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Chapter 1: Pseudomonas aeruginosa infections, a

growing health problem.

1- A Versatile Pathogen

Pseudomonas aeruginosa is a Gram negative bacillus present in diverse ecological
niches: aquatic environments, soil, plants and even animals such as birds and mammals have
been described as reservoirs [1]. Other surprising niches like petroleum [2] or chlorinated water
[3] demonstrate the adaptation capabilities of this bacterium. P. aeruginosa is also an
opportunistic pathogen for humans, infecting mostly individuals with a compromised immune
system [4]. For example, it is a major predictor of morbidity and mortality in cystic fibrosis
(CF) patients as it causes severe chronic lung infections [5]. It was also shown to cause
infections in humans with MyD88 deficiency, a key downstream adapter for most Toll-like and
interleukin-1 receptors [6]. Over the years, numerous risk factors have been identified to
influence the acquisition of P. aeruginosa infections (see Table 1), which can be local or
systemic, benign or life-threatening. Indeed, P. aeruginosa is the leading cause of otitis for
swimmers [7], the most frequent pathogen in burn wounds [8] and in ventilated patients in
intensive care units [9], and has recently become one of the most frequent causative agents of
lethal nosocomial infections [10]. Unfortunately, this pathogen is also increasingly resistant to
classical antibiotic therapies and isolates resistant to carbapenems were ranked by the World
Health Organization (WHO) as a critical priority pathogen for which new treatments are

urgently needed [11].

Main risk factors for acquiring P. aeruginosa infections

Physiological factors Medical Procedures Others

Neutropenia Hospitalization Burns
Acquired Immunodeficiency Syndrome (AIDS) Mechanical ventilation Severe external injuries
Innate immunodeficiency (e.g. MyD88) Surgery Poor living conditions

Heart diseases Catheterization Malnutrition
Chronic Obstructive Pulmonary Disease (COPD) | Immunosuppressive therapy Intravenous drug use
Cystic Fibrosis (CF) Cancer chemotherapy
Diabetes mellitus Radiotherapy

Table 1 : Main risk factors for acquiring P. aeruginosa infections (adapted from [12])
8
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P. aeruginosa can colonize a large range of environments and cause a wide array of
infections. This versatility stands from its large genome (5.5 to 7Mbp) which includes more
than 500 regulatory genes, an arsenal of virulence factors and a multitude of drug-resistance

mechanisms [13].
2- The Main Weapons of P. aeruginosa

A) First Contacts

Motility and adhesion are amongst the first properties that P. aeruginosa exploit to
initiate an infection. To these ends, the pathogen relies on two complex extracellular apparatus
the flagellum and the type 1V pili. P. aeruginosa possesses a single polar flagellum responsible
for "swimming" and also involved in "swarming" motilities [14]. It also participates in adhesion
to epithelial cells [15]. The flagellum is highly immunogenic and induces strong inflammatory
response as it is recognized by Toll-like receptor (TLR) TLR5 [16]. P. aeruginosa’s motility
also relies on the type IV pili required for "twitching" [17] and "swarming™ motilities [14]. This
type 1V pili is also P. aeruginosa’s main adhesine, involved in binding to epithelial cells [18].
Adhesion was also reported to be carried by adhesins such as the lectins LecA and LecB. Both
are important virulence factors as, in vitro, lecA and lecB mutants were associated with
decreased cytotoxicity and adhesion on A549 cells compared to the ancestral strain. Moreover,
in vivo (murine acute lung injury model), the increase in alveolar barrier permeability was
reduced with both mutants, as were bacterial burden and dissemination, compared with the
parental strain. Finally, coadministration of specific lectin inhibitors (a-methyl-galactoside and
a-methyl-fucoside) markedly reduced lung injury and mortality [19]. However, these effects
might not be due to adhesive properties of lectins as a group fund that neither lectin was
involved in adhesion to human tracheobronchial mucin [20]. They proposed that the
contributions of lectins to P. aeruginosa’s virulence reported in the literature might be due to
secondary effects on other systems rather than effects of the lectins themselves (e.g. LecB

proteolytic activity and role in pilus biogenesis).
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B) Type I11 Secretion System: Shooting Toxins in Cells

Once P. aeruginosa is in contact with host cells it injects toxins directly in their cytosol.
This process relies mainly on the Type I11 Secretion System (T3SS), a major virulence factor
[21]. A study looking at 108 P. aeruginosa clinical isolates (from respiratory tract infections)
found that the relative risk of mortality was 6-fold higher when T3SS toxins were produced
[22]. This T3SS allows P. aeruginosa to secrete 4 toxins: ExoS, ExoT, ExoU and ExoY. Both
ExoS and ExoT are Rho GTPase-activating proteins (RhoGAP) and ADP-ribosyltransferases
(ADPRT). These toxins are able to disrupt actin filaments [23] and block the reactive oxygen
species burst in neutrophils [24]. Moreover, ExoT was shown to elicit inhibition of
internalization of P. aeruginosa by epithelial cells and macrophages [25] and promotes the
apoptosis of host cells [26]. Expression of the phospholipase A2 ExoU is associated with a
cytotoxic effect on epithelial cells in vitro, and increases virulence in mice [27, 28]. Its toxicity
relies on host cell membrane disruption [29]. Note that ExoS and ExoU are almost mutually
exclusive in P. aeruginosa, with most strains being ExoS-positive, few strains being ExoU-
positive, and barely any strains having both [30]. Finally, ExoY is an extra-cellular nucleotidyl
cyclase, homologous to other virulence factors (CyaA from Bortedella pertussis or EF from
Bacillus anthracis) [31] and was shown to disrupt the actin cytoskeleton of epithelial cells in
vitro [32]. Recently, secretion of ExoY was shown to be associated with production of cUMP,
higher prevalence of cell apoptosis, and a break of lung barrier integrity in mice [33], but its

precise function in P. aeruginosa pathogenesis still needs investigation.

C) Virulence Without a T3SS

Some P. aeruginosa strains lack the T3SS but are still causing infections. For example,
the clinical strain CLJ1 was able to cause fatal hemorrhage in a mouse model of acute
pneumonia. This phenotype was associated with the expression of ExIA and ExIB. ExIA is a
pore-forming toxin, secreted with the porin ExIB, via a Two-Partner Secretion System (TPSS).
These two proteins are required and sufficient to provoke membrane permeabilization of human
endothelial cells and macrophages (in vitro) and fatal hemorrhage in mice [34]. Furthermore, a
strain lacking the T3SS is still able to inject toxins directly in the cytosol of cells via the Type
VI Secretion System (T6SS). Indeed, the T6SS, which structurally resembles a bacteriophage

tail [35], is not only able to inject toxins in other bacterial cells, but also into eukaryotic cells,

10
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delivering what is known as “Trans-Kingdoms Toxins”: PIdA, P1dB and TplE. Both PIdA and
PldB are phospholipases D exhibiting antibacterial properties and facilitating intracellular
invasion of eukaryotic cells (in vitro) by activation of the PI3K/Akt pathway [36]. TpIE, a
phospholipase Al, is able to disrupt the endoplasmic reticulum, thus promoting autophagy by

the activation of the unfolded protein response [37].

D) Type |l Secretion System: Shooting Toxins Next to Cells

Another toxin of interest is ToxA, the most toxic protein secreted by P. aeruginosa with
a Lethal Dose 50 (LD50) of 0.2 mg in mice [38]. While being secreted in the extracellular
milieu by the type Il secretion system (T2SS), ToxA has an intracellular target. Indeed, this
toxin with ADPRT activity mediates its entry into target host cells through its cell-binding
domain, then ADP-ribosylates host elongation factor 2 to block protein synthesis [39, 40]. The
T2SS is also known to secrete diverse proteases involve in tissue invasion including LasA,
LasB, and Prpl. Both LasA and LasB are metalloproteases. LasA has low elastolytic and high
staphylolytic activities [41], it also highly increases the elastolytic activity of LasB [42]. LasB
has a strong elastolytic activity and allows for tissue invasion by increasing membrane
permeability of epithelial cells. LasB also inactivates immunoglobulin A (IgA), 1gG and
complement components [43-46]. The loss of either LasB or LasA significantly decreases the
ability of P. aeruginosa to invade epithelial cells in vitro and the loss of both proteases leads to
an even lower invasion phenotype [47]. Prpl is another T2SS secreted protease (a lysine
endoproteinase) that degrades proteins such as complement components, immunoglobulins,

elastin, lactoferrin, and transferrin [48].

E) Next Target: Lipids

A different virulence strategy of P. aeruginosa relies on its ability to degrade host cell
phospholipids. In addition to the previously mentioned phospholipases (PIdA, PIdB and Prpl),
P. aeruginosa uses the hemolytic phospholipase C PIcH (secreted by the T2SS). PIcH can
degrade phospholipids (phosphatidylcholine and sphingomyelin) found in eukaryotic
membranes and in lung surfactant [49] and suppresses bacterium-induced neutrophil respiratory
burst [50]. Furthermore, to increase the efficacy of its phospholipases, P. aeruginosa produces

extracellular glycolipids called rhamnolipids. Indeed, these rhamnolipids act as detergents on

11
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the phospholipids of the lung surfactant [51], disrupt mucociliary transport and ciliary beating
[52], and inhibit phagocytosis [53].

F) Iron Is All | Need

Once host cells have been destroyed, P. aeruginosa has the ability to retrieve important
nutriments, molecules and cofactors necessary to its growth, including iron. Iron is an essential
cofactor of many proteins (iron—-sulfur cluster-containing proteins, enzymes in mitochondrial
respiration...) and is critical to P. aeruginosa physiology [54]. To capture this essential metal,
P. aeruginosa uses iron chelating molecules named siderophores: pyoverdin and pyochelin.
Both siderophores have been shown to be essential virulence factors in diverse mice infection
models [55-57]. P. aeruginosa can also get iron via the uptake of siderophores produced by
other bacteria (xenosiderophores), or via the uptake of heme molecules from the host
hemoproteins, or by using phenazine compounds. Phenazine-1-carboxylic acid (PCA) is the
precursor of pyocyanin, the blue-green compound typical of P. aeruginosa (this bacterium used
to be nicknamed “pyocyanic bacilli”). PCA is able to reduce Fe** bound to host proteins into
Fe?*, allowing the uptake of iron via the Feo system [58]. If pyocyanin is less potent than PCA
for iron-uptake, it nevertheless plays other roles during the infection. Indeed, in vitro studies
have shown that pyocyanin inhibits cell respiration, ciliary function, epidermal cell growth, and
also induces neutrophils apoptosis [59-61]. Moreover, it was shown to be a major virulence

factor in vivo [62].

G) LPS: Smooth or Rough

Overall, P. aeruginosa infections are characterized by severe tissue damages and a
strong inflammatory response. The immune system recognizes different components of the
bacterial envelope via Toll like Receptors (TLRs). More specifically, the lipopolysaccharide
(LPS), peptidoglycan and flagellin are recognized by TLR4, TLR2 and TLRS5, respectively,
driving the induction of pro-inflammatory cytokines and type I interferon (IFN) responses [63].
The LPS is composed of 3 parts: the lipid A, which can overstimulate the immune system and
lead to a fatal “septic shock™ [64]; the oligosaccharide core; and the O-antigen side chain, a
variable part that can be present (smooth LPS) or absent (rough LPS). A P. aeruginosa strain

with smooth LPS was shown to be significantly more virulent in mice than its rough LPS mutant
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[65]. This lower virulence might be related to the involvement of LPS in P. aeruginosa maotility.
Indeed, both “swimming” and “swarming” motilities were impaired in mutants that lacked
smooth LPS [14, 66]. Furthermore, P. aeruginosa strains with rough LPS are sensitive to human

serum whereas strains with smooth LPS are not [67].

H) Hacking the Immune System

Infections by P. aeruginosa are characterized by a highly inflammatory immune
response. Unfortunately, P. aeruginosa can efficiently disrupt this immune response. Indeed,
numerous virulence factors previously mentioned (Table 2) degrade proteins of the immune
system (e.g. immunoglobulins, complement components...), inhibit antibacterial cell functions
(e.g. oxidative burst, phagocytosis...) but also disturb cytokine signaling. For example, the
alkaline protease ArpA (secreted by the Type | Secretion System) and the elastase LasB, can
inactivate human interferon (IFN)-y, tumor necrosis factor (TNF)-a, and degrade two key pro-
inflammatory cytokines, 1L-6 and IL-8 as well [68-70]. These two proteases also inhibit
neutrophils function by interfering with their chemotaxis [71], reduce phagocytic activities of
leukocytes [72], inhibit natural killers [73] and disrupt lymphocytes via degradation of
interleukin 2 [74].

13
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Name Product type Secretion type Role
ArpA Metalloprotease I immune system inhibition
ExIA Pore-forming toxin TPSS antiphagocytosis, cytotoxic
ExoS RhoGAP and ADPRT I antiphagocytosis
ExoT RhoGAP and ADPRT 11l antiphagocytosis, cytotoxic
ExoU Phospholipase A2 11l cytotoxic
ExoY Nucleotidyl cyclase 11l cytotoxic
Flagellum Motility apparatus - motility, adhesion, tissue invasion
LasA Metalloprotease Il tissue invasion, immune system inhibition
LasB Metalloprotease I tissue invasion, immune system inhibition
LecA Lectin (binds to galactose) - adhesion, tissue invasion
LecB Lectin (binds to mannose) - adhesion, tissue invasion
LPS Exopolysaccharide - motility, inflammation
PCA Phenazine I iron scavenging
PlcH Phospholipase C Il tissue invasion, immune system inhibition
PIdA Phospholipase D VI tissue invasion
PldB Phospholipase D VI tissue invasion
PrpL Lysine endoproteinase I tissue invasion, immune system inhibition
Pyochelin Siderophore - iron scavenging
Pyocyanin Phenazine I cytotoxic, immune system inhibition
Pyoverdin Siderophore - iron scavenging
Rhamnolipids | Extracellular glycolipids - cytotoxic, antiphagocytosis
Tox A ADPRT Il cytotoxic
TplE Phospholipase Al VI cytotoxic
Type IV pilus | Motility apparatus - motility, adhesion
Alginate Exopolysaccharide - resistance to immune cells Killing

Table 2 : List of the main virulence factors of P. aeruginosa

To summarize, P. aeruginosa possesses a large arsenal of virulence factors allowing it

to destroy cells, invade tissues, and protect itself against immune defenses. Additionally, P.

aeruginosa primarily targets individuals with altered immunity, making self-healing unlikely.

Treatment options for P. aeruginosa infections are relatively limited as this pathogen is

intrinsically resistant to multiple drugs and was found to acquire resistance against others,

strongly reducing the number highly efficient drugs available.
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3- Current antibiotic treatments and associated resistance mechanisms

A) Antibiotics Against P. aeruginosa: Choose Carefully

P. aeruginosa is intrinsically resistant to oxazolidinones, macrolides, lincosamides,
streptogramins, daptomycin, glycopeptides, rifampin, trimethoprim-sulfamethoxazole,
tetracycline, some B-lactams (aminopenicillins with or without -lactamase-inhibitors, as well
as 1% and 2" generation cephalosporins) [12]. This impressive drug-resistance is due to a
particularly low membrane permeability (12 to 100 fold lower than Escherichia coli
permeability) associated with several efficient efflux systems and antibiotic inactivating
enzymes [75]. Luckily, some antibiotics can still affect most P. aeruginosa isolates:
fluoroquinolones, aminoglycosides, polymyxins, and some B-lactams (3 and 4" generation
cephalosporins, monobactams, carbapenems, and novel -lactam/B-lactamase inhibitor
combinations) [12]. Unfortunately, the overuse of these drugs can lead to the selection of
mutations increasing P. aeruginosa antibiotic resistance. Moreover, this pathogen can acquire

additional resistance mechanisms through acquisition of mobile genetic elements like plasmids.

B) All the Roads Lead to Resistance

The membrane of P. aeruginosa is the first line of defense against antibiotics. As the
efficient diffusion/uptake of antibiotics in P. aeruginosa require specific porin or transporters,
resistance can by acquired via mutations in these components: e.g. B-lactam antibiotics and
fluoroquinolones enter bacterial cells through porin channels, and the loss of the OprD porin
leads to carbapenem resistance [76, 77]. Likewise, aminoglycosides uptake involves oxygen-
or nitrogen-dependent electron transport chains, and it was shown that absence of oxygen (e.g.
inside biofilms) or functional deficiency of ATPases contribute to resistance to these antibiotics
[78, 79]; Finally, colistin (polymyxin) promotes its own uptake by interacting with the LPS,

and modification of the lipid A part contributes to polymyxin resistance [80, 81].

Even when a drug successfully reaches the cytoplasm of P. aeruginosa cells, it can be
rapidly expelled by efflux systems. P. aeruginosa possesses multiple efflux systems that
undeniably play a critical role in its intrinsic resistance to different antibiotics including B-

lactams, tetracycline, chloramphenicol, and fluoroquinolones [82, 83]. Overexpression of some
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of these efflux systems (by mutations in their regulators) further contribute to the multi-drug-
resistance (MDR) phenotype of P. aeruginosa: e.g. overexpression of MexAB-OprM leads to

increased resistance to p-lactams and quinolones [84, 85].

Figure 1: The Antibiotic Resistance Mechanisms. Different antibiotics are represented by

letters. A cannot diffuse through the membrane; B diffuses through the membrane but is extruded from the cell by
an efflux system; C diffuses through the membrane but is inactivated by an enzyme; D diffuses through the

membrane, but its target has been modified.

Moreover, drugs accumulating in P. aeruginosa cells can be inactivated by specific
enzymes. For example, most P. aeruginosa strains encodes an inducible AmpC pB-lactamase
unaffected by B-lactams inhibitors such as clavulanic acid [86]. Once again, the efficacy of this
intrinsic resistance factor can be optimized by mutations leading to its overexpression, thus
increasing further B-lactams resistance [87]. P. aeruginosa can also gain additional p-
lactamases via plasmids, the most worrying being carbapenemases. The first carbapenemase
(IMP-1) observed in P. aeruginosa was reported in a study of carbapenem-resistant clinical
isolates in the 1990’s in Japan [88]. This study showed that 11% of the strains harbored the
blaIMP-1 gene on a large plasmid (36 kb). Resistance via antibiotic targeting enzymes is a
major mechanism for -lactam resistance, but also for aminoglycoside resistance [89]. Indeed,
aminoglycoside-modifying enzymes (AMES) can phosphorylate, adenylate or acetylate this
molecule, thus decreasing the binding affinity of the antibiotic to its bacterial target (the 30S

ribosomal subunit) [90].
16
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Ultimately, if a drug can avoid all the previously mentioned resistance mechanisms, P.
aeruginosa might still block its toxic effect via “target modification”. This resistance
mechanism is characterized by mutations in the gene coding for the antibiotic target, lowering
affinity for the drug. Note that this is a major mechanism for fluoroquinolones resistance, as
observed with mutations in the gyrA and gyrB genes. These mutations lead to the synthesis of
modified topoisomerase Il with low binding affinity to quinolone molecules. Resistance
through modifications in another target of fluoroquinolones (topoisomerase 1V) can also occur

via point mutations in the parC and parE genes [91].

C) Biofilms: United We Stand

Another completely different strategy used by P. aeruginosa to resist antibiotics is the
formation of biofilms. Indeed, bacteria attached to surfaces (medical devices, tissues...) can
aggregate and produce a hydrated polymeric matrix (composed of exopolysaccharides, DNA
and proteins) to form biofilms [92, 93]. In this biofilm form, bacteria can become 10 to a 1000
times more resistant to antimicrobials than in their planktonic form [94]. These biofilms have a
complex architecture/physiology that resemble tissues of higher organisms [95]. For instance,
a spatial transcriptomic study revealed that cells in the different layers of a P. aeruginosa
biofilm have different gene expression profiles [96]. Surprisingly, when comparing free-living
P. aeruginosa cells and those in biofilms, Whiteley et al [97] found that only 1% of genes
showed differential expression. Additionally, both density [97] and composition [98] of
P. aeruginosa biofilms have been showed to be important for Tobramycin resistance. Finally,
P. aeruginosa biofilms have been observed in CF patients where they cause chronic infections
[99, 100], display an increased tolerance to antibiotics, resist phagocytosis and other

components of the immune system as well [101].

As P. aeruginosa is one of the primary causes of hospital acquired infections (isolated
from 28.7% of intensive care unit acquired infections [102]), a decrease of treatment efficacy
will result in a sizeable increase in mortality. Consequently, the growing prevalence of
multidrug resistant P. aeruginosa strains has recently been declared a major health issue by the
WHO [11]. On the other hand, this evolution of P. aeruginosa towards multi-drug resistance
has been a serious concern for decades in the care of CF patients. Indeed, this pathogen infects

around 35% of CF patients overall, and the prevalence is above 50% in patients over 27 years
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old [103]. Since chronic airway infection is the most important cause of morbidity and mortality

in CF patients, P. aeruginosa has been extensively studied in this environment.
4- P. aeruginosa in Cystic Fibrosis: From Acute to Chronic Infections.

A) Cystic Fibrosis Lungs: a Bacterial Paradise

CF is the most common life-shortening autosomal recessive disorder for Caucasian
(affecting 1 in 2500 newborns), and is caused by mutations in the CF-transmembrane
conductance regulator (CFTR) [104]. These mutations (over 300 have been documented by the
CF Genetic Analysis Consortium) lead to a defective chloride (CI") channel, which disrupts
electrolyte secretion, thus increasing the viscosity of the mucus secreted at the surface of
epithelial cells and affecting osmolarity [104]. The main lung defenses against bacterial
colonization (mucociliary clearance, polymorphonuclear neutrophil phagocytosis, and local
production of antibacterial cationic peptides) are not performing efficiently in the CF
environment, resulting in chronic bacterial infections [105, 106]. Nonetheless, in this specific
environment, bacteria must survive the limitations in growth factors, dehydration, the host’s
immune defenses, and the yearlong antibiotic therapies. Most CF patients become permanently
colonized by P. aeruginosa, thus the same bacterial lineage can persist in the lungs for years or
even decades [107]. With the advent of cheaper genome sequencing technologies, evolution of
P. aeruginosa in the lungs of CF patients has been extensively studied and genetic basis of

several phenotypes have now been identified.

B) Mucoidy Origins

The most characterized phenotype of P. aeruginosa isolates from CF patients is
mucoidy. In the 1960’s Doggett et al reported “An atypical Pseudomonas aeruginosa
associated with cystic fibrosis” [108, 109]. This “atypical” P. aeruginosa was defined by an
uncommon aspect on agar plates and liquid cultures [108]. This mucoid phenotype corresponds
to an overproduction of alginate (an exopolysaccharide). It was then reported that this mucoid
phenotype was absent from recently P. aeruginosa-infected CF patients, whereas