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Pseudomonas aeruginosa is the most frequent cause of infection among non-fermenting Gram-negative bacteria,
predominantly affecting immunocompromised patients, but its pathogenic role should not be disregarded in
immunocompetent patients. seudomonas aeruginosa is the most frequent cause of infection among non-
fermenting Gram-negative bacteria, predominantly affecting immunocompromised patients, but its pathogenic role

should not be disregarded in immunocompetent patients.

Pseudomonas aeruginosa MDR colistin

| 1. Taxonomy and phenotypic characteristics of P. aeruginosa

Based on phenotypic characteristics, Gilardi has classified NFGNB into seven main groups, while Palleroni has
differentiated five distinct homologous rRNA groups (namely, .. Pseudomonas, Il.: Burkholderia, 11l.. Comamonas,
IV.: Brevimundas, and V.: Stenotrophomonas) based on rRNA-DNA homology 22, P aeruginosa was first isolated
from green pus by Gessard in 1882, while the genus Pseudomonas was first described by Migula in 1894, with P.
aeruginosa being the species type of the genus [9]. Members of the Pseudomonaceae family are ubiquitous in
nature (soil, plants, and aquatic environments, while birds and smaller mammals have also been described as
reservoirs) B4, P aeruginosa is the most common cause of infections (both within the genus and among
NFGNB) in humans and warm-blooded animals (e.g., urinary tract infections, mastitis, and endometritis in livestock
and companion animals) €. Other members of the genus are relevant as fish pathogens, causing hemorrhagic
septicemia and ulcerative syndrome [ P fluorescens and P. putida have been described as a cause for
deterioration of refrigerated food, and as contaminants in blood transfusion and infusion preparations. P. stutzeri, P.
mendocina, P. fulva, and P. monteilii are rarely pathogenic in humans (described in patients with end-stage disease

and in septicemia), while P. baetica, P. syringae, P. plecoglossicida, and P. viridiflava are important plant pathogens
[QI[L0][11],

P. aeruginosa is a non-fastidious microorganism that does not require special cultivation conditions. It grows well
on most non-selective (Mueller-Hinton, Nutrient agar, Luria-Bertani, blood agar, etc.) media, although there are
some media which are used specifically for the purpose of selective propagation of Pseudomonas (e.g., cetrimide
agar, King-A, and King-B media). While the microorganism grows best at 37 °C, pseudomonads can also survive in
a wide temperature range (4-40 °C) 23 Among the phenotypic characteristics of P. aeruginosa, the
characteristic odor (described as flower-like, “grape juice”, or “fresh tortilla”), B-haemolysis (on blood agar), and
color of the colonies (in appropriate culture media) allows for their quick organoleptic identification 14, P

aeruginosa and other members of the genus are known to produce various pigments, including
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pyoverdine/fluoresceine (a fluorescent green-yellow water-soluble pigment, produced by 70-80% of isolates, which
also acts as a siderophore in low-iron conditions), pyocyanin (a green-blue lipid-soluble phenazone-derivative
pigment, with roles in iron metabolism, in maintaining the redox-equilibrium surrounding the bacteria, and in cell-
cell communication), pyorubin (a red-brown water-soluble pigment, produced by 2-3% of isolates, with roles in
maintaining the redox-equilibrium), and pyomelanin/alkaptomelanin (a brown-black, water-soluble, and acidic
pigment) LEILGILTIIS] (Figure 1). It has been shown that high phosphate concentration in the culture media induces

pigment production in Pseudomonas spp. 12120,
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Figure 1. P. aeruginosa antimicrobial susceptibility testing using disk diffusion on Mueller-Hinton agar plates. The
isolate on the upper portion of the figure produces pyorubin and pyomelanin, while the isolate on the lower portion

of the figure produces pyocyanin.

2. Virulence Determinants of P. aeruginosa and Modulation of
Virulence Factor Expression

2.1. Genome of P. aeruginosa

The pathogenicity of P. aeruginosa is supported by numerous virulence determinants, some of which are integral
parts of their cell structure. On the other hand, many additional virulence factors are synthesized and excreted,
depending on the environment surrounding the pathogen [21221. One of the most important characteristics of P.
aeruginosa is its adaptability to diverse natural environments and to harsh (in vivo) conditions, which concurs with
high metabolic diversity among species of this genus [23l. The publication of the first sequenced genome of the
opportunistic pathogenic strain P. aeruginosa PAO1 (isolated from a wound) by Stover et al. in 2000 had
paramount importance in shedding light on the physiology and virulence capabilities of this pathogen 2423l Since
then, the complete genome of many other species of the genus (P. putida KT2440, P. fluorescens Pf-5, P.
fluorescens PfO-1, P. entomophila L48, and others) have been published 2423, |n comparison with a common
Gram-negative isolate, namely the uropathogenic Escherichia coli (UPEC) (with a genome of =5 Mb) 28127 p
aeruginosa has a large genome with 5.5-7 Mb, characterized by pronounced genomic plasticity 28129, This genetic
repertoire includes a conserved core genome of ~4 Mb, while the remaining genetic material comprises of various
sets of rare genes and gene islands B9, The versatility of this pathogen is largely determined by the latter group of

genes.

The P. aeruginosa genome resembles a classical “secretor” genome, which includes a large proportion of
regulatory genes (i.e., efflux pumps and other transport proteins, motility, chemotaxis), genes controlling metabolic
pathways (which allows for adapting to distinct metabolic states), and genes encoding a plethora of virulence
factors and antibiotic resistance determinants [38,39]. For example, cystic fibrosis—the defect of the cystic fibrosis
(CF) transmembrane conductance regulator (CFTR) genes—Ieads to the accumulation of succinate in the lungs,
which favors the colonization and survival of P. aeruginosa, as this microorganism can utilize it as a nutrient source
[40]. Secreted virulence factors and proteases are some of the hallmarks in P. aeruginosa pathogenicity, which
take up ~3% of the open reading frames of the P. aeruginosa PAO1 genome [2425 The diversity of the P
aeruginosa genome is further enhanced by the introduction of mobile genetic elements via horizontal gene transfer
(HGT: such as conjugative transposons, insertion sequences, and genomic islands) B, P aeruginosa also has an
innate way to increase genetic diversity in hypermutable strains: the DNA-mismatch repair system in these
microorganisms consist of a protein trimer (namely the MutS-MutL-UvrD trimer), with the role of maintaining
genomic integrity in these species 3233 |t has been suggested that species with mutations in this repair system
result in “hypermutator” strains, where the spontaneous mutation rate is increased 1000x. These isolates are
principally seen in the lung of CF patients and they are characterized by phenotypic changes (i.e., the so-called

“mucoid” phenotype) and high-level antibiotic resistance 341331,
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2.2. Virulence Factors of P. aeruginosa

Similar to other Gram-negative bacteria, lipopolysaccharide (LPS, or endotoxin), Type IV pili and flagella, adhesins,
and lectins are all integral parts of the external cell wall structure of P. aeruginosa 2837, Based on the O-specific
polysaccharide side chain of the LPS, 27 antigen groups may be differentiated, while there is also an opportunity to
classify these bacteria based on their flagellar H-antigens B8], The feature of motility for P. aeruginosa is
recognized as an advantage, as it is able to move from one niche to another with no difficulty E8I37B9 Three types
of matility, including swarming, swimming, and twitching motility, enable P. aeruginosa to be present in a wide
range of different habitats with a diversity of environmental factors 9. Lectins are proteins on the outer membrane
of P. aeruginosa, which recognize glycosylated carbohydrates on host tissues, aiding the adherence of bacterial
cells. For example, LecA (which binds to galactose) and LecB (which binds to fucose) mediate the adherence of
this pathogen to epithelial cells in the lung 12l These cell-mediated virulence determinants have important roles
in the initial phase of colonization, persistence, and in the establishment of infections in vivo 43, Nevertheless, the
overwhelming majority of virulence determinants associated with P. aeruginosa are secreted factors. These may be
synthesized and secreted to the vicinity of these bacteria (damaging surrounding tissues and immune cells). In
addition, they may be introduced directly into host cells via a type Ill secretion system (T3SS) [44145]146] Secreted
virulence factors are relevant in the later stages of the infection and invasion, during which bacterial cells proliferate
and subsequent damage occurs in tissue cells at the anatomical site of infection, and the host immune response is
dampened 7,

These secreted virulence factors in P. aeruginosa include: (i) pigments (described previously), siderophores (e.g.,
achromobactin), and inorganic compounds (e.g., hydrogen cyanide), which have roles in iron scavenging,
protection against damage caused by reactive oxygen species (ROS; originating from immune cells), and
competition against other bacterial genera. (ii) Exotoxins, including effector cytotoxins such as exotoxin A (ETA),
exotoxin S (ExoS; inhibits the function of innate immune cells and neutrophil granulocytes), exotoxin U (ExoU;
phospholipase activity, which rapidly leads to cell lysis and has roles in inducing septic shock), and other exotoxins
with similar functions (ExoT: inhibits cell division in mammalian cells and affects wound healing processes, ExoY:
induces pro-apoptotic processes, and exolysin A (ExIA), which is secreted by a two-partner secretion system
(TPS)). (iii) Proteases and other enzymes: lipases, alkaline protease, elastase A (LasA), and B (LasB), heat-stable
hemolysin/phospholipase H (PLH), phospholipase C (PLC), and DNase. (iv) Secretion systems: P. aeruginosa is
known to have 5 types of secretion systems, among which, Types | (T1SS), Il (T2SS), and lll are involved in the
virulence of this pathogen. T1SS and T2SS are relevant in the secretion of various proteases and lipases, ETA,
LasA, LasB, and PLH. On the other hand, there are two distinct T3SSs in P. aeruginosa: the role of fT3SS is to
expel flagellar proteins (to aid in motility, and they may also play a role in biofilm formation), while the iT3SS is a
needle-like protein (“injectasome”), which introduces the previously mentioned effector toxins (such as ExoU and
Ex0S) into the cytoplasm of mammalian cells [#41[43]146][48][49][501[51][521[53](54] () Biofilm (see Section 2.4). In contrast
to cell-mediated virulence factors (which are considered to be constitutive), the production of secreted virulence

factors is largely dependent on the environmental factors and the niche surrounding the pathogen.
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2.3. Typing methods for the differentiation of P. aeruginosa clones, global
dissemination

Many methods (with various costs, labor-intensity, and discriminatory power) have been proposed for the
assessment of genetic similarity in P. aeruginosa, which are just as important for local infection control
interventions and outbreak control as they are relevant in the assessment of successful national or global clones by
public health microbiology 551381 These methods include serotyping, phage typing (based on the differential
sensitivity to these isolates to standardized bacteriophages), pyocin typing, pulse-field gel electrophoresis (PFGE),
field-inversion gel electrophoresis (FIGE), random amplified polymorphic DNA polymerase chain reaction (RAPD-
PCR), oligonucleotide microarrays, multi-locus sequence typing (MLST), and whole-genome sequencing (WGS)
[B7I58159] while the latter three methods are relevant in the identification of internationally successful P. aeruginosa
clones, the other listed typing methods are used in the assessment of local outbreaks. Currently, three major
international multidrug-resistant (MDR) clones have been identified, which have shown the most successful spread
around the globe, namely the ST111, ST175, and ST235 clones [69,70]. ST111 (characterized by serotype 012)
and ST235 (characterized by serotype O11) have been described on almost every continent of the world, while

ST175 (characterized by serotype 04) has only been detected in European countries [6261],

ST235 clones are known as highly virulent—owing to the presence of ExoU in these strains—and these isolates
are MDR; thus, the therapy of these infections is also considerably more difficult. Generally, it may be said that the
continuous expression of resistance-determinants hinders the virulence of the microorganism; however, the fithess
burden associated with maintaining the MDR-phenotype was observed to be lower in case of the ST235 clones 62,
Based on WGS analysis, P. aeruginosa isolates of clinical and environmental origin may be grouped into three
distinct resistotypes, namely PAO1, PA14, and PA7. PAO1 and PA14 are characterized by possessing the T3SS
secretion system and the corresponding effector toxins (ExoS but not ExoU in the case of PAO1, and ExoU but not
ExoS in the case of PA14). On the other hand, PA7 does not have the T3SS; instead, they utilize the TPS, by
which they secrete the ExIA exolysin to damage surrounding tissue cells 3. Some reports suggest that there may
be an association between virulence and antibiotic resistance in P. aeruginosa isolates, as the carriage of the exoU
genes was shown to correlate with resistance to aminoglycosides and fluoroquinolones. A possible explanation

was that the genomic island carrying exoU may also contain resistance-determinant genes [64165],

2.4. Biofilm Formation

Without a doubt, one of the most important virulence determinants in the pathogenesis of P. aeruginosa infections
is the production of a biofilm. The biofilm allows for the adherence of these pathogens on various surfaces,
provides protection from harsh environmental conditions (e.g., sheer forces, drying), and from the immune system
of the host (e.g., natural killer cells, phagocytes, complement, ROS-mediated damage) [B8I6788]  Bjofilms have
heterogenous compositions, consisting of aggregates of sessile bacterial communities (based on their composition,
this may be monospecies or multispecies biofilm), exopolysaccharides (EPS; e.g., alginate, cellulose, dextran,
rhamnolipids), environmental DNA (eDNA), carbohydrates, proteins, surfactants, lipids, various ions, and water 62

79 The biofilm mode of growth was first described in the 1930s, while the true relevance of biofilm-embedded
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bacteria in infectious processes has been understood only in recent decades /1172, Bacterial cells usually attach to
hydrophobic and/or coarse surfaces with the aid of their cell-mediated virulence determinants (e.g., pili, fimbriae,
surface antigens), which is followed by the production of the protective EPS and other components 2. Biofilms
allow P. aeruginosa to persist in the external environment (in water pipes and tanks, sinks, on hospital tiles, on
medical equipment, such as mechanical ventilators and respiratory tubing, humidifiers, dialysis equipment and
catheters, endoscopes and implanted medical devices, in medical preparations, such as irrigation solutions,

dialysis fluid, contact lens fluid, antiseptic solution, cremes) and in vivo (24](75]

Biofilm formation is a critical attribute of P. aeruginosa in being a successful nosocomial pathogen and it is also an
important hallmark of chronic bacterial persistence. This may be observed in dental caries on the tooth surfaces [Z8
71 in skin and soft tissue infections 8 in infections of the middle ear [87], catheter-associated infections 2,
pneumonia, and in the lungs of CF patients (Y. In the latter case, P. aeruginosa is able to survive and avoid
clearance (withstanding the immune response and the subsequent administration of antimicrobials) in the
respiratory and conductive zone of the lungs (8182, For example, alginate and other polysaccharides produced by
the mucoid variants are effective in scavenging ROS, protecting bacterial cells 3. Other than the protection
against immune cells, the biofilm provides a safe haven for microorganisms against antibiotics in vivo, contributing
to the MDR phenotype. It has been noted by several publications that the minimum inhibitory concentrations
(MICs) of bacteria inside the biofilm may be 10-10,000 times higher, compared to planktonic cells [E1l82l84] On
one hand, the secreted extracellular matrix significantly hinders the diffusion of the antibiotic molecules to
effectively reach the bacterial targets (pharmacokinetic barrier); in addition to this, bacteria residing in the deeper
layers of the biofilm will adapt to a differentiated metabolic state BUE2I84] |t must be noted that the inhibition of
bacterial growth is mechanistically distinct from bacterial killing, and antimicrobials (even in effective doses) may
not kill cells inside a biofilm. Due to the high bacterial density, low oxygen tension, and lack of nutrients, bacteria

become dormant and utilize alternative metabolic pathways [82l,

In addition to lacking cell motility, these “persister” cells (also termed small-colony variants (SCVs)) correspond to a
transient phenotypic variant of bacteria, which are not genetically resistant to antibiotics, but under the
abovementioned conditions, they can withstand very high concentrations of these drugs (pharmacodynamic
barrier) [B2B8IE7I88] |n essence, persisters (corresponding to 1-2% of the bacterial population) opt not to proliferate
during exposure to antibiotics, but they resume replication if the stressors are removed from the environment [2[88]
[871(88] persisters may also be important in the recurrence and chronicity of P. aeruginosa infections. Although there
is scarce knowledge on the mechanisms leading to dormancy/persister formation, it has been suggested that the
secretion systems may have a role B2, The therapy of biofilm infections is an important challenge, as there is
currently no targeted therapy available to completely eradicate biofilms in vivo. Nevertheless, several compounds
(e.g., polyvalent anions, DNases like dornase-a and alginate lyase) may be useful in the reduction of mucus
density 29, On the other hand (although the evidence on this topic is still controversial), some experiments have
shown that sub-MIC concentrations of some antibiotics (mainly B-lactams, including ceftazidime, cefepime,
imipenem, and meropenem) may have the opposite effect, inducing biofilm production [RLIE2831 p aeruginosa also

displays the ability to tolerate biocides (e.g., antiseptics and disinfectants) like chlorhexidine or triclosan, mediated
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by the fabV gene, coding for a triclosan-resistant enoyl-acyl-carrier protein. Lack of susceptibility to biocides further

hinders successful elimination of P. aeruginosa from hospital environments 241931,

2.5. Quorum Sensing (QS)-Mediated Control of Virulence Factor Expression in P.
aeruginosa

To allow for the continuous adaptation of P. aeruginosa to different environmental niches and to the different
stages of infection, the secretion of the abovementioned virulence factors needs to be tightly regulated. One of the
most important regulators in P. aeruginosa is by its quorum sensing (QS) systems 28, QS corresponds to the
“social behavior” of bacteria, during which small signal molecules (termed autoinducers) are used to influence gene
expression in bacterial cells, in a cell-to-cell and density-dependent manner 798 |f the density of the bacterial
population (hence, the concentration of these signal molecules) reaches a certain threshold, changes occur in
bacterial physiology to aid collective behaviors or to help microorganisms to outcompete other microorganisms in
the ecological niche (e.g., by secreting virulence factors or antibacterial compounds) 22190 Foyr interconnected
systems, namely the igs, las, pgs, and rhl pathways, compose the QS-regulatory network of Pseudomonas
species. In this network, various autoinducers (such as acyl-homoserine lactones (acyl-HSLs), like butanoyl
homoserine lactone (C4 HSL) and 3-oxodecanoyl homoserine lactone (C12 HSL)), the B. cepacia complex fatty
acid molecule named diffusible signal factor (BDSF), oligopeptide-type autoinducers (like autoinducer-2 (Al-2)), the
Pseudomonas quinolone signal molecule (PQS), and integrated QS signal molecule (IQS)) are utilized. The
detailed description of these signal molecules is outside of the scope of this review (for details, see References 101l
[97][98][99][100][102][103][104][105][106]1107]y - Additionally, these autoinducer molecules are capable of dampening the
innate immune response and inducing cytokines and chemokines %8 As the production of biofim and the
secretion of other virulence factors are all governed by the complex QS system of P. aeruginosa, they have
significant influence on the virulence of these bacteria. QS mediates the expression of its pigments, alkaline
protease, hemolysin, elastase, lectins, the effector exotoxins, exotoxin A, swimming and twitching motilities, the
activity of the T1SS and T2SS (the activity of T3SS is influenced by QS to a lesser extent), production of biofilm,
and hydrogen cyanide, among others 19110l QS js also an important mediator of the reciprocity between
bacterial virulence, antibiotic resistance, and microbial fitness 111, The complexity of P. aeruginosa pathogenicity is

represented in Figure 2.
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Figure 2. Main components of P. aeruginosa pathogenicity.

Nonetheless, it is well-known that the upkeep of many resistance determinants and virulence factors may bear high
fitness costs, leading to more susceptible strains outcompeting MDR ones [110111l - Conversely, therapeutic and
sub-inhibitory doses of antibiotics (e.g., ceftazidime, cefepime, imipenem, fluoroquinolones, doxycycline) may
eradicate various QS signal molecules or inhibit their binding to the relevant receptors; thus, suppressing their
virulence 1121131 |n addition to QS, biofilm production is also mediated by various two-component regulatory
systems (GacS/GacA, RetS/LadS) and cyclic diguanylate (cyclic-di-GMP; a cyclic dimeric guanosine
monophosphate), with the signal molecule having critical roles in the secretion of EPS [114], |f these bacteria adhere
to any in vivo or inanimate surfaces, the concentration of cyclic-di-GMP increases, leading to the expression of
“static” determinants, such as adhesive pili (securing attachment to the surface) and the subsequent production of
biofilm. At the same time, increased cyclic-di-GMP also results in the repression of the synthesis and function of
flagella (“motility” determinants) [224l[115] This leads to the thickening of the initial biofilm, corresponding to

protection against immune cells and antimicrobials.
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