL) tissue model,
embedded in synthetic cystic fibrosis medium (SCFM) [26] to further mimic the CF
lung environment, was employed. The pig lung structure and immunology
resemble those of humans, making this model particularly relevant. Similarly to the
previous analyses, biofilm formation was impaired by the compound for all the
strains. Indeed, the numbers of CFU/mL recovered from bicfilms were significantly
lower when treated with PDSTP, compared to untreated controls. CFU/mL
reduction was similar to that of ciprofloxacin treatment (0.06 pg/mL), used as
positive control (Fig 11A). Finally, CLSM was used to visualize P. aeruginosa PA01
biofilm, stained with Syto9, on lung tissue fragments. Also in this case, PDSTP (50
Mg/mL) impaired biofilm formation (Fig 11B), while COMSTAT2 analysis showed
the significant reduction in biofilm biomass due to PDSTP treatment, compared to

the control, which is in line with ciprofloxacin (0.06 pg/mL) treatment (Fig 11C).

Discussion

The antiviral dispirotripiperazine-based compound PDSTP was tested in vitro

against P. aeruginosa PAQ1 adhesion on different pulmonary epithelial cell lines,
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383 including a CF cell line, resulting effective at very low concentrations. Noteworthy,
384 these concentrations are more than 50 times lower than the 50% cytotoxic
385  concentration [12]. PDSTP anti-adhesive activity was maintained also when tested
386  against hypermucoid P. aeruginosa BT2 and BT72 clinical isolates, although a
387  higher concentration was required to impair the adhesion of BT72. This difference
388 may be attributed to their distinct levels of interaction with human cells.

389 A preliminary study of the mechanism involved in PDSTP impairment of bacterial
390 adhesion was carried out analysing PAO1 strain adhesion by imaging flow
391  cytometry. Interestingly, PDSTP treatment particularly affected the adhesion of
392 multiple bacteria to human cells, probably reducing the accessibility of the human
393  cell surface receptors to bacteria. Indeed, the presence of heparin in adhesion
394  experiments re-established the normal adhesive capabilities of PAO1 strain by
395 scavenging PDSTP. This result highlights the high affinity of the compound
396 towards HSGAGs and a possible involvement of these surface receptors in PDSTP
397  anti-adhesive activity as in the case of viral adsorption. Further studies are ongoing
398  in our laboratory to clarify this molecular mechanism.

399 Considering the current research on anti-adhesive molecules against P.
400 aeruginosa, PDSTP shows some advantages compared to other approaches such
401  as natural extracts [27, 28] and glycoclusters [29]. Indeed, PDSTP has been
402  extensively tested in vivo as antiviral, showing to be non-cytotoxic, effective at low
403  concentrations and characterized by a broad therapeutic index. On the contrary,
404  natural extracts and glycoclusters generally require very high concentrations to be

405  effective in vitro, often in the range of mg/mL, which limits their use in vivo.
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Moreover, by targeting HSGAGs on cell surface, PDSTP shows a novel anti-
adhesive mechanism, different from the inhibition of the lectin-glycan interaction
exerted by glycoclusters [30]. It is worth noting that the compound may have broad-
spectrum anti-adhesive properties since other relevant pathogens adhere to
HSGAGs, including Mycobacterium tuberculosis, Gram-positive streptococci and
species belonging to ESKAPE group [18].

By determining the MIC against PAO1 and different CF strains, the compound
showed a low inherent antimicrobial activity with strain-specific susceptibilities.
These differences are probably due to modifications of the molecular target which
is likely localized on the bacterial surface. This hypothesis is supported by the high
molecular weight of the compound, which prevents its diffusion via porins, as well
as its high polarity, which makes its entry across the lipid bilayer unlikely [31]. A
differential effect of PDSTP was also found when MICs were determined using
different microbial culture media, with a systematic increase in the MIC values in
TSB compared to MHB. A similar culture medium-dependent activity was already
reported for aminoglycosides which showed a decreased efficacy in media with
high ionic strength, such as TSB. In fact, salt interferes with the electrostatic
interactions between aminoglycosides and components of the outer membrane
surface that mediate antibiotic uptake [32]. Being the positively charged nitrogen
atoms of PDSTP the mediators of the antiviral activity of dispirotripiperazines [33],
it is plausible to hypothesize that these charges may also play a role in this specific

biological activity.
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The slight inhibitory effect on bacterial growth showed by PDSTP is a peculiar
characteristic of antibiotic adjuvants [34]. The PDSTP adjuvant activity was proven
against the P. aeruginosa PAO1 and a panel of multidrug-resistant CF isolates,
showing an overall increase in the efficacy of the tested antibiotics. Specifically, 3-
lactams showed the highest MIC fold reduction and a durable efficacy of the
combination over time for most strains. Aminoglycosides and ciprofloxacin,
instead, had a great efficacy in combination with PDSTP, particularly during the
first hours of treatment, but with a narrower spectrum of activity. Finally, PDSTP-
colistin combination had the least durable inhibitory effect on bacterial growth. The
PDSTP efficacy profile as antibiotic adjuvant against P. aeruginosa can be
compared with that of natural polyamines. Indeed, these molecules significantly
decreased the MIC of many B-lactams and other low molecular weight antibiotics
against P. aeruginosa, although only at high concentrations [35]. The mechanism
of action of these molecules was characterized in optimized spermine derivatives,
demonstrating to be mediated by inhibition of efflux pumps and increased
permeability of the outer membrane [36, 37]. Given the similarities in the spectrum
of activity of spermine and PDSTP, besides being both characterized by reactive
positively charged nitrogens [33, 38], it is plausible to speculate that PDSTP may
share a similar mechanism of action against P. aeruginosa. We are currently
performing experiments to verify this hypothesis. In addition to the promising
results obtained, the importance of developing PDSTP as adjuvant compound is

also underlined by its uncommon efficacy against this extremely drug-resistant
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pathogen. In fact, many adjuvants show a limited synergy with the antibiotics
against P. aeruginosa [39-42].

To validate the in vitro results, antibiotic potentiation was evaluated using a
Galleria mellonella infection model, showing that PDSTP enhanced ceftazidime
activity and highlighting its translational potential in vivo. To establish the most
appropriate administration protocol in mammals, further investigations with murine
infection models are necessary, allowing to test multiple administration of the
adjuvant, an option not available in G. mellonella.

The ability to form biofilm is a major virulence factor in P. aeruginosa and new
molecules able to impair its formation are highly desirable, thus PDSTP biofilm
inhibitory potential was assessed. Using different in vitro models, PDSTP was
demonstrated to significantly decrease biofilm formation at sub-inhibitory
concentrations. Confocal microscopy analysis allowed the visualization of the
biofilm perturbation in the presence of the compound, highlighting a substantial
decrease in the average biofilm thickness and biomass, besides an overall
alteration of the structure. Furthermore, PDSTP efficacy was validated in an ex
vivo pig lung biofilm model, essentially confirming its efficacy as biofilm inhibitor
and showing an activity comparable with the antibiotic ciprofloxacin. The
coherence in the results obtained against strains showing macroscopic structural
differences in their biofilms suggests that PDSTP impairs biofilm formation by
targeting an essential mechanism shared by different P. aeruginosa strains. In
particular, since the compound is added only after the initial adhesion to the

surface, it probably affects bacterial aggregation. Indeed, PDSTP could interact
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with bacterial surface, as hypothesized for its bacterial growth inhibitory activity,
and disrupt the cell-cell interaction fundamental for this process. This putative
mechanism of action is unigue among the currently reported biofilm inhibitors that
mainly act as quorum-sensing inhibitors [37, 43, 44], competitors of the lectin
binding [45] or repressors of exopolysaccharide production [46].

To conclude, PDSTP showed a remarkable spectrum of activities against P.
aeruginosa, being effective in inhibiting bacterial adhesion to epithelial cells,
increasing antibiotic efficacy and impairing biofilm formation. In light of these
results, the combined antivirulence and antibiotic potentiation properties of PDSTP
may help addressing the emerging threat of multidrug-resistant bacterial

infections.

Materials and Methods

Bacterial strains, human pulmonary epithelial cell

cultures, growth conditions, antibiotics and compounds

The P. aeruginosa reference strain PAO1 (laboratory collection) and 9 P.
aeruginosa CF clinical isolates (BST44, SG2, NN2, NN83, NN84, RP73, RP74,
BT2 and BT72) [21] were grown in tryptic soy broth (TSB; BD) or cation-adjusted
Mueller-Hinton broth (MHB; BD) at 37°C. The synthetic cystic fibrosis sputum
medium (SCFM) was prepared with 0.1% casamino acids [47].

PDSTP, short for 3,3-(2-methyl-5-nitropyrimidine-4,6-diyl)bis-3,12-diaza-6,9-

diazonia-dispiro[5.2.5.2]hexadecane tetrachloride dihydrochloride nonahydrate,
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S17

was synthesized at the Research Centre of Biotechnology RAS (Moscow, Russia)
as described previously [12] and its purity was determined by high-performance
liquid chromatography analysis (S8 Fig).

Tested 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 and

heparin (Sigma-Aldrich) were dissolved in water.

Human pulmonary epithelial cell cultures

Human pulmonary epithelial cells were routinely cultured in 75 cm? flasks either in
Dulbecco’s modified Eagle’s medium (DMEM; Euroclone) supplemented with 10%
foetal bovine serum (FBS; Euroclone), 0.1 mM MEM non-essential amino acids
(Euroclone), 100 U/mL penicillin and 0.1 mg/mL streptomycin (Euroclone) or
minimal essential medium (MEM; Euroclone) supplemented with 10% FBS, 2 mM
glutamine (Euroclone), 100 U/mL penicillin and 0.1 mg/mL streptomycin, at 37°C
in 5% CO2. Specifically, A549 cells [48] were cultured in DMEM, while 16HBE140-
[49] and CFBE410-, carrying the biallelic AF508 mutation [50], were grown in

MEM.

Quantification of the adhesion to epithelial cells

Quantification of the adhesion by plate counting
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518 Adhesion assays by plating adhered bacteria were performed as previously
519 described [22], with appropriate modifications. Briefly, 1.5 x 10°cells per well were
520 seeded in 24-well tissue culture plates and cultured in medium without antibiotics
521 for 48 hours. Two-day old confluent monolayers were infected with bacteria
522  collected during the mid-log phase of growth and resuspended in medium without
523  antibiotics at a multiplicity of infection (MOI) of 10 bacteria per human cell. At the
524 time of the infection, PDSTP and/or heparin were added at the desired
525 concentration in duplicate, while two wells were not treated (control wells). After 2
526  hours of incubation at 4°C, cell monolayers were gently washed three times with
527 phosphate-buffered saline (PBS; Sigma-Aldrich) to remove non-adherent bacteria,
528  lysed with 1% Triton (Riedel-de Haén) and appropriate dilutions of the cell lysates
529  were plated to enumerate adhered bacteria. The percentage of bacterial adhesion
530 to human cells was calculated as:

. Number of CFUs of adhered bacteria 100
Number of CFUs of inoculated bacteria "

532 The percentage of bacterial adhesion was then normalized on the untreated
533 sample, set at 100%.

534

535 Quantification of the adhesion by ImageStream Flow Cytometry
536 analysis

537  After incubating the infected monolayers (MOl = 100) with an isogenic P.
538 aeruginosa PAO1 strain constitutively expressing GFP [51] for 2 hours at 4°C and
539 washing them four times with ice-cold PBS to remove non-adherent bacteria,

540  quantification of the adhesion by ImageStream Flow Cytometry was performed as
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follows. 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
(Sigma-Aldrich) and resuspended in 50 uL of the same buffer to obtain a final
concentration of 2 x 107 cells/mL. Samples were kept on ice until the analysis at
the Amnis ImageStreamX Mkl instrument (Cytek).

For each sample, 10.000 events were acquired at 40X magnification (NA = 0.75;
core size = 10 ym) with 488 nm laser excitation (100 mW). Brightfield images were
collected in channel 4, cell-bacteria complexes in channel 2 (480-560 nm channel
width, 528/65 bandpass) and channel 6 (745-800 nm width, 762/35 bandpass) was
used for scatterplot (SSC) detection. Sheath fluid without Mg2* and Ca?* (D-PBS,
ThermoFisher) 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 the custom “BactCount”
features were applied for quantification (S6 Fig). “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.

Minimum inhibitory concentration (MIC) determination of
the PDSTP-antibiotic combinations
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The MICs of the antibiotics alone and in combination with PDSTP were determined
in MHB using the broth microdilution method, according to the EUCAST guidelines
[52]. 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 about 5 x 105 CFU/mL. The culture was split in two subcultures and PDSTP
was added to one of them. Subcultures were inoculated into the 96-well plate
which was then incubated at 37°C for 24 hours. After the incubation, 30 pL of
0.01% resazurin (Sigma-Aldrich) were added to each well and the plate was further
incubated at 37°C for 4 hours. Blue to purple resazurin is reduced to pink resorufin
by aerobic respiration of metabolically active bacterial cells, allowing visual

determination of the MICs.

Time-killing assays
Time-killing assay by plate counting

Time-killing assays were performed in TSB to evaluate the activity of PDSTP in
combination with different antibiotics against P. aeruginosa PAO1 overtime, using
the broth microdilution method [53]. An overnight liquid bacterial culture was
diluted 1:100 and incubated as a shaking culture (200 rpm) at 37°C. Bacterial
growth was followed by monitoring the ODsoco and, once the culture reached an
optical density of 0.35 (corresponding to about 1 x 108 CFU/mL), it was divided into
four subcultures. One subculture was not treated (control), the second one was
supplemented with sub-inhibitory concentrations of PDSTP, the antibiotic was
added to the third subculture at a concentration equivalent to a half of the MIC,
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and the last one was treated with both PDSTP and the antibiotic. Subcultures were
further incubated under the same conditions. At each time point (0, 1, 2, 3,4, 5
and 24 hours), the ODsoo was measured and bacterial viable count was evaluated
by plating appropriate dilutions of the collected aliquots to calculate the respective
number of CFU/mL.

Synergy was defined as a = 2 log1o decrease in the CFU/mL of the culture treated
with the antibiotic-PDSTP combination after 5 hours compared with its most active

component [54].

High-throughput time-killing assay using the plate reader

The time-killing assay experimental procedure was modified, obtaining a high-
throughput protocol to test the activity of PDSTP combinations with antibiotics
against the CF clinical isolates at once. Overnight bacterial cultures were diluted
1:100 in TSB and incubated as shaking cultures (200 rpm) at 37°C, until an ODeoo
of 0.35 was reached. 200 pL/well of bacterial cultures were transferred into a U-
bottom 96-well plate and supplemented with sub-inhibitory concentrations of
PDSTP, antibiotic or their combination, in duplicate. One well was left untreated as
growth control. Assays were carried out using a CLARIOstar microplate reader
(BMG Labtech), measuring the ODeoo of the cultures every 15 minutes for 24 hours
at 37°C. To perform these experiments, a custom plate mode program was set up,
including 90 cycles with shaking for 900 seconds (orbital shaking at 300 rpm, with
3 mm of diameter) before each reading, to increase the oxygenation and maintain

bacteria in suspension.

29

210



610

611

613

614

615

616

617

618

619

620

623

624

625

626

List of original manuscripts

Analysis of the PDSTP-antibiotic combination in vivo

Combination therapy of PDSTP and ceftazidime was tested in vivo by G.
mellonella infection experiments [55]. Larvae were purchased from a local provider
in Pavia and grouped in petri dishes (at least 10 larvae/group) according to their
weight. Subsequently, inoculation with a lethal dose (10* CFU) of mid-exponential
phase P. aeruginosa PAO1, or physiological saline (control), was carried out with
an injection volume of 10 pL. After 2 hours of incubation at 30°C in the dark, mock
and PAO1 infected larvae were administered with 10 uL of physiological saline
(control), ceftazidime (5 mg/kg), PDSTP (6.25 mg/kg) or a combination of
ceftazidime (5mg/kg) and PDSTP (6.25 mg/kg), and re-incubated in the same
conditions for 3 days. Larval viability was registered after 24, 48 and 72 hours,
considering the lack of movement after tactile stimulus, suggestive of larval death.
Data from four independent experiments were analysed using log-rank (Mantell-

Cox) test.

In vitro biofilm inhibition assays

Biofilm inhibition assay using crystal violet staining

The biofilm inhibitory activity of PDSTP was tested on P. aeruginosa strains using
the crystal violet staining method [56]. An overnight bacterial culture in TSB was
diluted to an ODeoo of about 0.05 (corresponding to approximately 1 x 108 CFU/mL)

in fresh medium. 200 uL of the culture were inoculated into the microtiter plate and
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incubated for 2 hours at 37°C. After the incubation, the supernatant was removed
and replaced with 200 pL of fresh medium with or without 50 ug/mL of PDSTP.
The plate was further incubated for 20 hours at 37 °C. Biofilm biomass was then

quantified by crystal violet staining.

Biofilm inhibition assay using confocal laser scanning
microscopy

For the confocal laser scanning microscopy biofilm visualization, an overnight
bacterial culture in TSB was diluted to an ODsoo of about 0.05 in fresh medium.
The bacterial suspension was inoculated into the four-well chambered coverslip y-
Slide Glass Bottom (Ibidi) for 2 hours at 37 °C. After the incubation, the supernatant
was removed and replaced with fresh TSB medium with or without 25-50 ug/mL of
PDSTP. After overnight incubation, the medium was removed, biofilms were
washed twice with PBS and stained with Syto 9 (Invitrogen) at a final concentration
of 1 uyM. Samples 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
488nm laser line was used to excite Syto9 fluorescence and the emission was
collected between 500nm and 550nm. Three snapshots were acquired randomly
at different positions in the confocal field of each chamber. The Z-slices were
obtained every 0.3 microns. For visualization and processing of biofilm images,
ImageJ was used. Thickness, biomass, roughness coefficient and biofilm
distribution were analyzed using the COMSTAT2 software [57]. All confocal

scanning laser microscopy experiments were performed three times.
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Ex vivo pig lung tissue biofilm model

Ex vivo pig lung dissection and infection

All pig lungs used were supplied by a commercial butcher and dissected on the
day of arrival. Ex vivo pig lung (EVPL) tissue was dissected to extract the
bronchioles as previously described [47]. Following UV light sterilization, square
bronchiolar tissue pieces were placed into a 24-well plate with a 400 uL, 0.8%
agarose pad (UV sterilized).

To infect the tissue, 2 pL of an overnight P. aeruginosa culture diluted to an ODsoo
of about 0.05 were spotted onto the tissue, while 2 uL of SCFM were spotted as
negative control. To better mimic the CF lung environment, 500 uL SCFM were
added to each well and the plate was incubated statically for the 2 hours at 37°C.
After the incubation, medium was removed and replaced with 500 pL of fresh
SCFM with or without 25-50 pg/mL of PDSTP. 0.06 pg/mL of ciprofloxacin were

used as positive control. The plate was incubated overnight at 37°C.

Bacterial recovery from the EVPL model and count determination
To recover bacteria, tissues were removed from the wells and washed with 500 pL
of PBS. Tissue sections were then transferred in sterile homogenization tubes
(Fisherbrand) with 5 mm glass beads (Merck) and 500 pL of PBS. Samples were
homogenized using a Minilys Homogenizer (Bertin) for 20 seconds at 15 m/s.
Tissue homogenates were serially diluted in PBS and plated on LB agar. Colony

counts were performed after 24 hours at 37°C.
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Biofilm staining on the EVPL model

After overnight incubation, tissues were washed with 500 pL of PBS and placed
into four-well chambered coverslip p-Slide Glass Bottom (lbidi). Tissues were
stained with 5 pM Syto9 (Invitrogen), washed twice with PBS and turned upside
down onto the cover glass. Samples 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 488nm laser line was used to excite Syto9 fluorescence and
the emission was collected between 500nm and 550nm. The scaffold surface was
acquired using a 561nm laser in reflection mode. Three z-stacks randomly chosen

at different positions in each chamber were acquired with a z step of 0.7 microns.

Statistical Methods

Analyses were performed using Prism 10.0 (GraphPad). Comparison of more than
two groups was performed with the unpaired {-test, one-way or two-way ANOVA.

For in vivo analysis, log rank (Mantel-Cox) test was used.
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918 Fig 1. Chemical structure of the compound PDSTP.
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921 Fig 2. PDSTP decreases the adhesion of P. aeruginosa PA01 to A549 cell line.
922  Differential adhesion abilities to the A549 cell line of P. aeruginosa PAO1 treated
923  with increasing concentrations of PDSTP (from 1 to 400 yg/mL). The experiment
924  was performed twice, each time in duplicate. Statistically significant differences are
925 indicated (One-way ANOVA test; ns, not significant; *, p < 0.05; **, p < 0.005; ***,
926 p <0.0005).
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931 Fig 3. PDSTP decreases the adhesion of P. aeruginosa PA01 to 16HBE and
932  CFBE cell lines. Differential adhesion abilities to the 16HBE (A) and CFBE (B)
933  cell lines of P. aeruginosa PAO1 treated with 50 pg/mL of PDSTP. The experiment
934 was performed twice, each time in duplicate. Statistically significant differences are

935 indicated (Student'’s t test; *, p < 0.05).
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937  Fig 4. PDSTP decreases the adhesion of P. aeruginosa BT2 and BT72 to A549

938 cell line. Differential adhesion abilities to the A549 cell line of P. aeruginosa BT2
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(A) and BT72 (B) treated with two concentrations of PDSTP (50 and 200 pg/mL).
The experiment was performed twice, each time in duplicate. Statistically
significant differences are indicated (One-way ANOVA test; **, p < 0.01; *** p <

0.0001).
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Fig 5. Heparin binds PDSTP abolishing its activity against P. aeruginosa
PA01 adhesion. Differential adhesion abilities to the A549 cell line of P.
aeruginosa PAQ1 treated with 50 pg/mL of PDSTP, 50 ug/mL heparin and a
mixture of PDSTP and heparin (at the previously used concentrations). 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).
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Fig 6. PDSTP decreases the adhesion of P. aeruginosa PA01 to A549 cell line
(quantification by imaging flow cytometry). Differential adhesion abilities to the
A549 cell line of GFP-expressing P. aeruginosa PAO1 treated with 50 pug/mL of
PDSTP. The experiment was performed twice, each time in duplicate. Statistically

significant differences are indicated (Student'’s f test; *, p < 0.05).
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Fig 7. PDSTP prevents multiple bacterial adhesion to the single cell. Events
showing the number of adhered GFP-expressing P. aeruginosa PAO1 per A549
cell on 10.000 acquisitions of the control (black column) and samples treated with
50 pg/mL of PDSTP (green column) (A), and number of events normalized on the
total number of cells with adhered bacteria, expressed in percentage, of the control

(black column) and cells treated with 50 pg/mL of the compound (green column)

(B).

48

229



List of original manuscripts

970

971

972

973

974

975

976

977

978

979

A. Tobramycin B. Ciprofloxacin

2
1

o o

| -

E E 4

- =2

[ w 9

Q Q

g g

| a
-5

'6 1 1 T T T T T T T 1 1 1 -\.} T T Ll 1 T T T T T T T T 1
0 2 4 6 8 101214 16 18 20 22 24 0 2 4 6 8 101214 16 18 20 22 24
Time (hours) Time (hours)
C. Ceftazidime D. Colistin

= =)

E E

= =]

™S 8

Q e

g g

< g

o -5

=]
N -
& -
o =

0 z" -; lli ; 1I0 1I2 114 1‘6 1'8 2'0 212 2I4 é 1'0 1'2 1'4 1'6 1I8 2'0 2I2 2I4»
Time (hours) Time (hours)
Fig 8. PDSTP increases the efficacy of different antibiotics against P.
aeruginosa PAO01. P. aeruginosa PAO1 time-killing assays of tobramycin (A),
ciprofloxacin (B), ceftazidime (C) and colistin (D) combined with either 50 or 200
Hg/mL of PDSTP, represented as the difference in the number of CFU/mL on a
logarithmic scale. Black line, untreated sample; orange line, treatment with 50
pg/mL of PDSTP; red line, treatment with 200 pg/mL of PDSTP; blue line,
treatment with a concentration equal to % MIC of the antibiotic; light green line,

combination of 50 ug/mL of PDSTP with the antibiotic; dark green line, combination

of 200 pg/mL of PDSTP with the antimicrobial.
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982 Fig 9. PDSTP increases ceftazidime efficacy in vivo. Kaplan-Meier survival
983 curve of G. mellonella larvae infected with P. aeruginosa PAO1 and treated with

984  physiological saline (black), PDSTP (red), ceftazidime (blue) or the combination of

985 PDSTP and ceftazidime (green) (Log-rank test; *, p < 0.05).
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987 Fig 10. PDSTP impairs biofilm formation of P. aeruginosa strains in vitro.

988 Effect of PDSTP against biofilm formation in P. aeruginosa PAO01, NN2 and SG2
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strains using crystal violet assay (A). CLSM images (400x magnification) of P.
aeruginosa biofiims formed with or without PDSTP (B). 2D images acquired at
equal distances along the Z-axis were stacked to reconstruct the 3D biofilm
images. Analysis of biofilm properties by COMSTAT2 (C-E). Experiments were
performed three times. Statistically significant differences are indicated (One-way

ANOVA test; *, p < 0.05; **, p < 0.01).
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strains biofilm formation in an ex vivo pig lung model (EVPL), represented as the
number of CFU/mL recovered from treated and untreated tissues (A). CLSM
images (400x magnification) of P. aeruginosa PAO1 biofilms formed on EVPL with
or without PDSTP (B). 2D images acquired at equal distances along the Z-axis
were stacked to reconstruct the 3D biofilm images. Analysis of biofilm properties
by COMSTAT2 (C). Experiments were performed three times. Statistically
significant differences are indicated (One-way ANOVA test; *, p < 0.05; **, p <

0.01).

Supporting information

S1 Fig. Representative image galleries of A549 cells infected with GFP-
expressing P. aeruginosa PA01. ChO04: bright field. Ch02: GFP fluorescence
(Aex/Aem = 480-560 nm). Ch04/Ch02: superimposition of bright field and
fluorescence channels. Ch06: dark field side scatter. Pictures were acquired at 40x

maghnification using Amnis® ImageStream®X Mk Il (Cytek).

S2 Fig. Counting of GFP-expressing P. aeruginosa PA01 cells using Spot
Count feature. On focus-cells population defined by GradientRMS feature
histogram (A). Single cells population (gated on focus-cells) defined by
Area/Aspect ratio features dot plot (B). Untreated sample: histogram of bacteria

count using the custom “BactCount” feature (applied to focused, single cells) (C).
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Treatment with 50 pg/mL of PDSTP sample: histogram of bacteria count using the

custom “BactCount” feature (applied to focused, single cells) (D).

S3 Fig. PDSTP increases the efficacy of different antibiotics against P.
aeruginosa PA01. P. aeruginosa PAO1 time-killing assays of tobramycin (A),
ciprofloxacin (B), ceftazidime (C) and colistin (D) combined with either 50 or 200
pg/mL of PDSTP, represented as variation of optical density at 600 nm. Black line,
untreated sample; orange line, treatment with 50 pg/mL of PDSTP; red line,
treatment with 200 pg/mL of PDSTP; blue line, treatment with a concentration
equal to 2 MIC of the antibiotic; light green line, combination of 50 pug/mL of
PDSTP with the antibiotic; dark green line, combination of 200 ug/mL of PDSTP

with the antimicrobial.

S4 Fig. Ceftazidime-PDSTP combination inhibits P. aeruginosa strains
growth. P. aeruginosa CF clinical isolates time-killing assays of ceftazidime
combined with PDSTP, represented as variation of optical density at 600 nm. 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.

S5 Fig. Tobramycin-PDSTP combination inhibits P. aeruginosa strains
growth. P. aeruginosa CF clinical isolates time-kiling assays of tobramycin

combined with PDSTP, represented as variation of optical density at 600 nm. Black
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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.

S6 Fig. Ciprofloxacin-PDSTP combination inhibits P. aeruginosa strains
growth. P. aeruginosa CF clinical isolates time-killing assays of ciprofloxacin
combined with PDSTP, represented as variation of optical density at 600 nm. 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.

S7 Fig. Colistin-PDSTP combination inhibits P. aeruginosa strains growth.
P. aeruginosa CF clinical isolates time-killing assays of colistin combined with
PDSTP, represented as variation of optical density at 600 nm. Black line, untreated
sample; red line, treatment with sub-inhibitory concentrations of PDSTP; blue line,
treatment with a concentration equal to the MIC of colistin; light green line,

combination of PDSTP with the antibiotic.

S8 Fig. HPLC traces for PDSTP. Purity of PDSTP was analyzed by analytical
high-performance liquid chromatography (HPLC) on a LC-20 Prominence HPLC
system (Shimadzu, Kyoto, Japan) equipped with a SPD-20A Prominence UV
detector at 254 nm. Chromatographic separation was carried out on a Kromasil

60-Diol HPLC column (4.6 x 250 mm, 5 ym; Nouryon, Goéteborg, Sweden) at 30
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°C, with a sample injection volume of 20 uL. A mobile phase consisting of methanol
and DMSO (90:10 v/v), and heptafluorobutyric acid in methanol (0.5:95.5 v/v) was
programmed with gradient elution at a flow rate of 1300 pL/min. Data were

processed with a LC solution software version 1.25 (Shimadzu).

S$1 Table. Minimum inhibitory concentrations in TSB of ceftazidime,
tobramycin, ciprofloxacin and colistin against P. aeruginosa CF clinical

isolates.
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