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Abstract: Pseudomonas aeruginosa is an opportunistic pathogen that poses a significant threat to
individuals with chronic respiratory ailments, such as cystic fibrosis (CF). The pathogen is highly
prevalent in CF individuals and is responsible for chronic infection, resulting in severe tissue
damage and poor patient outcome. However, early detection and immediate treatment are critical
to prevent bacterial persistence and establishment of chronic infection. Presently, antibiotics
including aminoglycosides, beta-lactams, polymyxins, and fluoroquinolones along with anti-
inflammatory medications are being used to treat P. aeruginosa infections in CF patients. However,
prolonged antibiotic administration has led to the emergence of widespread multidrug resistance
in P. aeruginosa (CF isolates), contributing to antimicrobial resistance (AMR) and failure of
antimicrobial therapies. Thus, exploring viable alternatives such as antivirulence therapeutics can
be vital towards managing pseudomonal infections in CF patients and mitigating the risk of AMR.
In this direction, antivirulence strategies achieving targeted inhibition of bacterial virulence
pathways/factors, including quorum sensing, efflux pumps, lectins, and iron chelators, have been
widely explored against CF isolates of P. aeruginosa. Simultaneously, there have been discussions
about the sufficiency of in vitro findings and their successful translation in pulmonary infection
models (in vivo) for the clinical implementation of antivirulence therapies hence, this review article
presents a bird’s eye view on the pulmonary infections involving P. aeruginosa in CF patients by
laying emphasis on factors contributing to bacterial colonization, persistence, and disease
progression along with the current line of therapeutics against P. aeruginosa in CF while
underscoring the limitation of antimicrobial approaches. We further collate scientific literature and
comprehensively discuss the various antivirulence strategies that have been successfully tested
against P. aeruginosa isolates from CF patients. This could pave the way towards a paradigm shift
towards clinical therapy of pseudomonal infections in CF and can potentially override conventional
antimicrobial treatments.
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1. Introduction: a brief overview on cystic fibrosis

Cystic fibrosis (CF) is an autosomal recessive disorder induced due to mutations in CF
transmembrane regulator gene (CFTR), which is located on chromosome 7 [1]. The disease is a
growing concern in today’s time as it affects 1 out of 3500 children in the Caucasian population [2].
In the past, this disease was primarily limited to childhood fatalities. However, with recent
advancements in diagnostics and aggressive therapeutic approaches, disease prognosis has
improved significantly, thereby increasing the survival rate in CF patients (10.1016/j.jcf.2013.12.002).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The CFTR gene, first identified in 1989, is associated with the functioning of anion channels, which
conducts chloride and bicarbonate at the apical membrane of differential epithelia [3]. Furthermore,
it maintains ion and water channels for regulating epithelial surface hydration. The bicarbonate anion
plays a crucial role in unfolding of mucins (airway), neutralizing gastric acidity, and activating
pancreatic enzymes [4]. CFTR is also important for many physiological mechanisms related to natural
immunity, including internalization of adhered bacterial pathogens and mitigating local
inflammatory responses in bronchial epithelial cells [5]. The CFTR gene is expressed by a multitude
of organs such as lungs, liver, pancreas, bones, intestine, efc., and hence its dysregulation can
functionally affect their pivotal activities. Several complications including malignancies, CF-related
diabetes, CF-related bone disorders, male infertility, bowel cancer and leukemia can result from
mutations in the CFTR gene [6,7]. Based on the mechanism of dysfunction and repercussions on the
protein function, CFTR mutations have been classified into six groups [8]: (i) Class I (protein
production mutations), arising from premature termination codon due to frameshift mutations,
thereby resulting in the complete loss of CFTR gene function; (ii) Class II (protein processing
mutations), which are responsible for ineffective processing and transportation of CFTR protein. The
most common mutant allele identified is the F508del (AF508); (iii) Class III (gating mutations) that
result in irregular opening of ion channels; (iv) Class IV (conduction mutations) that prevent the
translocation of ions through the transport channel; (v) Class V (insufficient protein mutations),
wherein the production of CFTR protein is abnormally reduced beyond regular levels; and (vi) Class
VI (protein destabilizing mutations) that lead to reduced conformational stability and premature
recycling of the unstable CFTR protein [9]. While genetic modulation of the CFTR gene is a primary
factor responsible for CF, there are other predisposing factors such as polycystic kidney disease and
secretory diarrhea [10]. In such cases, the activity of CFTR protein is observed to be higher than
normal levels, which may ultimately lead to development of tumors [11].

Additionally, malfunctioning of the CFTR gene in bronchial epithelia has been shown to
promote host natural defenses, exacerbating inflammatory responses which result in progressive
lung damage [12]. Unregulated sodium absorption via gated channels also stimulates lowered
airway-surface liquid volume and dysfunction of mucociliary clearance, thereby inhibiting the
mechanisms for bacterial clearance in the lungs and upper airways [13]. Subsequently, colonization
of the respiratory tract by mixed bacterial and fungal communities is promoted, which in-turn
stimulates the decline of pulmonary function in CF patients [14,15]. Bacterial colonizers include
Pseudomonas aeruginosa, Staphylococcus aureus, Haemophilus influenzae, Burkhloderia cepacia, and non-
tuberculosis Mycobacterium sp.; while fungal invaders primarily consist of Aspergillus sp., Candida sp.,
Exophiala sp., and Scedosporium sp. [16]. Moreover, the prevalence of viral pathogens like
adenoviruses, human rhinovirus, influenza A and B, parainfluenza and respiratory syncytial virus in
CF patients is also well documented [17,18]. However, P. aeruginosa is the most prevalent
microorganism associated with accelerated loss of lung function in CF patients [19]. The pathogen is
acquired at an early stage from environmental sources, primarily exhibiting non-mucoid phenotype
with considerable antibiotic sensitivity [20]. Nevertheless, due to extensive multidrug resistance
(intrinsic and extrinsic), strong biofilm-forming abilities, and the presence of a sophisticated quorum
sensing (QS)-regulated virulence artillery, the management of P. aeruginosa infection in CF patients
becomes even more challenging [21]. Although there are antimicrobial therapies in place for
preventing acquisition of bacterial infection, early eradication, timely control, and lowering
pulmonary aggravation in CF patients, their long-term effectiveness and potency against P. aeruginosa
has been a matter of serious concern among clinicians [22]. With the spurring incidence of
antimicrobial resistance (AMR) among clinical pseudomonal strains [23], there is a pressing need to
explore alternate strategies and therapeutics to combat the menace of P. aeruginosa infections in CF
individuals. Hence, this review recapitulates the role of pseudomonal infections in aggravating CF,
briefly discussing the mechanisms/factors for bacterial persistence and virulence. It also focuses on
the current line of treatment (antimicrobial therapies) and collates scientific literature regarding the
clinical limitations of existing strategies against P. aeruginosa. Furthermore, it also highlights the
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imperative need for devising next-generation approaches such as antivirulence therapy for the
management of pseudomonal infections in CF patients.

2. Pseudomonas aeruginosa: the grim instigator in CF patients

2.1. Reservoir of infection and disease transmission

P. aeruginosa is a Gram-negative opportunistic microbe, frequently found in damp settings like
drainage systems, vegetative fields, tap water, and surface soils [24]. Its prevalence is not only limited
to general environmental settings, but also it extends to hospitals, home environment, cross infection
between patients and family members, and nebulizers [24,25]. Hence, the ubiquitous existence of P.
aeruginosa makes it hard to recognize the possible source of pseudomonal infection in CF patients.

Majority of P. aeruginosa infections are either community- or environmentally-acquired
infections. In this regard, a study was conducted on children found in rural and metropolitan areas
of Australia [26]. It revealed that children living in countryside had higher chances of acquiring P.
aeruginosa infections. About 63% of the isolated strains obtained, originated likely from environment
rather than being transmitted via nosocomial settings [26]. Cases of cross infection among CF patients
living in close contact such as siblings, or those admitted in rehabilitation centres for longer periods
of time have been reported [27,28]. Further, there are a handful of studies which have demonstrated
that effective infection control methods reduce P. aeruginosa transmission amongst patients [29,30].
Despite advancements in preventing and controlling infections, two recent investigations have
reported possible patient-to-patient transmission among 14-15% of patients at CF centers stipulated
by the epidemiological ties between the pseudomonal strains isolated in each case. [31].

2.2. Colonization of P. aeruginosa in CF patients

The onset of pseudomonal infection in CF patients occurs in early childhood. Among the newly
born CF individuals screened, approximately 53% exhibit positive P. aeruginosa cultures by the time
they reach the age of 5 [20]. The establishment of such a notorious pathogen in the lungs is an outcome
of multiple factors. In the respiratory tract of CF patients, compromised mucociliary clearance leads
to diminished functionality of innate and non-cellular defense mechanisms. This significantly
contributes as being one of the cardinal factors facilitating the colonization of P. aeruginosa in lungs.
Additionally, defective CFTR gene is associated with reduced clearance of the pathogen from the
respiratory tract [32]. CFTR impairment influences both the production as well as the quality of
airway surface liquid (ASL). Due to reduced hydration of ASL, there is alteration in its composition
resulting in thicker mucus which becomes less elastic and more challenging to clear, thereby creating
a favorable environment for the colonization of pathogens in the lungs [33]. Furthermore, the
impaired antimicrobial properties of ASL compromise its ability to detect pseudomonal flagella,
facilitating colonization. Additionally, the flagella exhibit a pronounced affinity to asialoGM1, a
surface molecule on airway cells with CFTR deficiency, further promoting infection in these cells [34].

The initial colonization of P. aeruginosa is marked by elevated inflammation resulting in tissue
damage, thereby increasing the vulnerability of CF patients to pseudomonal infections [28].
Moreover, P. aeruginosa exacerbates airway inflammation and tissue damage via release of
exoproducts, such as proteases, mucoid exopolysaccharides and exotoxin and cellular components
like DNA, flagella, and lipopolysaccharide (LPS). Shedding of heparan sulfate Syndecanl from
epithelial cells induced by LasA further compounds this process [28,35]. Subsequent to tissue injury,
P. aeruginosa utilizes type IV pili and flagella, for attachment to epithelial cells (Table 1). Conversely,
chronic colonization by P. aeruginosa in CF is characterized by continuous persistance of the microbe
for over six months and this results in provocation of a heightened antibody response [36]. It is also
identified by the reduction of virulence factors and a transition to a biofilm growth. Further, a
distinctive feature of persistent P. aeruginosa infection is production of mucoid alginate layer and
formation of microcolonies in the lungs of patients [37]. Biofilm formation is an adaptive survival
strategy employed by environmental bacteria, with alginate being a major component of the P.
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aeruginosa biofilm matrix. Mucoid layers may occur in patients with long term colonization of the
pathogen, these are notably distinctive in CF patients.

2.3. Persistence of infection and adverse effects

Host factors such as socio-economic status, gender, impaired CFTR gene, and compromised
immune defenses are mainly attributed to failure in eradicating P. aeruginosa. A funtional CFTR gene
is a pre-requisite for monocytes and alveolar macrophages to acheive proper complement-mediated
opsonization and lysosomal and phagosomal acidification [38]. Additionally, defective
intraphagolysosomal HOCI production [39] and dysregulated Toll-like receptors (TLR) signaling are
some of the ascertained clinical manifestations in CF pateints. TLR2, TLR4, and TLR5 are the primary
TLR’s responsible for initiating an immune response to P. aeruginosa which identify bacterial cell
wall components [40].

P. aeruginosa harbours a considerably larger genome comprising a higher proportion of genes
that facilitate the bacteria to adapt and thrive in the lung environment [41]. It produces an array of
bacterial components like toxins and virulence factors during the course of its infection which lead
to its persistence in lungs [42]. The initiation of chronic respiratory tract infections can be influenced
by some toxins. Particularly, virulence hallmarks like elastase and alkaline protease, which not only
interfere with non-specific defense mechanisms (phagocytes) rather also affect specific immunologic
defenses [43]. Certain bacterial pigments like pyocyanin can cause neutrophil apoptosis, making it
harder for the body to eliminate P. aeruginosa (Table 1). The early colonization in CF patients is
associated with lower levels of mannose-binding lectin 2 (MBL2), as the MBL2 gene transcribes a
protein that aids bacterial opsonization and phagocytosis.

A unique defense mechanism employed by P. aeruginosa is quorum sensing (QS) which includes
the Las, Rhl, and Pqs pathways [21]. They regulate the synthesis of virulence factors and the
formation of biofilms in conjunction with each other. For instance, the LasIR quorum sensing system
regulates the synthesis of the secondary metabolite pyocyanin [44]. This compound interferes with
the macrophage's ability to efficiently engulf apoptotic neutrophils, thereby intensifying the
inflammatory process. The exopolysaccharides, including alginate, Psl, and Pel, help in formation of
biofilm structure and safeguard the pathogen from the action of antibiotics and innate defense
system. [45]. The role of alginate is to scavenge the hypochlorite and inhibit complement activation,
neutrophil migration, chemotaxis, as well as macrophage phagocytosis and killing (Table 1). Psl
functions by inhibiting complement-mediated opsonization of P. aeruginosa [46]. Also, it is
instrumental in pseudomonal adherence to airway cells, thereby promoting enhanced cell
cytotoxicity and cell death. Pel is crucial for pellicle formation at the air-liquid interface [47] and is
associated with the wrinkled colony phenotype upon its elevated production (Table 1). Recent
findings also highlight the role of Pel as a structural scaffold during the preliminary stages of P.
aeruginosa PA14 biofilm formation [48]. The diverse virulence factors of P. aeruginosa that are
primarily responsible for instigating chronic infection in CF patients have also been depicted in
Figure 1.
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Figure 1. Schematic representation of virulence factors produced by P. aeruginosa that play a critical
role in aggravating CF.

It is evident that P. aeruginosa stands as the primary contributor to increased morbidity and
fatality rates in CF patients. Its presence is linked to heightened respiratory symptoms [28,49] an
increased frequency of exacerbations, elevated inflammation characterized by higher concentrations
of neutrophil elastase in the sputum, elevated serum C-reactive protein (CRP) levels, and diminished
monocyte responsiveness to various stimuli [50].

Table 1. The role of QS-regulated pseudomonal virulence factors in chronic infection and their clinical
implications in CF.

S. No. Virulence Factors Clinical implications References

Binding of pili to asialoGM1 glycolipid residue, present in
the respiratory epithelial cells of CF patients facilitates the

1 Flagella/Pili 34
agella/Pili attachment of P. aeruginosa, thereby leading to its [34]
colonization in the lungs
ETA harbors ADP-ribosyltransferase (ADPRT) activity
2 Exotoxin A (ETA) which catalyzes the transfer of ADP moiety to elongation [51]

factor 2, thereby stalling protein elongation and synthesis,
resulting in cell intoxication
P. aeruginosa CF isolates produces mucoid alginate and
forms microcolonies in lungs (biofilms). Such alginate
3 Alginate biofilms are resistant to antibiotics. Thus, it plays an [37]
important role in persistence of P. aeruginosa in the lungs of
CF patients
Prevents clearance of P. aeruginosa infection in CF by
mitigating ciliary beat frequency in airway epithelium. It
inhibits catalase activity inducing oxidative stress on the
respiratory epithelium further impairing CFTR function
Important virulence factor for successful establishment of
chronic infection. It provokes lung tissue damage and
5 Lasb elastase dysregulates host immune responses (down-regulation of  [53,54]
(protease) CXCR1 on human neutrophils surface), and prevents the
mucocilliary clearance of pathogen from the lung airway

4 Pyocyanin [52]
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Alginate serves as a chelators for hypochlorite and inhibits
complement activation, neutrophil migration, chemotaxis, as
well as macrophage phagocytosis and killing
Psl enhances the attachment of P. aeruginosa to airway cells.  [28,48]
Pel acts as a structural anchor in initial stages of biofilm
formation and it enhances the resistance to aminoglycoside
antibiotics
It is responsible for the persistence of pathogen in the lungs
by interfering with non-specific defense mechanisms like
phagocytosis of the pathogen and specific immune

Exopolysaccharides
(Alginate, Psl, Pel)

7 Alkaline protease responses such as T cells, natural killer cells and [43]
immunoglobulins. It inhibits neutrophil and monocyte
function especially chemotaxis, which helps P. aeruginosa to
escape the front line defenses of the host
LecA and LecB, extracellular proteins primarily mediate
adherence of P. aeruginosa to host cell surface during
infection. LecA is involved in host cell invasion and
8 Lectins cytotoxicity, while LecB reduces ciliary beating of airway [55]
epithelium. The presence of LecB leads to increased
retention of cells and EPS in the biofilm. Along with Psl,
LecB helps in establishment and stabilization of biofilm

They play a major role in suppression of polymorphonuclear
neutrophilic leucocytes (PMN’s) predominantly present
during immune response against CF. Therefore, it eliminates
the cellular host immune responses
Acts as a repressor for cytochrome c oxidase in human cell

9 Rhamnolipids

mitochondria and inhibits several metalloenzymes. It is also

used as a virulence biomarker (detected in exhaled breath)

10  Hydrogen cyanide [57,58]

for patients who have acquired P. aeruginosa in cystic fibrosis
infection as it is the only organism frequently found in the
CF lung that produces hydrogen cyanide
Pyoverdine is responsible for chronic P. aeruginosa infection
in CF patients. It not only act as an iron chelator but also
stimulates septicemia, surface motility and biofilm

Siderophores
11 (Pyoverdine and
Pyochelin)

maturation

28

Pyochelin interacts with pyocyanin forming hydroxyl free [28,59,60]
radicals. These radicals damage the pulmonary artery

endothelial and airway epithelial cells in humans, thereby

contributing to pathogenicity in CF lungs

3. Current line of antimicrobial and alternative therapies: where we stand today

The primary objective of treating CF is to decrease mortality and reduce adverse effects of the
disease, consequently preventing disease advancement. Presently, antibiotics including beta-lactams,
aminoglycosides and polymyxins and fluoroquinolones, along with anti-inflammatory medications,
are employed to manage pseudomonal infection and inflammatory responses in the respiratory tract
[61]. In CF, antibiotics serve four main purposes: (i) preventing infection acquisition, (ii) eradicating
early infections, (iii) controlling chronic infections, and (iv) treating pulmonary exacerbations. These
antibiotics are administered through three primary routes: oral, intravenous, and via inhalation [62].
In managing pseudomonal infection among CF patients, a common strategy involves employing a
combination of at least two antibiotics. This typically includes administering intravenous beta-
lactams, intravenous or oral fluoroquinolones, and intravenous aminoglycosides (along with
nebulized tobramycin) [61]. Tobramycin belongs to aminoglycoside class of antibiotics which is used
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as an accepted standard for CF patients. The aerosol nebulized formulation of tobramycin, approved
for use in 1998, is widely accessible [63]. It is administered as 300 mg, twice daily in alternate 28 days
on/off cycles to improvise pulmonary health. Tobramycin when employed in combination with
fosfomycin (anti-pseudomonal antibiotic), synergistic effects are ascertained. This combination
utilizes a lesser amount of tobramycin, hence reducing its long term toxic effects on the patients [64].
Ciprofloxacin, a second generation fluoroquinolone can be used as a successful line of
treatment during the off cycle of tobramycin. Introduced in 1985, it is administered
as oral and intravenous preparation. Despite having adverse drug reactions like
sunlight sensitivity rash and cytotoxicity, ciprofloxacin is regarded as a safe and an
effective alternative to already existing traditional approaches that are used to treat
CF [65]. Among cephalosporins, intravenous administration of cefepime and
ceftazidime has also demonstrated anti-infective properties against P. aeruginosa
[66]. Further, beta-lactams utilized to combat pseudomonal infections in CF patients
consist of penicillins (ticarcillin-clavulanate and piperacillin-tazobactam),
monobactums (aztreonam), cephalosporins (cefepime and ceftazidime), and
carbapenems (meropenem, imipenem-cilastatin, doripenem) [66]. The above-
mentioned penicillins have broad-range antibacterial activity against diverse
bacteria, including P. aeruginosa, and are given intravenously during acute
pulmonary exacerbations [67]. Aztreonam available as both aerosolized and
intravenous forms, has numerous advantages including effective sputum
penetration, a prolonged time to the next exacerbation, and enhanced lung function
[68]. Also, intravenous administration of carbapenems has been extensively

deployed against a plethora of acute pulmonary pathogens.

Besides conventional antibiotic pipeline, alternative therapeutics include vaccination and CFTR
modulators. Nowadays, anti-pseudomonal vaccines (bivalent P. aeruginosa flagella vaccine) delivered
via nasal or oral route are being considered as viable options for eliciting a humoral response in the
pulmonary tissues of CF patients [69]. Interestingly, effector molecules (CFTR modulators) that
enhance the channel activity of CFTR proteins (potentiators) and increase the availability of
functional CFTR protein at the apical membrane (correctors), have also been documented in the
literature. In this regard, modulators are known to function specifically against a particular class of
CFTR mutation [70]. The initial success was achieved with ivacaftor, a CFTR potentiator medication,
which proved to be effective for individuals harboring class 3 or 'gating’ mutations. Ivacaftor has
recently been approved for use in children upto 2 years old and is further undergoing trials in even
neonates with CF. A combination of ivacaftor and lumacaftor (corrector + potentiator) showcased
slight improvement in lung function as compared to administration of ivacaftor alone in patients
harbouring class 3 mutations [71].

4. Limitations of antimicrobial approach: the fault in our stars

The intrinsic drug resistance in P. aeruginosa has widely been correlated with the expression of
different efflux pumps and porins in the bacterial cell membrane. These efflux pumps can expel a
multitude of antibiotics such as fluoroquinolones, aminoglycosides, and p-lactams, but not
polymyxins [72]. Further, conjugation across bacterial types is a potent mechanism that contributes
to acquired drug resistance through passage of transferable enzymes that modify or hydrolyze
antibiotics. Contrastingly, de novo mutational events seldom occur as a consequence of -lactamase
and efflux pump overexpression, ultimately leading to acquired resistance [73].

In the realm of CF strains, there is a notable prevalence of acquired resistance via adaptive
mutations. This occurs because of the prolonged selection pressure arising from prolonged antibiotic
therapies against persistent infections, as well as interactions with the host immune system [74].
Adaptive resistance, induced by external stimuli (stress factors and specific antibiotics), is distinct



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 February 2024 d0i:10.20944/preprints202402.1384.v1

from acquired resistance mechanisms. Unlike mutations, it is unstable and transient, as it gets
inactivated upon eliminating the stress factor [75]. Adaptive resistance mechanisms often involve
regulatory or metabolic pathways, resulting in differential expression of bacterial genes, altered
protein synthesis, or changes in the target entity. Biofilm formation, MexXY induction, and the two-
component signaling systems (TCSS) are a few illustrative examples of adaptive resistance in P.
aeruginosa [76,77]

While the prolonged use of antibiotics has been crucial in improving the survival rates of CF
patients, it introduces the complication of patients grappling with the negative consequences of
antibiotic toxicity. Specifically, aminoglycosides are commonly linked to nephrotoxicity and
ototoxicity, posing additional challenges for patients [78]. Additionally, antibiotic treatment can
impact not only the lung microbiome but also microbial communities in other parts of the body [79].
Allergic reactions to antibiotics are also a significant concern, affecting up to 30% of CF patients [80].

Another challenge in dealing with antimicrobials include targeted drug delivery systems.
Owing to low potency of current antimicrobials, there is need for the inhaled drugs to be highly
soluble in water accompanied with administration of high concentration of doses up to 100 mg.
Moreover, the extracellular matrix within the pseudomonal biofilm, primarily consisting of
extrapolymeric substances (rhamnolipids, alginate), complex polysaccharides (Pel and Psl), and
DNA, acts as a substantial obstacle and significantly limit the entry of antimicrobial drugs [81].
Specifically, the efficacy of aminoglycosides, notably tobramycin, has been observed to diminish due
to robust interactions with the biofilm components. These interactions result in slower penetration
through the biofilm matrix and is usually incomplete or partial [82].

5. Antivirulence strategies to combat P. aeruginosa in CF: the next-generation therapies?

Besides antimicrobial approaches, novel therapeutics which aim to disrupt or inhibit the
production of virulence factors is emerging as an attractive alternative in treating Pseudomonas
infection. These antivirulence therapeutics interrupt vital pathways for pathogenesis without
impacting bacterial growth [83]. The forthcoming sections provide an insight into the prospective
antivirulence strategies such as inhibition of quorum sensing mechanism and biofilm formation, iron
uptake, lectin, and efflux pump. The different antivirulence strategies employed against P. aeruginosa
have been enlisted in Table 2. Based on the existing literature on antivirulence approaches targeting
CF isolates of P. aeruginosa, a schematic overview has also been illustrated in Figure 2.
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Figure 2. Depiction of various antivirulence strategies being employed against CF isolates of P.
aeruginosa for disarming bacterial virulence and lowering disease severity.

5.1. Targeting QS mechanisms and biofilm inhibition: the communal approach

Quorum sensing (QS) is an intra-cellular signaling mechanism which enables microorganims to
detect variability in cell density and accordingly adjust their gene expression patterns, as well as
coordinate species behaviour within a microbial population. It regulates various processes, such as
the activation of pathogen virulence factors (immune-evasion factors, proteases, toxins) and
production of biofilm. The concentration of autoinducers (QS signal molecules) released by bacteria
are a deciding factor for initiation of such responses [84].

P. aeruginosa harbors three quorum sensing (QS) pathways, namely Las, Rhl and Pqs [83]. These
pathways rely on distinct autoinducers: N-(3-oxododecanoyl)-1-HSL (OdDHL) produced in case of
Las system, it is synthesized by Lasl and recognized by LasR receptor. N-butanoyl-L-homoserine
lactone (C4-HSL) produced by Rhll synthase, and detected by RhIR [85]. 2-heptyl-3-hydroxy-4(1H)-
quinolone (PQS) is formed in case of the pgs system and identified by PqsR receptor [86]. A cascade
of cellular communication events is triggered above the limiting concentration of the signal, which in
turn modulates expression of numerous genes governing variety of physiological processes related
to bacterial pathogenicity [84].

Biofilm formation refers to specific clustered configurations of bacteria enclosed in extracellular
polymeric substances (EPS). This arrangement serves as a protective mechanism, enabling
pathogenic bacteria to escape adverse conditions like temperature variations, nutrient scarcity, and
antibiotic exposure. The formation of biofilm emerges as the key feature of P. aeruginosa, with highly
organized biofilms frequently identified in individuals suffering from persistent infections [87]. QS
along with virulence factors serves as an important factor in strengthening and increasing the
thickness of biofilms. Nevertheless, both QS and biofilm present themselves as potential targets for
antivirulence therapies as their inhibition can substantially reduce pathogen virulence, thus
impeding its pathogenecity. Numerous plant extracts have been found to curb QS signals and impede
the formation of biofilm such as coumarin (a phenolic plant compound). It is effective in suppressing
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protease and pyocyanin production as well as subduing biofilm formation. Additionally, a
trancriptomic study based on coumarin treated P. aeruginosa PAO1 biofilm, showed a possible
downregulation in QS genes involved in persistence of the organism in the lungs [88]. Another
organic compound baicalin, derived from Scutellaria baicalensis, hampers the formation of P. aeruginosa
biofilm below the minimum inhibitory concentrations (sub-MICs) and promises enhanced in vitro
efficacy of bactericidal compounds. Furthermore, it diminishes the expression levels of quorum-
sensing regulatory genes (lasl, lasR, rhll, rhIR, pqsR, and pgsA). Baicalin produces an enhanced Th1-
induced immune response, facilitating the clearance of pathogen in C. elegans, thereby reducing the
disease causing potential of P. aeruginosa [89]. A recent study on the essential oil extracted from
Corydothymus capitatus, highlighted its potential as an innovative agent targeting virulence pathways
exhibited by P. aeruginosa infection in clinical isolates from individuals with CF [90]. The
Corydothymus capitatus essential oil (CCEO) significantly proved to reduce pyocyanin production
(84% to 100%) in all tested P. aeruginosa strains. Further, it showed biofilm inhibition as well as
restricted swimming and swarming motility of all the tested strains. Hence CCEO stands out as a
prospective candidate to mitigate P. aeruginosa virulence [28]. In a similar direction, diminished
expression of four QS genes (lasl, lasR, rhll, rhIR) and ndvB gene (responsible for biofilm formation)
in P. aeruginosa isolates was observed on treatment with a plant extract obtained from Dioon
spinulosum. It also helped in effectively reducing extracellular polymeric substance (EPS), altered cell
surface hydrophobicity, and biofilm formation [91]. Besides natural products, many synthetic
compounds have proved to be inhibitors of QS system and biofilm formation. A compound with
glycine ester branch tested in P. aeruginosa strain MH 602, blocked the activity of LasR. Also, it
consequently lowered pyocyanin production [92]. Lasl represents an intriguing drug target, and
various studies have pinpointed molecules capable of inhibiting its activity. Trans-cinnamaldehyde
has been known as a potent inhibitor of AHL synthases, leading to reduction in pyocyanin
production in P. aeruginosa PAO1. The binding of trans-cinnamaldehyde to the substrate binding
pocket of Lasl has been confirmed by molecular docking analysis [93]. A research study analyzed a
range of synthetic molecules and revealed their ability to inhibit the QS receptor LasR and RhIR. The
most potent molecule was identified to be an analog of a natural autoinducer known as meta-
bromothiolactone (mBTL). This analog was highly effective in impeding the production of biofilm
and virulence factors (mainly pyocyanin). Furthermore, it demonstrated protective effects against P.
aeruginosa infections in both human respiratory epithelial cells and C. elegans [94].

PgsR is commonly targeted by QS Inhibitors (QSIs). Among the inhibitors targeting Pqs, one
notable example is a derivative of HHQ. Once inside the cell, synthase PqsH is responsible for the
conversion of the derivative into a powerful PqsR agonist. Further optimization was achieved by
introducing a CONHz group that helped in increasing the chances of survival in P. aeruginosa
infections [95]. The suppression of Pqs- related virulence traits in P. aeruginosa was attained using
inhibitors such as M34 and Clofactol M34, identified through high-throughput screening, protected
mice from pseudomonal infection by preventing the binding of PQS-PgsR [96]. Clofoctol, similar in
action to M34, is also an inhibitor of the Pqs system and increases the life span of G. mellonella larvae
infected by P. aeruginosa [97]. The synthetic derivative, Furanone C-30 is an inhibitor of LasR which
disrupts the Las pathway. This interference not only leads to increment in biofilm susceptibility to
tobramycin, but also causes a repression in levels of virulence factors of P. aeruginosa [98].
Additionally, two synthetic compounds, MHY1383 and MHY1387, harbour the ability to impede QS-
regulated virulence in P. aeruginosa. These compounds bring about a substantial reduction in biofilm
production by declining the intracellular c-diGMP levels and act as competitive inhibitors,
preventing the binding of OdHSL to LasR [99]. Recently, some newly devised molecules such as
furothiazole derivative 5 , derivative 4, amino benzene sulfonamide, pyridine derivative 3 and
derivative 2 have shown anti-fouling property against P. aeruginosa. Notably, derivative 3
demonstrates comparable anti-fouling efficacy against the P. aeruginosa ATCC 27853 to drugs like
ciprofloxacin and ampicillin [100]. Moreover, nitric oxide (NO) serves as a crucial regulator in P.
aeruginosa bacterial dispersal and biofilm production owing to its potential in reducing the expression
levels of c-di-GMP [101]. Recently, it has been discovered that benzoxazolone derivatives functioning
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as QS inhibitors, structurally mimic the AHL autoinducers. Specifically, a benzoxazolone derivative
(B20) [102] illustrated pyocyanin inhibition in PAO1 without impacting bacterial growth. Further,
exposure to B20 led to a dose-dependent decrease in QS genes levels (pgsA, rhlA, and lasB), suggesting
its role in reduced pyocyanin levels [102]. Furthermore, Blanco-Cabra et al. carried out investigations
and proposed that P. aeruginosa possess the ability to neutralize antimicrobial threats by sequestering
antibiotics within the biofilm. In this regard, DNasel-linked dextran-based single-chain polymer
nanoparticles (SCPNs) (coupled with tobramycin) counterbalanced the ionic interactions
consequently dispersing the biofilm matrix [103].

5.2. Targeting iron acquisition pathways: provoking nutrient deficiency

Bacterial persistence, survival, and biofilm formation in P. aeruginosa are quintessentially
dependent on iron, which may be acquired from haem or non-haem iron sources. Two iron uptake
systems are present in P. aeruginosa namely Has and Phu. The Has system releases a hemoglobin-
binding protein (HasAp) that is taken back up through the Has receptor (HasR) once it binds to
hemoglobin [104]. Contrastingly, Phu system functions by directly attaching hemoglobin or
hemoglobin-containing proteins to a receptor embedded in the membrane. Although the genome of
P. aeruginosa includes a third gene (hxuC) encoding a hemoglobin receptor, its regulatory mechanisms
have not been characterized to date [105].

P. aeruginosa encounters limited heme as an iron source in its natural environment and, under
aerobic conditions. Consequently, it must efficiently scavenge non-haem iron, predominantly in the
less soluble ferric (Fe®) state. To address this need, Pseudomonas synthesizes and releases high-affinity
iron-chelating siderophores, specifically pyoverdine and pyochelin, to capture iron from host iron-
binding proteins [106]. Pyoverdine, the predominant siderophore in P. aeruginosa, exhibits unique
greenish-yellow fluorescence, with over 50 characterized subtypes. Each strain typically produces
one of three sub-classes of pyoverdine [107]. In comparison to pyoverdine, pyochelin, has a lower
iron sequestering ability [105,106].

The iron acquisition mechanisms of P. aeruginosa are strictly regulated by the ferric uptake
regulator (Fur). Fur exercise control both directly and indirectly, involving extracytoplasmic sigma
factors such as PvdS, to restrict iron absorption [108]. In iron rich environments, Fur protein binds to
ferrous iron and adheres to a consensus sequence (Fur-box) located in the promoter region of genes
essential for iron acquisition. As a consequence, transcription of these genes is suppressed [109].
Conversely, in environments with scarce iron, there is an upregulation of siderophore synthesis, and
non-essential processes that consume iron are downregulated.

Currently, there is an increasing emphasis on development of newer therapeutic strategies to
target the iron acquisition systems vital for P. aeruginosa to establish successful infections. One such
approach is iron mimetics. Gallium nitrate [Ga (NOs)s] has received FDA approval for various
medical applications such as intravenous administration for cancer-associated hypercalcemia.Ga* is
emerging as an anti-pseudomonal agent because it shares a nearly identical ionic radius with Fe®,
making it practically indistinguishable for P. aeruginosa [110] This similarity allows Ga* to act as a
"Trojan horse," disrupting iron metabolism. Unlike Fe*, P. geruginosa cannot undergo the necessary
redox reactions with Ga®. A research led by Kaneko et al. (Kaneko ef al., 2007) revealed suppression
of PvdS (transcriptional regulator of pyoverdine synthesis) by Ga(NOs)s lead to a reduction in iron
uptake in P. aeruginosa PAO1 [110]. Nevertheless, biological iron chelators can also be used to inhibit
P. aeruginosa infections. For instance, Lactoferrin, an antimicrobial glycoprotein chelates iron in turn,
increasing bacterial motility and diminishing biofilm production at sub-MIC [111].

Further, biofilm-dwelling bacteria, like Pseudomonas depends on iron, and scientists are
exploring ways to "hijack" this iron transport system. They have developed siderophore-antibiotic
conjugates (SACs), which could act like "Trojan horses" to get past the biofilm's defenses and deliver
antibiotics effectively [112,113]. In wvitro investigations have elucidated that the cooperative
administration of desferrioxamine (iron chelator) and tobramycin (antibiotic) significantly hinders
the formation of biofilms and also decreases the biomass of preformed biofilms on CF epithelial cells
[114].
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5.3. Lectin inhibitors: outmaneuvering the battle for cell adhesion

Lectins are external membrane proteins required by certain microorgansms to establish biofilms
[115]. They also form a barrier against host mediated responses by inhibiting the action of mucociliary
clearance of the pathogen in the airway [116] Significance of these extracellular proteins lies in
initiating interactions by attaching to carbohydrate epitopes present on bacterial exopolysaccharides,
along with binding to both bacterial and host glycocalyces. LecA and LecB refer to two extracellular
lectins expressed by P. aeruginosa. These lectins play pivotal roles in the biofilm formation process.
These have specific binding sites for fucose and galactose respectively [55]. Consequently, these
binding sites make them susceptible to inhibition by competitive agents. In vitro studies have shown
that these inhibitors, either independently or in conjunction with antibiotics, effectively facilitate the
disintegration and disruption of biofilms [117,118].

A small randomized trial involving patients with CF who underwent galactose/fucose inhalation
treatment showcased a positive trend towards improvement in disease [119]. This trial specifically
recruited subjects with persistent pseudomonal infection amidst infection flare-up. The participants
randomly received aerosol sugar inhalation treatment or in combination with antibiotics,
administered intravenously. Both groups exhibited a considerable reduction in levels of tumour
necrosis factor alpha and colony-forming units of P. aeruginosa in sputum. More recently, higher
affinities for multivalent dendrimers carrying these sugars as compared to monovalent fucose was
observed, highlighting their use as substantial therapeutic agents [120]. In a separate investigation,
glycocluster comprising tetravalent thio- and selenogalactopyranosides were synthesized using the
azide-alkyne click strategy. The resulting compounds had the potential to act as ligands for the P.
aeruginosa lectin LecA [121]. The hemagglutination inhibition assay was employed to explore the
interactions between LecA and tetravalent glycoconjugates and comparison was made with
digalactosyl diselenide, and digalactosyl disulfide (mono- and divalent galactosides) and propargyl
1-thio- and 1-seleno-B-d-galactopyranoside. Additionally, carbohydrate-lectin interactions were
examined using the NMR technique. Both thio- and seleno-tetravalent glycoconjugates
demonstrated a significantly higher inhibition (approximately 64 times higher) of LecA compared to
simple D-galactose. Given the utilization of L-fucose and D-galactose in managing CF during a
clinical trial [119], the newly developed S- and Se-galactoconjugates could emerge as potential
candidates for anti-adhesion therapy in CF. These compounds could potentially be perceived as
inhalational drugs for the management of CF. Hence, inhibiting the activities of both LecA and LecB
is an emerging technique to mitigate the pathogenesis of P. aeruginosa and disrupt its antimicrobial
resistance in CF patients.

5.4. Efflux pump inhibitors: eroding the pathways for drug extrusion

Efflux pumps are transmembrane proteins, actively involved in transporting a variety of
substances such as toxins and antimicrobials between bacterial cells and the extracellular
environment. Notable, resistance-nodulation-cell-division (RND) family of efflux pump systems in
P. aeruginosa include MexXY-OprM , MexEF-OprN MexCD-Opr] and MexAB-OprM [122]. These
pumps confer intrinsic antibiotic resistance in P. aeruginosa. These systems consist of various proteins
that form complexes facilitating the recognition and extrusion of different molecules [122]. In
addition, QS also relies on efflux mechanisms, as the OdDHL requires efflux pumps for its active
transportation as it is not capable of independent diffusion through cell wall, thereby affecting
pathogen virulence [28]. The effects can lead to both positive and negative outcomes. While
heightened activity of the efflux pumps might lead to enhanced transport of QS molecules, it could
also result in a substantial amount of molecules exiting the cell, thereby reducing the quorum signal.
Consequently, this reduction in quorum signal may further contribute to decreased virulence [123].
Furthermore, efflux pumps contribute either directly or indirectly in imparting resistance against
antimicrobial agents, therefore, they become a compelling and promising target for antivirulence
therapy.

Efflux pump inhibitors (EPIs) are compounds having the capacity to interfere with the activity
of efflux pumps. Researchers are investigating these compounds as promising candidates for
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restoring the effectiveness of antibiotics that have encountered resistance in bacterial strains. A
plethora of studies have provided evidence that the concurrent use of EPIs can successfully address
inherent antibiotic resistance, reverse acquired antimicrobial resistance, and impede the development
of MDR strains when given in combination with existing antibiotics [28]. For instance, a study
demonstrated that RND efflux pumps of P. aeruginosa PAO1 in an insect model of infection are
responsible for conferring resistance to already existing antimicrobials. Phe-Arg-f-naphthylamide
(PABN), showed inhibitory activity against RND efflux pumps such as MexEF-OprN and MexCD-
Opr]. Additionally, it reduced the virulence of both P. aeruginosa PAO1 and clinical isolates in vivo
[124]. After comprehensive phenotypic and transcriptomic analyses, it was revealed that by
suppression of crucial virulence genes (regulating iron and phosphate starvation), PABN successfully
defended against P. aeruginosa PAO1 infection in animal models. PABN when used above 50-200 uM
concentrations can drastically lead to a decrement in bacterial growth [125] In another study, the
impact of 27uM PABN on clinical strains of P. aeruginosa strains (eleven) was investigated on the
production of virulence-related phenotypes such as swarming motility, pyocyanin and OdDHL.
Intriguingly, PABN showed varying effects amidst the seven strains that produced OdDHL. In one
of the strains the trait was increased, while in the other two no effects were observed and further the
production of this signal molecule was inhibited to varying degree in the remaining strains. Then,
out of four CF isolates producing pyocyanin, two showed reduced production in response to PABN,
while the other two exhibited increased production. In the absence of PABN, only five CF isolates
showcased swarming motility, whereas this attribute was eliminated in all of them upon PABN
treatment [124]. Similarly, a research study evaluated the effectiveness of free as well as liposomal
forms of erythromycin and gentamicin coupled with PABN against various pseudomonal strains
[126]. Liposomes showed an average diameter of 3086.35 nm for erythromycin and 562.67 nm for
gentamicin with encapsulation efficiencies of 51.58% and 13.89% respectively. Furthermore, MIC and
MBC were reduced by 4-32 fold overall upon combining antibiotics with PAN, thereby, enhancing
their potency. This amalgamation markedly suppressed biofilm formation and variedly reduced the
production of virulence factors. Surprisingly, drug treatments did not impact the production of QS
signals. Overall, the findings suggest that PABN acts synergistically along with liposomal
aminoglycosides and macrolides in tackling pulmonary infections in CF patients [126]

To conquer efflux-mediated multidrug resistance, one approach involves the development of
indirect antimicrobial agents. These agents restore the activity of antimicrobials that had been
previously neutralized by efflux mechanisms. In this regard, TXA09155 (conformationally
constrained indole carboxamide) is known to be a potent EPI that diminishes intrinsic resistance
levels and markedly reverses acquired resistance besides reducing the frequency of emerging
anthropogenic resistance. The efficacy of TXA09155 in conjunction with levofloxacin was examined
to assess its impact on the frequency of resistance (FoR) of P. aeruginosa ATCC 27853. The results
showed that TXA09155 significantly decreased the FoR to levofloxacin by over 149-fold [127].
Negligible resistance levels observed in this combination could be immensely beneficial in a clinical
context, especially for CF patients harboring P. aeruginosa. Other EPI's including, EA-3710 and EA-
371a were screened from microbial fermentation extracts archives comprising 78,000 samples [128].
These are natural products that exhibit inhibitory effects on MDR efflux pumps, particularly the
MexAB-OprM system. These compounds, derived from a Streptomyces strain, demonstrate significant
potency as MexAB-OprM inhibitors, with 2.15 uM (EA-3710) and MPCS8 values of 4.29 uM (EA-371a)
for levofloxacin against strain PAM 103.However, potential of EA-371a's as a lead compound is
hindered by its moderate cytotoxicity, highlighting the need for further exploration in the search for
effective and safe MDR efflux pump inhibitors [128]. Another distinct efflux pump inhibitor, D13-
9001(pyridopyrimidine derivative) has been discovered. This compound effectively hinders MexAB-
OprM both in vivo and in vitro, showcasing promising antivirulence properties. Notably, D13-9001
demonstrates a favorable low toxicity profile [129]. It acts by interacting with the hydrophobic trap
of the pump and interfering with structural changes important for the pump to function.
Simultaneously, D13-9001 acts to obstruct substrate binding to MexB, contributing to its inhibitory
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inhibitors, offering a dual mechanism for potential therapeutic applications [130].
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Table 2. Presently-reported anti-virulence strategies targeting CF isolates of P. aeruginosa.

Anti-

virulence Therapeutic used

Effect/outcome on disease progression
approaches

References

It is described as a potent QSI. Significant reduction in

pyocyanin and protease levels as well as biofilm formation

were observed in vitro. Decline in intracellular C-di-GMP
Coumarin inhibitory effects in wound healing model and Lucilia
sericata maggots were reduced. Hence, the therapeutic
potential of coumarin in treating wound infections and
helping with maggot-based debridement therapy may be
limited

levels suggested inhibition of biofilm. However, its biofilm-

(88]

CCEO demonstrated a significant decrease in pyocyanin
production, ranging from 84% to 100%, across all tested

Corydothymus capitatus strains. In nearly half of the strains, inhibition and reduction

essential oil (CCEO) of mature biofilm was reported. It also displayed a

substantial impact on the swarming and swimming motility

of P. aeruginosa for nearly all strains examined

(28]

Baicalin exhibited potent anti-QS and anti-biofilm
properties. The study showcased its dose-dependent
inhibitory effect on virulence phenotypes (LasA protease,
LasB elastase, pyocyanin, rthamnolipid, motilities and
Baicalin exotoxin A) which are regulated by QS. Decrease in
signaling molecule 3-oxo-C12-HSL and C4-HSL was also
observed due to repressed QS regulatory gene expression
level. In vivo treatment with baicalin in C. elegans and mouse
Quorum . . . . .
. peritoneal implant infection model resulted in lowered P.
sensing and aeruginosa pathogenicity
biofilm

(89]

inhibition Remarkable reduction in P. aeruginosa biofilm formation was
observed both in vitro as well as in vivo rat model. Further it
subdued surface hydrophobicity and extracellular
polymeric substance (EPS) accumulation. qRT-PCR results
revealed reduction in four QS genes (lasl, lasR, rhll, rhIR)
and biofilm related gene ndvB

Dyer Ex Eichler extract
(DSE)

[91]

M34 and its derivatives potentially affects the transcription
factor PqsR, impeding the binding between PQS and pqsR,
disrupting the production of pgs-dependent signaling
molecules, and offering protection against P. aeruginosa
infection in mice
M34 and Clofoctol Clofoctol, FDA-approvedlcompound; ac.ts by inhibiting ‘the
Pgs system and decreasing the mortality rate of Galleria
mellonella larvae infected with P. aeruginosa by targeting
PgsR. PgsR inhibition leads to decreased production of 2-
alkyl-4-quinolones (AQs) and hence of AQs-dependent
virulence factors, with consequent attenuation of P.
aeruginosa infectivity

[28,97]

When used in combination with tobramycin, Furanone C-30
effectively reduced protease production. It was also used in
combination with gallium (a siderophore) which resulted in

Furanone C-30 . . - .
reduction of virulence factor and QS genes. Additionally it
disrupted Las pathway (especially LasR) and increased the
susceptibility of P.aeruginosa biofilms towards tobramycin

(98]
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Niclosamide acts on the 30C12-HSL signaling pathway
through a mechanism that remains to be fully characterized.
It reduces the synthesis of 30C12-HSL as well as QS-
dependent virulence factors (pyocyanin and elastase),
resulting in decreased virulence in the Galleria mellonella
Niclosamide infection model. The efficacy of niclosamide against CF
isolates in inhibiting QS and virulence was highly variable
and strain-dependent. It demonstrated low range of
effectiveness and its inhibition of las signal production did
not correspond to a decrease in the production of virulence
factors
Biofilm formation, production of virulence factors, and
motility (swimming, swarming, twitching) of P. aeruginosa
was effectively inhibited by luteolin. It attenuated the
Luteolin accumulation of the QS-signaling molecules N-(3- [132]
oxododecanoyl)-L-homoserine lactone (OdDHL) and N-
butanoyl-L-homoserine lactone (BHL). In addition, it
downregulated the QS genes (lasR, lasl, rhIR, and rhll)
Gallium suppressed the growth and formation of biofilms in
P. aeruginosa and eliminated both planktonic and biofilm
bacteria in vitro. Its mechanism involves reducing bacterial
iron uptake and disrupting iron signaling mediated by the ~ [110]
transcriptional regulator pvdS required for pyoverdine
synthesis. Furthermore, the study demonstrated the efficacy
of Gallium in murine lung infection models
The research demonstrated that the Ka-AgNPs significantly
mitigates QS-regulated virulence factors in PAO1 and
Koelreuteria effectively suppress the formation of biofilm of PAOL.
paniculata leaf extract Further, the expression of QS-regulated virulence genes was
silver nanoparticles reduced as well. These results suggest that the phyto-
synthesized AgNPs could be used as promising anti-
infective agents for treating drug-resistant P. aeruginosa
Inhibitory/destructive effects of lactoferrin (2 mg/ml) on
biofilm formation as well as pre-formed biofilm were
observed. Further, pre-treatment with FeClz partially [111]
restored biofilm formation, suggesting its role as an iron-
chelator that may be implicated to the inhibitory mechanism
of lactoferrin
HBED showed inhibitory effects on growth and biofilm
formation in all clinical strains of P. aeruginosa isolated from
CF patients, under aerobic or anaerobic conditions. The
addition of HBED significantly decreased the biomass and
when combined with colistin, HBED notably augmented the = [134]
microcolony-killing effects of colistin, leading to nearly
complete eradication of the biofilm. Thus, the combination
of HBED and colistin demonstrates high efficacy in vitro
against biofilms formed by clinical strains of P. aeruginosa
Lectin specific sugars, fucose and Galactose prevented
binding of P. aeruginosa lectins I and II responsible for
adherence of bacteria in the airway cells. The competitive
Fucose/galactose inhibition of P. aeruginosa lectins by the sugars may (119]
Lectin inhalation overcome particular mechanisms of bacterial resistance in
inhibitors patients with airway infection. Reductions in tumor necrosis
factor alpha and colony growth of P. aeruginosa were also
reported
Thio- and Seleno- Both thio- and seleno-tetravalent glycoconjugates act as
tetravalent ligands for lectin PA-IL (one of the major virulence factor in ~ [121]
glycoconjugates P. aeruginosa associated with CF) consequently inhibiting

[131]

Gallium nitrate
(Ga(NOs)s)

[133]

Inhibiting
iron uptake

Lactoferrin

N,N’-bis (2-
hydroxybenzyl)
ethylenediamine-N,N’-
diacetic acid (HBED)
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binding of LecA. It also demonstrated approximately 64
times higher supression of LecA compared to d-galactose

PAPBN functions as an anti-QS and anti-biofilm agent against
P. aeruginosa CF isolates. It has been shown to permeabilize
the bacterial cell membrane in a dose-dependent manner,
Phe-Arg-(3- thereby increasing the efficacy of bulky p-lactam antibiotics [124,125]
naphthylamide (PABN) (incapable of crossing the membranes). It also repressed the
activity of efflux pumps like MexCD-Opr] and MexEF-OprN
and negatively impacted bacterial growth and virulence

Efﬂ;l.);ﬁump factors in insect model of infection
inhibitor:
(EPI;) s TXA09155 served as a potential EPIin P. aeruginosa. When

used at concentration of 6.25 pg/mL it increased potency of
antibiotics by 8 times. TXA09155 is known to improvise
killing dynamics of moxifloxacin and decrease frequency of
resistance (FoR) to levofloxacin. Combination of TXA09155
and levofloxacin was used effectively in treatment of burn
wound victims, as it significantly reduced emergence of
MDR strains of P. aeruginosa against carbapenams

TXA09155
(Conformationally
Constrained Indole [127]

carboxamide +
levofloxacin

6. Conclusion

To sum up, P. aeruginosa airway infection presents considerable challenges in CF, with current
diagnostic and treatment approaches inadequately preventing the progression to chronic infection in
the majority of patients by adulthood. The relentless nature of these infections, coupled with the rise
of antimicrobial resistance, underscores the pressing need for innovative strategies. In this
comprehensive review, emphasis has been made on the critical significance of P. aeruginosa infection
in patients diagnosed with CF. Various mechanisms facilitating the pathogen's persistence within the
host are thoroughly examined. The review looks into existing techniques and antimicrobial strategies
aimed at addressing P. aeruginosa infections. Additionally, novel antivirulence approaches, including
the inhibition of quorum sensing (QS), biofilm formation, iron uptake, LecA and LecB, and efflux
pumps, are discussed in detail. Ongoing researchers aim to enhance early detection methods,
potentially enabling real-time identification of pseudomonal infections in the future. Conventional
antibiotic treatments are only partially effective and contribute to resistance issues. Hence, innovative
antibiotic formulations and combinations are currently undergoing clinical trials. This review places
particular emphasis on diverse antivirulence therapeutics, offering a fresh perspective to confront the
prevailing resistance crisis and improve the overall well-being of individuals diagnosed with CF.
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