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1 

Abstract 

Pseudomonas aeruginosa is a highly antimicrobial-resistant pathogen that causes 

difficult-to-treat acute and chronic infections. Hence, new antibiotic therapies against P. 

aeruginosa are urgently needed. Understanding host-bacterial interactions is critical for 

the design of innovative treatments against infections. This project evaluated the 

interplay between P. aeruginosa and the human host from different perspectives: (a) the 

effect of the versatility and adaptability of P. aeruginosa within the host by the in vitro 

characterisation of host immune responses stimulated by P. aeruginosa sequential 

isolates from two CF patients (b) the elucidation of host receptors for P. aeruginosa; and 

(c) the evaluation of TLR4 ligands as adjuvants for vaccines against P. aeruginosa. The

immune responses against CF sequential isolates were independent on their status as 

“early” or “late” isolates, confirming a divergent evolution of the isolates within the host. 

One of the main achievements was the identification and validation of the role of the 

human protein disulfide isomerases (PDI) A1 and PDIA3 in P. aeruginosa attachment to 

epithelial cells using a novel unbiased 2D proteomic approach. The pre-treatment of 

human bronchial epithelial cells (16HBE14o-) with the PDI inhibitor, LOC14, decreased P. 

aeruginosa attachment to these cell lines by 2.5 fold (p= 0.0188), P. aeruginosa 

attachment to HEK293T cells overexpressing PDIA1 and PDIA3 was 6.01 and 6.52 fold 

higher than the control (empty plasmid), respectively (p=0.0344), and bacterial 

attachment to CRISPR cell lines A549 pdia3-/- was 1.71 fold lower than to wild-type A549 

cells (p=0.0344). This discovery might lead to the design of novel antimicrobial therapies 

or the use of currently available drugs that target human PDIs. Finally, rOprF 

(recombinant outer membrane protein F) in combination with FP18 adjuvant was 

validated as a suitable adjuvant-antigen system for vaccines against P. aeruginosa. FP18 

reduced bacterial counts in the lungs and dissemination of bacteria to spleens, it 

enhanced the production of antibodies and IFNγ stimulation, relative to immunisation 

with antigen alone in a mice model of acute P. aeruginosa pneumonia. All the results 

together might lead to novel host-directed therapies against the challenging pathogen, 

P. aeruginosa.
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Abbreviations
3GC: Third-generation cephalosporins.  

4GC: Fourth-generation cephalosporins.  

A549: Adenocarcinoma human alveolar 

basal epithelial cells. 

Adj: adjuvant. 

Ag: antigen. 

AHL: Acyl homoserine lactose. 

Al (OH)3: Aluminium hydroxide. 

AlPO4: Aluminium phosphate.  

ANOVA: Analysis of variance. 

AnvM: Anaerobic and virulence 

modulator.  

APCs: Antigen-presenting cells. 

AS: Adjuvant system. 

ASC: Antibody-secreting plasma cells. 

ASL: Airway surface liquid. 

BL: β-lactamase. 

BLI: β-lactamase inhibitors.  

BSA: Bovine serum albumin. 

BSIs: Bloodstream infections. 

CCC: Chemokine 

CF: cystic fibrosis. 

CFBE: Cystic fibrosis bronchial epithelial 

cells. 

CFTR: CF transmembrane regulator. 

CFU: Colony Forming Units. 

CHINET: China Antimicrobial 

Surveillance Network . 

Cif: CFTR inhibitory factor. 

CifR: CFTR inhibitory factor repressor. 

CLEC5A: Myeloid C-type lectin domain 

family 5 member A. 

DAMPs: Danger-associated molecular 

patterns. 

DCs: Dendritic cells. 

DMEM: Dulbecco's Modified Eagle's 

Medium. 

dmLT: Detoxified mutants LT. 

DS: Delivery systems.  

Dsb: Disulfide bond forming enzymes. 

DTR: Difficult-to-treat resistance. 

E. coli: Escherichia coli. 

ENaC: Epithelial sodium channel. 

ETA: Exotoxin A. 

FBS: Fetal bovine serum. 

FDA: Food and Drug Administration. 

GLP: Glycolipoprotein.  

HAP: Hospital-acquired pneumonia. 

HBE: Human bronchial epithelial cells. 

HCM: human cytomegalovirus.  

HDT: Host-directed therapies. 

HEK: Human embryonic kidney cells. 

HRP: Horseradish peroxidase. 

IAV: Influenza  

IC: Immune complex. 
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ICU: Intensive care unit. 

i.d.: Intradermal. 

Ig: Immunoglobulin. 

IL: Interleukin. 

i.m: Intramuscular.  

IMS: Immunostimulators.  

i.n.: Intranasal. 

i.p.: Intraperitoneal. 

IPTG: Isopropyl β-d-1 

thiogalactopyranoside. 

i.t.: Intratracheal. 

LB: Luria-Bertani. 

LDH: Lactose dehydrogenase. 

LPS: Lipopolysaccharide. 

MDR: Multi-drug resistance. 

MEM: Modified Eagle's Medium.  

MEP: mucoid exopolysaccharide. 

MHC: major histocompatibility complex.  

MIC: Minimum Inhibitory 

concentration. 

MOI: multiplicity of infection.  

MPLA: Monophosphoryl lipid A. 

MW: Molecular weight. 

NA: Neuraminidase. 

NF-κB: Nuclear factor binding near the κ 

light- chain. 

NHE-RF1: Na(+)/H (+) exchange 

regulatory cofactor. 

NLR: NOD like receptors. 

ODN: Oligodeoxynucleotide  

OM: Outer membrane. 

OMPs: Outer membrane proteins. 

OMVs: Outer membrane vesicles. 

OprF: Outer membrane protein F. 

OPS: O- polysaccharide. 

PAMPs: Pathogen associated molecular 

patterns. 

PBS: Phosphate Buffered Saline.  

PCN: Pyocyanin. 

PDI: Protein Disulfide Isomerase. 

PGLYRPs: Peptidoglycan-Recognition-

Proteins.  

pI: Isoelectric point. 

PilA: pilin A. 

PMN: Polymorphonuclear leukocytes. 

NS: Not specified. 

PRRS: Pattern recognition receptors. 

QS: Quorum sensing. 

R5: Receptor 5. 

rOprF : Recombinant OprF. 

RT: Room Temperature. 

s.c.: Subcutaneous. 

SDS-PAGE: Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis. 

SEC: Size Exclusion Chromatography. 

SNV: single nucleotide variant  

SS: Secretory Systems. 

T4P: Type 4 pili. 
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TCA: Tricarboxylic acid cycle 

TCR: T-cell receptor. 

Th: T-cell helper. 

TLR: Toll-like receptor. 

TNF: Tumor Necrosis Factor. 

Trx: Thioredoxin. 

UTI: Urinary tract infection. 

VAP: Ventilator-associated pneumonia.  

wgMLST: whole genome multilocus 

sequence typing. 

WHO: World Health Organisation 

 

 

Measurement Units

°C  Degree Celsius  

%  Percentage 

× g g-force  

bp Base pair  

cm  Centimetre  

G Gauge 

g  Gram  

h Hours 

Hz  Hertz  

kDa KiloDalton 

L  Litre  

M  Molar  

mA Milliamperes 

mg  Milligram  

min Minutes 

mL  Millilitre  

mM  Millimolar  

ng Nanograms 

pg picograms 

rpm  Revolutions per minute  

s Seconds 

V Volt 

μg  Microgram  

μm  Micrometre  

μL  Microlitre 

μM  Micromolar 
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1. Pseudomonas aeruginosa: genus and characteristics 

The genus Pseudomonas, described by Migula in 1894, is one of the most complex 

and is currently the genus of Gram-negative bacteria with the highest number of species 

(1). P. aeruginosa is a motile bacillus (0.5-3.0 µm in size), and a non-fermentative 

bacterium that, in aerobic situations, uses the glycolytic pathway for glucose 

degradation, with oxygen as the final electron acceptor. However, it can use nitrogen as 

an electron acceptor under anaerobic conditions. It is catalase and oxidase positive (2). 

P. aeruginosa survives in a wide range of environmental conditions as it can exploit a 

variety of carbon, nitrogen and energy sources, and a range of growth temperatures 

between 4º and 42ºC (3).  

2. Pseudomonas aeruginosa infections: epidemiology, acute and chronic 

infections. 

The great diversity and adaptability of P. aeruginosa enables it to ubiquitously 

inhabit non-clinical and clinical environments (1, 4). Reservoirs in urban communities 

include hot tubs and swimming pools. Hence, P. aeruginosa can cause community-

acquired infections like folliculitis, and puncture wounds leading to osteomyelitis, 

pneumonia or otitis externa. P. aeruginosa is also an important opportunistic pathogen 

causing nosocomial infections. Reservoirs in the hospital setting include potable water, 

taps, sinks, and disinfecting solutions, among others (5). P. aeruginosa can cause acute 

infections mainly in immunocompromised people, but it can also adapt to the host 

causing chronic infections (Table 1):   

2.1 P. aeruginosa acute infections: 

P. aeruginosa causes severe acute infections such as respiratory tract infections 

(RTI), hospital-acquired pneumonia (HAP), ventilator-associated pneumonia (VAP), 

keratitis and corneal ulcers in contact lens-wearing individuals, urinary tract infection 

(UTI), bloodstream infections (BSIs), osteomyelitis, and endocarditis (6-10) (Figure 1 and 

2). P. aeruginosa has a prevalence of 7.1%–7.3% among all healthcare-associated 

infections (11, 12). Pneumonia is the most common presentation of P. 

aeruginosa infection, accounting for up to 18% of nosocomial pneumonia cases (11), 

making it one of the most frequently isolated pathogens in intensive care unit (ICU) 
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patients. A large international observational point-prevalence study of infections in ICU 

patients found that P. aeruginosa was the cause of 23% of all ICU-acquired infections, 

with a respiratory source being the most common site of infection (13). A meta-analysis 

of 11 studies of VAP cases after post-cardiac surgery showed that P. aeruginosa was the 

causative agent in 23.2% of cases (14). 

In UTIs, particularly in people with catheters, P. aeruginosa infections can lead to 

life-threatening pyelonephritis (15).  Regarding BSIs, results from a 13-year (2002–2015) 

prospective cohort study at Duke University Medical Centre indicated a significantly 

increased mortality rate associated with BSI caused by P. aeruginosa as compared to 

other bacterial pathogens, including Staphylococcus aureus (16). Importantly, the long-

term sequelae of BSIs include very serious and life-threatening complications, such as 

elevated risks for venous thromboembolism, myocardial infarction and stroke (17). The 

SENTRY Antimicrobial Surveillance Program released a 20-year investigative report on 

the microbiology of BSIs (18). P. aeruginosa was found to be the fourth leading cause of 

BSIs behind S. aureus, E. coli, and K. pneumoniae, accounting for 5.3% of all infections 

(18).  

Finally, data from the China Antimicrobial Surveillance Network (CHINET) 

(http://www.chinets.com/) identified clinically isolated pathogenic strains and found 

that P. aeruginosa was the fourth cause of nosocomial infections, accounting for 7.96% 

(19, 20). Globally, in 2019, P. aeruginosa was associated with more than 500,000 of 

deaths (Figure 1) (21). Overall, the data strongly indicates that P. aeruginosa is a global 

major threat to human health, being especially important in respiratory tract infections.  
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Figure 1. Global number of deaths by pathogen and infectious syndrome (2019). Columns show total 
number of deaths for each pathogen, with error bars showing 95% uncertainty intervals, with the bars 
split into infectious syndromes. Lower respiratory infection. iNTS: invasive non-typhoidal Salmonella. 
Salmonella Typhi: Salmonella enterica serotype Typhi. Salmonella Paratyphi = Salmonella 
enterica serotype Paratyphi. UTI=urinary tract infection. Taken from: Global burden of bacterial 
antimicrobial resistance in 2019: a systematic analysis. Lancet. (2022) (22). 
 
 

2.2 Chronic Infections: 

2.2.1. P. aeruginosa and Bronchiectasis: 

Bronchiectasis is a chronic endobronchial suppurative disease, characterised by 

irreversibly dilated bronchi damage due to repeated polymicrobial infection and 

neutrophilic airway inflammation (23). P. aeruginosa remains one of the predominant 

bacterial species present in the lower respiratory tract of patients with bronchiectasis, 

accounting for 21.4% of cases with bacterial colonisation, according to a meta-analysis 

with data derived from 21 observational cohort studies comparing P. aeruginosa 

colonised bronchiectasis patients with those without P. aeruginosa colonisation (24). P. 

aeruginosa colonisation in patients with bronchiectasis is associated with accelerated 

lung function decline, poorer quality of life, greater risk of hospitalisation and 

exacerbations, and increased mortality (24). The British Thoracic Society guidelines 

highlighted the importance of prompt evaluation of P. aeruginosa infection for 

implementing an optimal management of bronchiectasis (25).  
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2.2.2. P. aeruginosa burn-wound infections:  

Wound infection is one of the main clinical complications associated with wound 

care, with 75% of all deaths from burns resulting from infection (26). P. aeruginosa is 

recognised as a critical cause of mortality and morbidity among burn patients being 

responsible for as high as 77% of burn wound mortalities, due mainly to its capacity to 

form biofilms in the burn site (27, 28). P. aeruginosa can cause cross-transmission and 

outbreaks within hospitals and localised outbreaks in burn treatment centres (29). P. 

aeruginosa was responsible for burn infections 64% of the time from 1999–2009 in 

paediatric burn ICUs (30). 

2.2.3.P. aeruginosa and Cystic Fibrosis (CF): 

CF is the most common autosomal recessive genetic disorder among Caucasians. It 

is caused by mutations in the CF transmembrane conductance regulator (CFTR), 

responsible for chloride ion transport across apical membranes of epithelial tissues (31, 

32). Hence, CFTR deficiency leads to diminished chloride transport and increased sodium 

transport through the epithelial sodium channel (ENaC), resulting in a dehydrated airway 

surface liquid (ASL) and the production of mucopurulent secretions that are difficult to 

clear (31). P. aeruginosa chronic infection is the leading cause of lung function decline in 

people with CF (33).   

The percentage of CF individuals with a positive culture for P. aeruginosa has 

continued to decline over time (Figure 2). According to the 2022 report from the USA 

Cystic Fibrosis Foundation, the largest decrease was observed among individuals 

younger than 18 years (43.8% had a positive culture in 2002 compared with 13.5% in 

2022). Among the individuals with CF and a culture that grew P. aeruginosa in 2022, 

12.7% were reported to have multi-drug resistance (MDR)-P. aeruginosa (resistance to 

all antibiotics tested in two or more antibiotic classes in a single culture) (Figure 2) (34). 
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Figure 2.  Prevalence of P. aeruginosa in individuals with CF in the United States in 2022. Source 

of data: Cystic fibrosis patients under care at CF Foundation-accredited care centers in the United States, 

who consented to have their data entered. USA Cystic Fibrosis Foundation. Permission is granted for the 

use of the image (34). 

The CFTR defect and the dehydration of ASL in CF leads to many changes that 

facilitate P. aeruginosa colonisation of the CF lung, including effectively poor mucociliary 

clearance, low pH, and impaired antimicrobial and immune response mechanisms (35). 

The acidic environment of the CF airways results in the improper folding of the 

carbohydrate side chains of mucins, hampering their ability to bind foreign particles and 

making them more likely to bind to the cell-tethered mucins MUC1 and MUC4, glueing 

the mucous layer to the epithelium and preventing mucociliary clearance (36). The low 

pH is also associated with an altered O-glycosylation and sulfation of the airway mucins, 

mainly due to the alkalization of the cell compartments in CF. This unique phenotype of 

sputum O-glycosylation increases the ability of P. aeruginosa to adhere to and colonise 

the host’s respiratory tract (37). 

 

The recruitment of neutrophils in the CF environment can lead to a reduction of 

O2 in the airway mucus due to the intensive consumption of O2 by polymorphonuclear 

leukocytes (PMN) for superoxide and nitric oxide production. PMNs exert a 

bacteriostatic effect on aggregate bacteria since the growth rate of P. aeruginosa in CF 

mucus is inversely correlated with the amount of PMNs. Given that the most effective 

production of adenosine triphosphate (ATP) by P. aeruginosa occurs by aerobic 

respiration, the lack of O2 may contribute to the inactive and therefore tolerant state of 

this pathogen in mucus (38). 
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The frequent use of antibiotics in CF can represent one of the biggest challenges 

that P. aeruginosa faces and the primary driver of decreasing bacterial diversity in the 

respiratory tract of CF patients. Quin et al. observed that CF metabolism existed in two 

states: one in severely diseased patients who had higher diversity of metabolites and 

more P. aeruginosa and another in patients with better lung function, lower metabolite 

diversity, and fewer pathogenic bacteria. They concluded that in cases of severe CF, 

there is an amino acid-rich environment due to proteolysis by host enzymes which 

become dominated by P. aeruginosa as amino acid richness provides the pathogen its 

preferred carbon source (39). 

 

The study of the respiratory tract environment in CF is very complex. In addition to 

the impact of CFTR, “modifier genes” affect the CF phenotype and generate variability 

in pulmonary severity among patients (40). Some of these genes also impact P. 

aeruginosa infections in CF patients. Among them is SLC6A14, which is expressed in 

respiratory epithelial cells and transports L-arginine out of ASL. Di Paola et al. suggested 

that SLC6A14 plays a role in modifying the early stages of P. aeruginosa infection in the 

airways by altering the level of L-arginine in ASL, which in turn affects P. 

aeruginosa adhesion (41).  The added complexity in CF airways is the CF gender gap (42-

44). Women with CF are at increased risk for the mucoid conversion of P. aeruginosa, 

which contributes to a sexual dichotomy in disease severity. Chotirmall et al. concluded 

that estradiol and estriol induced alginate production in PAO1 and clinical isolates 

obtained from patients with and without CF (45). Interestingly, a review of the CF 

Registry of Ireland suggested that the use of oral contraceptives was associated with a 

decreased need for antibiotics (45, 46). 
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Table 1. Summary of the prevalence of acute and chronic P. aeruginosa infections 
 

P. aeruginosa infection Prevalence References 

Acute 
Infections 

Health care- associated 7.1-7.3% (11, 12) 

General pneumonia 18% (11) 

ICU-acquired infections 23% (13) 

Ventilator associated 
pneumonia 

23% (14) 

BSIs 5% (18) 

Chronic 
Infections 

Bronchiectasis 21% (24) 

Burn wound 64% (27, 28) 

Cystic Fibrosis 10-55% (34) 

 

 

 

In summary, P. aeruginosa can cause infections in almost any part of the human 

body (Figure 3).  It is an important pathogen in both acute and chronic infections, 

suggesting high adaptability to the host. The prevalence of P. aeruginosa and the high 

mortality rates of its infections justifies and motivates the search for therapies against 

this pathogen. 

 

 

 
Figure 3. The many sites of P. aeruginosa infection throughout the body. Labels in bold and starred (*) 
are those infections associated with healthcare or healthcare devices (47) .  
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3. P. aeruginosa antimicrobial resistance: genome and virulence factors  

In 2017 P. aeruginosa was classified as one of the MDR ESKAPE pathogens, 

comprising Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter (48, 49). In that 

year, MDR P. aeruginosa caused 32,600 infections among hospitalised patients and 

2,700 estimated deaths in the United States (50-53). The World Health Organisation 

(WHO) has included carbapenem-resistant P. aeruginosa in the group of "critical" priority 

pathogens, for which new antibiotics are urgently needed (54). Importantly, hospital-

acquired infections continue to produce resistance to conventionally effective antibiotics 

(20, 55).  In 2019, six pathogens were each responsible for >250 000 AMR-associated 

deaths: E coli, Staphylococcus aureus, K pneumoniae, S pneumoniae, Acinetobacter 

baumannii and P. aeruginosa, in order of number of deaths (Figure 4 and 5) (22).  

 

 

Figure 4. Global deaths (counts) attributable to and associated with bacterial antimicrobial resistance 
by pathogen (2019). Estimates were aggregated across drugs, accounting for the co-occurrence of 
resistance to multiple drugs. Error bars show 95% uncertainty intervals ¡. Taken from: Global burden of 
bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet. (2022) (22).  
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Figure 5. Pathogen-attributable fraction of deaths attributable to (A) and associated with (B) bacterial 
AMR for the six leading pathogens by GBD super-region (2019). Error bars show 95% uncertainty 
intervals. AMR=antimicrobial resistance. GBD=Global Burden of Diseases, Injuries, and Risk Factors Study 
Taken from: Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet. 
(2022) (22).  

 

The pathogenic profile of P. aeruginosa stems from the large and variable arsenal 

of virulence factors and antibiotic resistance determinants harboured in its genome (56-

58). The complete genome sequence of the P. aeruginosa PAO1 strain was published by 

Stover et al. in 2000 and is used as a reference for comparison with the genomes of 

other strains (59). P. aeruginosa PAO1 has a very large and complex genome of about 

6.3 Mbp (G+C content of 66.6%), encoding 5,700 genes, including 5,584 predicted open 

reading frames (ORFs). Moreover, an estimated 150 of the genes identified in P. 
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aeruginosa PAO1 encode outer membrane proteins related to adhesion, movement, 

antibiotic and virulence factor production, representing a much larger number 

compared to other bacterial genomes (4). 

 

P. aeruginosa has a mosaic genome, composed of many core genes interspersed by 

strain-specific gene blocks. The P. aeruginosa pan-genome contains approximately 

54,272 genes, 665 of which are core, 26,420 are accessory genes, and 27,187 are unique 

genes (present in one strain only) (4). The accessory genome tends to cluster at certain 

loci, rather than being randomly distributed throughout the core genome. These loci are 

often referred to as genomic islands (>10 kb) which are very relevant for their clinical 

implications. For example, the genomic island of P. aeruginosa PAPI-2 contains the gene 

encoding ExoU, a type-III-secreted effector protein linked to increased virulence in 

animal models and human patients. The intrinsic determinants of antibiotic resistance 

in P. aeruginosa, such as efflux pumps and β-lactamases, are in the core genome. 

However, genes of acquired antibiotic resistance are present in the accessory genome 

(4). Some of the main virulence factors encoded by the P. aeruginosa genome are:  

3.1 Lipopolysaccharide (LPS):  

The cell envelope of Gram-negative bacteria is composed of two membranes that 

are separated by the periplasm, an aqueous compartment that includes a peptidoglycan 

cell wall (60-63). The inner membrane (IM) is a symmetric phospholipid bilayer, and the 

outer membrane (OM), is asymmetric; and mainly composed of LPS molecules (60-64). 

The structure of LPS comprises three covalently attached domains: the lipophilic lipid A, 

the hydrophilic core oligosaccharide, and the hydrophilic O-antigen (65, 66). The lipid A 

moiety is the most conserved and toxic portion of LPS (63, 67, 68), while the O-antigen 

(O-Ag) consists of oligosaccharide repeating units (up to 40) each having 3–8 sugar 

residues, it is the most variable constituent of LPS and determines the serological 

specificity (61, 69).  Lipid A is embedded in the outer leaflet of the bacterial outer 

membrane (OM) while the core oligosaccharide and the O-antigen are extended 

outward (65, 70) (Figure 6) 

The O-antigen is synthesised separately from the lipid core A and subsequently 

bound to it, hence not all lipid core A molecules bind to the O-antigen before export, 
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creating a heterogeneous outer membrane surface, with LPS with and without O-antigen 

(71). Intraspecies variation of the specific O-antigen presented on the cell surface has 

allowed serotyping of P. aeruginosa (72, 73). P. aeruginosa can simultaneously produce 

two O-antigens: the common polysaccharide antigen (CPA) and the O-specific antigen 

(OSA, formerly termed B band) (72, 74). CPA has a common and conserved structure 

while the structure of OSA is variable and is therefore the determinant used in serotyping 

to segregate P. aeruginosa species into different groups (75, 76). The International 

Antigenic Typing Scheme (IATS) is the standardised serotype classification of P. 

aeruginosa, which includes 20 different serotypes. This classification system has 

generally been effective in classifying P. aeruginosa strains that are wild-type organisms 

producing smooth LPS with all three domains (lipid A, core oligosaccharide and O 

antigens). This is usually not the case in clinical settings, as many of these isolates 

partially or completely lack O-Ag. Serotyping of chronic bacterial isolates from CF 

patients for epidemiological studies was especially problematic because a very high 

proportion of these bacteria proved to be polymorphable by more than one serotyping 

antiserum or no typeable (72). As a virulence factor, LPS is essential as a surface 

structural component to protect the bacteria's external leaflet and poison host cells. The 

endotoxicity of lipid A enable tissue damage, attachment, and recognition by host 

receptors (77). 
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Figure 6. Structure of the lipopolysaccharide of Gram-negative bacteria. Image adapted 

from: Maeshima et al. (78).  

3.2 Outer membrane proteins (OMPs):  

The OMPs are essential for nutrient exchange, antibiotic resistance or adhesion 

of P. aeruginosa and all Gram-negatives (79). The OM of P. aeruginosa is characterised 

by very low permeability, which contributes to the high intrinsic and induced resistance 

to antibiotics. There are 26 identified porins in P. aeruginosa, including outer membrane 

protein F (OprF), which is the major non-lipoprotein OMP, and the homolog of OmpA 

of E. coli (79).   

OprF porin allows nonspecific diffusion of ionic species and small polar nutrients 

(80). It has high importance for P. aeruginosa virulence being involved in quorum 

sensing, toxin secretion and cell adhesion (81).  It is partially exposed to the external 

surface of the bacteria. Interestingly, the interaction of OprF with IFNγ was shown to 

stimulate the production of two bacterial virulence factors: the lectin PA-1L and the 

phenazine pyocyanin (82, 83), suggesting that OprF could be a sensor of the host 

immune system (84). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/quorum-sensing
https://www.sciencedirect.com/topics/medicine-and-dentistry/quorum-sensing
https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-adhesion
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3.3 Flagellum and type IV pili: 

Flagella enable bacteria to swim in liquid media and swarm on semisolid surfaces. 

In Gram-negative bacteria, this apparatus encompasses the inner and outer membranes. 

Flagella allow bacteria to move toward more favourable conditions or escape a harmful 

environment (85).  A polar flagellum enables P. aeruginosa to swim and swarm and is 

essential for host colonisation. Like LPS, it is involved in the adhesion of P. aeruginosa to 

host surfaces (86). FleQ is the flagellar master regulator in Pseudomonas species (85). 

Another component that enables P. aeruginosa motility is the type IV pili (T4P), located 

in retractile appendages.   They are crucial for host cell adherence as an initial step in 

colonisation, they polymerise and depolymerise, leading to rapid cycles of extension and 

retraction that generate considerable mechanical force (87). At the onset of infection, 

flagella and T4P control motility and adhesion to P. aeruginosa host cells (86). That 

adhesion led to changes in host signal transduction pathways, as flagellin binds to TLR-5 

(88), which is discussed later in the section “7.3 Recognition of P. aeruginosa by human 

cell receptors that trigger immune responses”. 

3.4 Secretory systems: 

P. aeruginosa has six secretory systems (SS) (89, 90). These include flagella 

(associated with T6SS), pili (T4SS), and multi-toxin component secretion system type 3 

(T3SS), which are reported to be essential for host colonisation, adhesion, swimming, 

and swarming in response to chemotactic signalling. Based on the secretion pathways of 

the transporter proteins, the secretion systems are divided into two main classes, the 

one-step secretion system (T1SS, T3SS, T4SS and T6SS) and the two-step secretion 

system (T2SS and T5SS). The one-step secretion system directly secretes proteins from 

the bacterial cytosol to the surface, whereas the two-step secretion system requires a 

brief periplasmic sojourn of the secreted proteins in the export pathway and then 

releases the proteins (91). 

The P. aeruginosa T3SS, which plays a key role in virulence such as quorum 

sensing, is one of the most studied secreted toxins (92, 93). The T3SS is similar to a 

molecular syringe, containing: the needle complex, the translocation apparatus, the 

regulatory proteins, the effector proteins and the chaperones. T3SS secrete virulence 
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effectors (ExoS, ExoT, ExoY and ExoU) into eukaryotic host cells to disrupt intracellular 

signalling and ultimately cause cell death (91).   

3.5 Secretory molecules: 

Exotoxin A (ETA) is the most toxic product released by P. aeruginosa, as it inhibits 

host protein synthesis due to its ADP-ribosylating activity, ultimately leading to 

irreversible cell death (94). Moreover, LasA and LasB elastases, alkaline protease (AprA), 

LipC lipases, phospholipase C and esterase A enzymes comprise a large group of lytic 

enzymes that modulate other virulence factors (95). Also, antioxidant enzymes, such as 

catalases (KatA, KatB and KatE), alkyl hydroperoxide reductases and superoxide 

dismutases, neutralise the activity of reactive oxygen species (ROS) in phagocytic 

environments to prevent bacterial clearance, as observed by Dar et al. using co-cultures 

of epithelial cells and macrophages (91, 96-99). 

3.6 Quorum sensing (QS): 

The regulation of all P. aeruginosa virulence factors is cell density-dependent 

through the release of autoinducers from four QS systems (Las, Rhl, Pqs and Iqs). They 

are hierarchically interconnected, creating a highly adaptive network that responds to 

external stressors and provides P. aeruginosa with extraordinary plasticity that facilitates 

the successful colonisation of a wide range of niches (100). Acyl homoserine lactose 

(AHL) molecules are the main QS molecules. The concentration of AHL molecules 

increases as the bacterial population grows (101, 102). When the population density 

reaches the "quorum", these AHL molecules exceed the threshold concentration and are 

recognized by LasR receptors on P. aeruginosa. R proteins bind to AHLs and directly 

regulate the transcription of target genes (101, 102).  

4. Mechanisms of antimicrobial resistance in P. aeruginosa: 

The mechanisms that P. aeruginosa use to resist antibiotics can be divided into 

intrinsic, acquired and adaptive antimicrobial resistance. Intrinsic antimicrobial 

resistance is related to the use of virulence factors: i) limiting antibiotic penetration by 

manipulating OMPs (103); ii) the use of efflux pumps, such as MexAB-OprM and MexXY-

OprM, crucial for developing carbapenem-resistant P. aeruginosa strains (104) or; iii) 

antibiotic-inactivating enzymes (hydrolase) to degrade or alter antibiotics. In contrast, 



20 
 

acquired resistance is related to mutations or horizontal gene transfer, for example, 

mutations of DNA gyrase (GyrA) cause resistance to quinolone antibiotics (105). And 

finally, adaptive resistance is caused by environmental stimuli, thus a transient change 

in gene and/or protein expression (91). In P. aeruginosa, the formation of biofilms is the 

most frequent strategy to acquire adaptive antibiotic resistance. Biofilms are complex 

communities of microbes that are embedded in a self-produced extracellular 

macromolecular matrix produced by the residents (106, 107). 

5. Host immune response against P. aeruginosa: innate and adaptive immune 

responses and pathogen recognition: 

5.1. Innate Immune Response: 

The recognition of P. aeruginosa pathogen-associated molecular patterns (PAMPs) 

elicits a potent inflammatory response, which is critical for the recruitment of 

neutrophils and macrophages, facilitating bacterial clearance. An optimal host response 

is essential; a weak response with inefficient infiltration of phagocytic cells leads to 

unsuccessful bacterial killing and clearance, while an excessive response causes host 

tissue damage (108-114).  

Massive recruitment of neutrophils into the infected respiratory tract is a hallmark 

of P. aeruginosa infection. In neutropenic mice, the lethal dose of P. aeruginosa was 

100,000 times lower than that required by mice with normal neutrophil levels. These 

observations were replicated in both rabbits and humans (114-117). The factors that 

regulate the recruitment of neutrophils to P. aeruginosa infected sites have not been 

well characterised, but the recruitment is mediated, at least in part, by the production 

of chemokines, which are critical for neutrophil chemotaxis and activation (111), such as 

IL-8 (115, 118). The neutrophils act to kill P. aeruginosa but can also contribute to host 

lung damage due to the production of ROS and the release of bactericidal proteins from 

their acidophilic granules. Hence, the appropriate level of neutrophil recruitment is 

essential to achieve bacterial clearance without causing excessive tissue damage (119). 

Macrophages are also essential for the clearance of P. aeruginosa infection as they 

are the first immune cells to encounter P. aeruginosa in the lung. They act as effector 

cells and regulators of neutrophil recruitment (120). Alveolar macrophages are not only 
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responsible for the internalisation and killing of P. aeruginosa but also for the 

phagocytosis of dying neutrophils, thus limiting neutrophil-induced tissue damage (121). 

Intracellular bacteria may eventually induce macrophage lysis, in an ExoS-dependent 

manner. Therefore, T3SS and ExoS, whose expression is modulated by MgtC and OprF, 

are key actors in the intramacrophage lifestyle of P. aeruginosa (122). The complement 

system is also necessary for the survival of mice after pulmonary infection with P. 

aeruginosa (113), as OprF porin in the OM of P. aeruginosa acts as a binding acceptor 

molecule for C3b to initiate the formation of the membrane attack complex (MAC).  

In summary, the innate immune response against P. aeruginosa is driven mainly by 

neutrophils, macrophages and the complement system. It is essential for the control of 

P. aeruginosa infections; however, the relative importance of these pathways and how 

they are integrated in vivo remain unclear.  

5.2.  Adaptive immune response :  

5.2.1. Cellular responses: 

 The sensor pattern recognition receptors (PRRs) from antigen-presenting cells 

(APCs), such as dendritic cells (DCs), sense P. aeruginosa antigens and trigger intracellular 

signalling events that promote phagocytosis, maturation, and secretion of cytokines 

(123, 124). Once the P. aeruginosa antigens are internalised, they are digested into 

peptide fragments, and displayed on a set of cell surface receptors: major 

histocompatibility complex (MHC) (124). The APCs and T-cells interact through MHC/TCR 

(T-cell receptor) binding, leading to the differentiation and proliferation of naïve T-cells 

into effector cells (125). Activated CD4+ T-cells proliferate and differentiate into different 

immune cell subsets: T-helper (Th)1, Th2, Th17, T follicular helper (Tfh), and regulatory 

T-cells (Treg) (126) (Figure 7).  
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Figure 7. CD4+ Th cell subset differentiation. CD4+ T cells differentiate into different subsets based on the 
soluble molecules secreted by antigen-presenting cells (APcs). Interleukin (IL)-12 or Interferon- gamma 
(IFN-γ) induces Th1 cell differentiation that leads to the production of IFN-γ, which stimulates 
macrophages and cytotoxic T lymphocytes (CTLs) (127). IL-4 induces Th2 cell differentiation, the cells then 
produce IL-4, IL-5, and IL-13, mobilising eosinophils, basophils, and mast cells to combat helminthic 
parasites (128). Th17 cell differentiation is induced by TGF-β plus IL-6 (or IL-21). Th17 cells produce IL-17A, 
IL-17F, and IL-22, stimulating GM-CSF production in epithelial cells, fibroblasts, and stromal cells, then 
recruiting neutrophils and inducing inflammation that is related to extracellular bacteria and fungi 
clearance (129). And, finally, Treg cells can be differentiated by TGF-β, which activates (130-134). Image 
taken from: Russ et al. (126). 
 

The resolution of the acute inflammatory response by P. aeruginosa requires 

attenuation of pro-inflammatory pathways. Regulatory T-cells (Tregs) inhibit the 

secretion of pro-inflammatory cytokines and secrete anti-inflammatory cytokines, while 

DCs initiate adaptive responses, characterised by a Th2-skewed response with the 

upregulation of IL-5 and IL-13; higher B-cell sensitivity to IL-4; low levels of IFN-γ and 

elevated levels of IL-10, which further downregulate IFN-γ. This response hinders antigen 

presentation and the successful immune response of the host against P. aeruginosa 

infections (135). Importantly, the release of IFN-γ can improve lung function due to a 

Th1-like response (136, 137). CF patients chronically colonised with P. aeruginosa have 

greater levels of IL-3, IL-4, and secreted IgA, and lower IFN-γ secretion, compared with 

intermittently colonised patients or those without P. aeruginosa (138). However, the 

appropriate balance of the Th1/Th2/Th17 responses has not yet been elucidated.  
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In recent years, studies have focused on the Th17 response and its role in the 

mucosal immune response to respiratory pathogens (139). Several studies in murine 

models of acute pneumonia have demonstrated the protective effects of the Th17 

response against P. aeruginosa, reflected in the reduction in bacterial counts within the 

lungs of P. aeruginosa-infected mice relative to the control groups (140, 141). These data 

are important in the context of vaccines against P. aeruginosa, but it is also worth 

highlighting that Th17 immune responses may only be slightly effective in the absence 

of the Th1 pathway (142). Also, despite promising results on the protective effects of 

Th17 responses against P. aeruginosa in murine models of acute infection, studies have 

failed to clarify its role in chronic P. aeruginosa infections. Bayes et al. highlighted the 

key role of IL-17 in mouse survival and prevention of P. aeruginosa chronic infection 

(143). However, the Th2–Th17 axis in CF may predispose to the development of P. 

aeruginosa lung infection. Hence, it is possible that vaccine-induced Th17 responses are 

ineffective in the CF lung and may even exacerbate the neutrophilic airway inflammation 

of CF (144).  

In summary, the role of the Th17 immune response in Pseudomonas aeruginosa 

infections is not fully understood and requires further evaluation. While it shows 

protective effects in acute pneumonia by reducing bacterial counts, its effectiveness may 

be limited without the Th1 pathway. In chronic infections, the role of Th17 remains 

unclear. Experiments with B cell-deficient mice demonstrated that B cell production of 

IL-17 or natural antibodies did not protect against chronic P. aeruginosa infection (143). 

This highlights IL-17, rather than antibodies, as crucial for host defense in chronic 

pulmonary infections (143). However, in cystic fibrosis (CF), the Th2-Th17 axis may 

worsen lung inflammation, potentially making Th17-based vaccines less effective or 

harmful in CF patients. 

5.2.2. Humoral responses: 

Adaptive humoral immune responses require the activation of resting B cells 

following antigen recognition, which leads to the generation of high-affinity memory B 

cells and antibody-secreting plasma cells (ASC). High antibody production followed by 

immune complex (IC) formation is a hallmark in P. aeruginosa infections (135). 

Production of IgG antibodies during chronic Pseudomonas infection, especially in CF 
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patients, has been associated with the high expression of the nuclear factor binding near 

the κ light- chain (NF-κB); however, the response against specific antigens appears to 

depend on the infection stage, with some antigens provoking a more intense response 

in the acute phase, while others are more targeted during the chronic stage. For 

example, the level of specific antibodies increases in the presence of the P. aeruginosa 

mucoid phenotype, and it is associated with poor prognosis (135). Also, despite the 

presence of the potent B-cell activator (BAFF), chronic colonisation is common, 

suggesting that this response is ineffective (145). The reasons for the inefficient antibody 

response against P. aeruginosa infections remain unclear, and better knowledge of the 

underlying mechanisms, such as maturation of avidity/affinity, class change, memory 

formation, and cytokine synthesis, is needed to understand this phenomenon (135). 

 Secretory immunoglobulin A (sIgA) is also of great importance in the humoral 

response against P. aeruginosa respiratory infections, as it is the predominant antibody 

isotype in the mucosal immune system, lining the respiratory tract (146). The 

concentration of sIgA against P. aeruginosa in nasal secretions and saliva correlated with 

the infection status of CF patients (i.e., not colonised, intermittently colonised or 

chronically infected with P. aeruginosa) (147, 148). The role of B cells in the defence 

against P. aeruginosa is still far from being understood. However, high antibody 

production is a characteristic of P. aeruginosa infections, which has not only proven to 

be ineffective in the clearance of the pathogen but also detrimental when the infection 

becomes chronic (135). A better understanding of the humoral response, such as IgG 

avidity for antigens or the role of IgA in mucosal immunity, is needed to find better 

methods of diagnosis and treatment of acute and chronic infections generated by P. 

aeruginosa, thus reducing the morbidity and mortality of susceptible individuals such as 

CF patients (149). 

5.3 Recognition of P. aeruginosa by human cell receptors that trigger immune responses:  

PRRs recognise and bind their respective ligands, recruiting adaptor molecules 

through their effector domains, and initiating downstream signalling pathways to exert 

effects. The study of these interactions between PRRs and their ligands has suggested 

new ways to treat infections(150). The main PRRs involved in P. aeruginosa infection are 

(Figure 8): 
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5.3.1 Toll-like receptors (TLRs):  

P. aeruginosa expresses powerful agonists of Toll-like receptors (TLR), TLR2, 

TLR4, TLR5 and TLR9, which recognise lipopeptides, LPS, flagellin, and non-methylated 

bacterial CpG DNA, respectively (113, 151, 152).  

5.3.1.1 TLR-2:  

The major TLR-2 ligands known from P. aeruginosa are lipoprotein, components 

of the extracellular capsule and the secreted toxin ExoS.  Lipopeptide I (OprI) of P. 

aeruginosa binds to TLR2 and TLR4 in DCs. Mucoid P. aeruginosa expresses high levels of 

lipoproteins, which induce TLR2-mediated cytokine responses in airway epithelial cells 

(152). P. aeruginosa protein, AnvM (anaerobic and virulence modulator, PA3880 

protein), binds directly to TLR2 and TLR5. Deletion of AnvM resulted in increased host 

survival, decreased bacterial burdens, reduced inflammatory responses, and fewer lung 

injuries in challenged mice hosts (153, 154).  

5.3.1.2 TLR- 4: 

TLR4 binds to the lipid A component of LPS, a glycolipid component of the cell 

wall of Gram-negative bacteria. This event induces a potent immune response, 

potentially underlying severe inflammation and sepsis in the host (155). TLR4 also 

appears to share several P. aeruginosa ligands with TLR2, including possibly LPS, certain 

OMPs, ExoS, alginate capsule and, to a lesser extent, slime- glycolipoprotein (GLP) (155). 

The binding of P. aeruginosa LPS to TLR4 depends on the structure of lipid A, 

which is strain specific. (152, 156). Many laboratory and environmental strains express a 

pentacylated lipid A, which does not activate human TLR4 (157). However, strains 

adapted to chronic infection of CF patients often produce hexacylated lipid A, which is a 

more potent TLR4 agonist. However, in murine macrophages, TLR4 appears to react to 

pentacylated and hexacylated forms equally, whereas human TLR4 signalling complexes 

react strongly to the hexacylated form. This difference in specificity is the result of 

sequence variations in a hypervariable region of the TLR4 binding site (152).   

5.3.1.3 TLR- 5: 

TLR-5 specifically binds to flagellin, the major component of bacterial flagella 

(158). The TLR5-binding site of P. aeruginosa flagellin is located at amino acid residues 
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88-97, and mutations in this region can drastically reduce the interaction of the molecule 

with TLR5 without affecting bacterial motility (159). A loss of glycosylation of P. 

aeruginosa flagellin is also sufficient to decrease TLR5-mediated responses, although 

glycosylation does not appear to affect TLR5 recognition of flagellin in other species. Loss 

of motility, even without a complete loss of the flagellum, may be a mechanism of 

immune evasion for P. aeruginosa, given that many clinical isolates are not motile (152, 

160).  

TLR5 expression in non-hematopoietic cells is an important component of innate 

immunity against P. aeruginosa (161). TLR4, together with TLR5, is critical for resistance 

to P. aeruginosa lung infection in healthy mice. Lack of TLR4/LPS or TLR5/flagellin 

interactions results in impaired neutrophil chemokine, tumour necrosis factor (TNF) and 

IL-6 responses of murine airway epithelial cells and alveolar macrophages. It is important 

to consider this redundancy between TLR4 and TLR5 in the experimental design of P. 

aeruginosa - host interaction studies (152, 162). 

5.3.1.4. TLR-9 

In contrast to the three previously discussed TLRs, TLR9 functions intracellularly, 

where it detects abundant unmethylated CpG motifs in bacterial DNA (163, 164). The 

role of this TLR in the response to P. aeruginosa has not been extensively characterised 

and is thought to be variable depending on cell type, for example, neutrophils responded 

to P. aeruginosa DNA in a TLR9-independent manner (165).  

5.3.1.5 MyD88 

The role of MyD88, an adaptor molecule for almost all TLRs, is especially important 

since several studies have shown that it is necessary for the rapid recruitment of 

neutrophils to the site of infection (166). Blockage of multiple TLR pathways in mice (e.g., 

TLR2/TLR4/TLR5) did not compromise their response to P. aeruginosa as mice lacking 

MyD88 (167). Hussain et al. demonstrated that TLR5 is physically associated with TLR4, 

diverting TLR4 signalling to the MyD88 pathway. After exposure of primary murine 

macrophages to ultra-pure LPS, TLR5 was co-immunoprecipitated with MyD88, TLR4 and 

LPS, suggesting an updated paradigm for TLR4/TLR5 signalling (168). 
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Figure 8. Main TLRs involved in P. aeruginosa recognition. Adapted from McIsaac et al. (152). 

5.3.2 Nod-like Receptors (NLRs): 

The contribution of NLRs to the bacterial immune response is less well-defined 

compared to TLRs. However, it has been recognized that NLR activation is an essential 

part of innate immunity and consequently mediates host cellular responses leading to 

inflammation (169). Currently, the main NLRs involved in the immune response against 

P. aeruginosa are: 

5.3.2.1. NOD-1 AND NOD-2: 

NOD-1 and NOD-2 are cytosolic receptors for muropeptides of bacterial 

peptidoglycan. They associate with NF-κβ activation upon stimulation with 

peptidoglycan (170-173). Some studies suggest that P. aeruginosa is internalised in 

human epithelial cells (174) and NOD-1 is activated by P. aeruginosa peptidoglycan, 

which activates NF-κβ and helps bacterial killing (175). Another study identified a novel 

mechanism of P. aeruginosa to transport peptidoglycan to NOD-1 in host cells via outer 

membrane vesicles (OMVs) (175, 176).  
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5.3.2.2. NLRC4: 

NLRC4 activates caspase-1 in P. aeruginosa-infected macrophages (177, 178). 

Such caspase-1 activation requires a functional bacterial secretion system, like T3SS and 

T4SS. Flagellin is also important for NLRC4 inflammasome activation. Since delivery of 

purified flagellin to the macrophage cytosol triggers caspase-1 activation through NLRC4 

(179, 180), it had been thought that NLRC4 is activated in macrophages through leakage 

of small amounts of flagellin through a T3SS during P. aeruginosa infection (181). 

Flagellin-independent activation has also been proposed because while NLRC4 

inflammasome activation is dependent on flagellin and T3SS, flagellin-deficient P. 

aeruginosa strains are still able to induce inflammasome activation (182).  

5.3.2.3 NLRP3: 

NLR3 is one of the most important types of NLRs as it is activated by numerous 

pathogen-associated molecular patterns (PAMPs) and danger-associated molecular 

patterns (DAMPs) (183) and does not interact directly with their activators, but its 

activation is triggered through an intermediate cellular signal such as NF-κB, TNF, IL-1β 

and SYK (a non-receptor tyrosine kinase). Pre-treatment of human macrophages with 

the SYK inhibitor R406 has been suggested to result in significant inhibition of SYK 

phosphorylation and down-regulation of IL-1β production in P. aeruginosa-infected cells 

(184). Deng et al. (2016), demonstrated NLRP3 activation in human macrophages with P. 

aeruginosa and explored a novel mechanism of this bacterial pathogen to escape 

intracellular death of macrophages through NLRP3 activation (185). 

5.3.2.4 C-Type Lectin receptors: 

Myeloid C-type lectin domain family 5 member A (CLEC5A) interacts with P. 

aeruginosa LPS and is responsible for P. aeruginosa-induced NET (neutrophil 

extracellular traps) formation and lung inflammation. Blockade of CLEC5A attenuated P. 

aeruginosa-induced NETosis and lung injury. Simultaneous administration of anti-

CLEC5A mAb with ciprofloxacin increased the survival rate and decreased collagen 

deposition in the lungs of mice challenged with a lethal dose of P. aeruginosa (186). Singh 

et al. suggested that carbohydrates present in P. aeruginosa biofilms may contribute to 

immune recognition of P. aeruginosa biofilms by binding C-type lectins.  The authors 

demonstrated the binding of dendritic cell-specific intercellular adhesion molecule-3-
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non-integrin (DC-SIGN, CD209), mannose receptor (MR, CD206) and Dectin-2 to P. 

aeruginosa, identifying the presence of ligands for three important C-type lectins on P. 

aeruginosa biofilm structures and purified biofilm carbohydrates, and highlighting the 

potential of these receptors to influence immunity to P. aeruginosa infection (187).  

5.3.2.5 AIM2- like receptors 

The AIM2 inflammasome recognises foreign cytosolic double-stranded DNA. The 

role of these receptors in P. aeruginosa infection has not been extensively studied, 

however, Pang et al. reported that P. aeruginosa infection induced AIM2 protein 

degradation in macrophages, and a similar level of IL-1β, IL-6 and TNF production in wild-

type and AIM2-deficient mice. Similarly, no significant differences in bacterial clearance, 

neutrophil infiltration and NF-κβ activation were observed between wild-type and AIM2-

deficient mice after P. aeruginosa lung infection, suggesting that the AIM2 

inflammasome is dispensable for host defence against P. aeruginosa infection (188). 

 

Figure 9. Host immune response against P. aeruginosa infections in the pseudostratified respiratory 
epithelium. (a) Recognition of P. aeruginosa. Pathogen recognition receptors (PRRs) located on the 
immune cells (TLR2, TLR4, TLR5, TLR9) recognise the PAMPs of P. aeruginosa (Lipoprotein, LPS, flagellin, 
and CpG-DNA, respectively) and trigger the production of pro-inflammatory cytokines and chemokines. 
OMV endocytosis activates the NF-κB pathway. (b) Innate immune response. (i) Neutrophils, recruited in 
response to P. aeruginosa (ii) Macrophages, which phagocytise bacteria or dying neutrophils (iii) 
complement system (CS). (c) Adaptive immune response. A skewed Th2 response occurs during P. 
aeruginosa infection with high but inefficient antibody production. In addition, the production of IgA 
seems to be relevant, as its levels may correlate with the status of Pseudomonas infection. 
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6. Cystic Fibrosis as a model for the study of P. aeruginosa adaptation within 

the host: 

6.1 P. aeruginosa adaptation to the CF environment: 

The prevalence of P. aeruginosa in CF patients allows the study of long-term adapted 

strains. Hence, many genomic and phenotypic studies have been done using P. 

aeruginosa isolates from CF patients to explore host-pathogen interactions within the 

host and how P. aeruginosa can overcome hostile conditions.  Following initial infection 

with environmental isolates, specific bacterial phenotypes are selected within the CF 

airway environment (189). P. aeruginosa adaptation traits are manifested in both 

children and adults and include loss of flagellar-dependent motility (190), loss of O-

antigen (191), auxotrophy (192), less pyocyanin production  (193), antibiotic resistance 

(194), biofilm formation (195), among others (Figure 10).  

The loss of flagellar expression within the CF airway seems to make P. aeruginosa 

less phagocytosed by alveolar macrophages and polymorphonuclear leukocytes (190, 

196), allowing P. aeruginosa to evade detection and clearance by host defence 

mechanisms and causing chronic lung infection (197). The loss of O-antigen and other 

changes in LPS, common in P. aeruginosa CF-adapted strains, seems to also protect 

bacteria from phagocytosis (191, 198). Some first studies with CF-adapted strains 

suggested that serum from some patients with chronic bronchiectasis inhibited the 

clearance of P. aeruginosa due to increased IgG2 anti-O antigen antibody titres. The 

inhibitory effect correlated with decreased lung function, finding an association between 

elevated IgG2 anti-O antigen with poor prognosis in CF patients (199, 200). More 

recently, Torrens et al. confirmed that CF strains were more serum-susceptible than 

those from bacteraemia, although there was no trend when comparing the early/late 

isolates from the same patient. However, they observed that late CF strains had 

increased susceptibility against lysozyme and Peptidoglycan-Recognition-Proteins 

(PGLYRPs) (immune human proteins) when combined with colistin treatment. So, they 

proposed attacking some P. aeruginosa cell-wall biology-related elements to increase 

the activity of the innate weapons (201, 202).  

The increased auxotrophy is also characteristic of CF P. aeruginosa isolates. 

Auxotrophy is the inability to synthesise one or more specific metabolites required for 
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growth, which frequently occurs due to the high availability of those metabolites in the 

extracellular environment. As the biosynthesis of amino acids represents an energetic 

cost for bacteria, losing the ability to synthesize them when they are available in the 

environment, creates a positive selective advantage of auxotrophic over prototrophic 

strains (192).  The amino acids are essential carbon sources for P. aeruginosa and the CF 

mucus is rich in these metabolites.  Hence, methionine, leucine, and arginine 

auxotrophies are frequently observed among clinical CF isolates of P. aeruginosa.  

Analyses of more than 200 sputum samples from 60 CF patients with reduced lung 

function showed that in more than 60% of the patients, the increased amino acid 

concentration promoted the development of auxotrophy from pre-existing prototrophic 

bacteria (203, 204). 

During CF lung infection P. aeruginosa secretes high amounts of pyocyanin (PCN), a 

redox-active phenazine. As pyocyanin is proinflammatory, it plays an important role in 

mediating pneumonia development (205). Pyocyanin is produced by 95% of tested P. 

aeruginosa isolates (206), and it allows P. aeruginosa to manipulate the redox micro-

environment during infection. Pyocyanin induces ROS production by host cells and 

blocks the host expression of catalase, an enzyme that neutralizes ROS through NADPH 

oxidation (205). Sustained exposure to ROS results in host cell damage and a decrease in 

host defences, which allows bacteria to establish a chronic infection (36). PCN-deficient 

mutants were found to be attenuated in their ability to infect mice lungs in an acute 

pneumonia model of infection when compared with isogenic wild-type bacteria (205). 

Thus, the production of PCN appears to confer a growth and/or survival advantage in 

mixed culture settings (193). 
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Figure 10. Representation of P. aeruginosa adaptation to the cystic fibrosis (CF) lung throughout 
infection. In the early stages of infection, P. aeruginosa isolates are fully equipped with virulence factors 
(flagellum, secreted proteins, quorum sensing, LPS, pili, among others) that allow respiratory tract 
colonisation and lung injury. The stressful environment of the CF airway drives P. aeruginosa 
pathoadaptative changes that enable long-term colonisation and establishment of recalcitrant infections. 
That adaptation is reflected in the genomes of P. aeruginosa CF-adapted strains (6).  

 

Antibiotic resistance (194)  and the formation of biofilms (195), among other 

adaptations, are also associated with CF P. aeruginosa strains. Many of these adaptations 

are observed in P. aeruginosa isolates from the airways of older patients with CF.  

Bacterial biofilms require a substrate to bind to, like that of a wound, or the surface of a 

foreign medical device, like a urinary catheter. However, in the lungs of individuals with 

CF, bacteria often self-aggregate, forming clusters of communities suspended within the 

airway mucus (117). P. aeruginosa can express a mucoid phenotype through copious 

alginate production, which encases bacterial communities, providing a barrier to 

antimicrobials and host defences (207, 208). Alginate is one of the exopolysaccharides 

comprising the extracellular matrix of the biofilm and is overexpressed in many, but not 

all, chronic isolates of P. aeruginosa from the airways of patients with CF. Such a 

phenotypic change is an example of a survival mechanism that can be driven by factors 

inherent in the CF lung, but also by external factors, including antibiotic administration 

(209, 210).  
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6.2 Understanding P. aeruginosa adaptation with genome analysis: 

The sequencing of sequential and longitudinal isolates from CF patients has provided 

valuable information on how P. aeruginosa manages to evolve and persist in the host by 

favouring some virulence factors over others.  Among the most mutable genes identified 

in longitudinal isolates from CF patients are those linked to a biofilm-associated lifestyle 

(mucA, algU, and morA), decreases in antibiotic susceptibility (mexZ, nfxB, mexR, gyrA, 

gyrB, and mpl), reduced virulence factor production (ykoM and mpl), and different 

regulatory systems (rpoN, nfxB, mexR, gacA, and gacS), in different patient lineages 

despite different clonal backgrounds (32, 211, 212) (Table 2).  

The sequencing of bacterial genomes has been a key to demonstrating the evolution 

of bacterial clones through mutational changes in pre-existing genes, a mechanism also 

known as pathoadaptive mutation (213, 214) (Table 2). This is especially evident with the 

sequencing of P. aeruginosa genomes from CF patients (215). For example, the 

sequencing of 474 longitudinal clinical isolates of P. aeruginosa from 34 children and 

young adults with CF, identified 36 P. aeruginosa lineages and convergent molecular 

evolution in 52 genes. The main mutated genes were asR, mexA, mexS, nex, yecS, algU, 

gyrA, gyrB, mexB, oprD, pela, and rbdA, which suggested an adaptation towards the 

acquisition of antibiotic resistance and loss of extracellular virulence factors. But 

importantly, the study highlighted the importance of clinical collections from chronically 

infected patients in understanding the convergence and evolutionary contingency of 

pathogens in vivo for the design of future therapeutic strategies (213).  
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Figure 11. Pathoadaptive Mutations in Pseudomonas aeruginosa. Genes encoding regulatory 
proteins are highlighted in red. Genes encoding sigma factors are highlighted in blue. Image taken from: 
Winstanley C, O'Brien S, Brockhurst MA. Pseudomonas aeruginosa Evolutionary Adaptation and 
Diversification in Cystic Fibrosis Chronic Lung Infections. Trends Microbiol. 2016 May;24(5):327-337. doi: 
10.1016/j.tim.2016.01.008. Epub 2016 Mar 3. PMID: 26946977; PMCID: PMC4854172. 

 

Genomic studies have provided insights into mechanisms of antibiotic resistance. 

Greipel et al. examined 17 antimicrobial susceptibility and resistance loci in an 

international strain collection of 361 P. aeruginosa isolates from 258 CF patients, 

identifying 1,112 sequence variants that were not present in the genomes of strains 

representative of the 20 most common clones in the global P. aeruginosa population. A 

high frequency of variants was observed in spuE, mexA, gyrA, rpoB, fusA1, mexZ, mexY, 

oprD, ampD, parR, parS, and envZ (amgS), which appear to be involved in the response 

of P. aeruginosa populations to antimicrobial load in CF (Table 2) (216). Another study 

showed the mutational profile of the resistome of a hypermutator lineage of P. 

aeruginosa by performing longitudinal and cross-sectional analyses of isolates collected 

from a CF patient over 20 years of chronic infection, demonstrating that mutations in 

antibiotic resistance genes were positively selected, driven by antibiotic treatment. The 

infection progressed towards the establishment of a population consisting of 

genotypically diversified co-existing sub-lineages, all converging towards multi-drug 

resistance (217) (Table 2).  Ahmed et al. combined genomics with in vitro studies and 

demonstrated that the pathways of developing Ciprofloxacin (CIP) resistance are growth 
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mode-dependent, and they suggested evolved phenotypic and genotypic changes that 

paralleled the evolution of CIP resistance. Cross-resistance to β-lactam antibiotics was 

associated with mutations in genes involved in cell wall recycling (ftsZ, murG) and could 

also be explained by mutations in TCA cycle genes (sdhA) and genes involved in arginine 

catabolism (218). Other features such as the expression of the T3SS and QS, were 

identified by genomics as highly discriminatory in the context of P. aeruginosa virulence 

by the analysis of genome-wide extended multi-locus sequence typing (wgMLST) of four 

P. aeruginosa strains of environmental and clinical origin, compared to the wgMLST of 

PAO1 and PA14 type strains (219). 

The studies mentioned above demonstrated how genomics is essential for the 

identification of genes that can explain the establishment of MDR P. aeruginosa strains; 

a knowledge that is essential for diagnostic and therapeutic purposes. But importantly, 

genomic differences observed in different clones within the same CF patient are not 

always reflected in phenotypic studies. La Rosa et al. analysed 26 clinical isolates of P. 

aeruginosa belonging to three different clone types, exhibiting naïve, intermediate, and 

adapted phenotypes, sampled from a single CF patient over 8 years of infection. 

Evolution within the patient involved convergent metabolic specialisation characterised 

by loss of non-essential metabolic functions, independent of clone type, genomic 

composition, or mutation pattern (220).  Bartell et al. also highlighted the value of 

classical phenotype-based investigations to complement genomic approaches. Using 

statistical modelling, they examined eight infection-relevant phenotypes of 443 

longitudinal P. aeruginosa isolates from 39 young CF patients over 10 years. They 

identified emergent patterns of bacterial phenotypic changes across the patient cohort 

that deviate from expected evolutionary trajectories, estimating a period of initial rapid 

adaptation during which bacteria move from a “naïve” to an “evolved” phenotypic state. 

They proposed new associations between observed phenotypic phenomena and genetic 

adaptation. Multi-trait modelling can map complex, patient-specific evolutionary 

trajectories that will allow an understanding of pathogen persistence and how to prevent 

it (221) 

Overall, genomics has been key for the study of P. aeruginosa evolution within the 

CF environment and the transmissibility of strains between patients. It gives insights into 
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how P. aeruginosa genes regulating virulence factors and AMR are conserved or 

acquired. But, as demonstrated by La Rosa et al. and Bartell et al. it is essential to 

combine genomics studies with phenotypic analyses to truly understand functional 

changes during P. aeruginosa adaptation, which is crucial for the development of novel 

diagnostic and therapeutic strategies against P. aeruginosa infections.  

Table 2. Examples of P. aeruginosa genomic evolution and adaptation studies. 

 
Abbreviations: AMR, antimicrobial resistance; CF, cystic fibrosis; CIP, ciprofloxacin; QS, quorum sensing; 
LPS, lipopolysaccharide; PA, P. aeruginosa; TCA, tricarboxylic acid cycle; T3SS, Type 3 secretion system; 
wgMLST, whole genome multilocus sequence typing. 

Type of Study Source of Isolates Results Mutated Genes Function  Ref. 

In vivo evolution 
study using whole 

genome sequencing 

474 longitudinal CF 
clinical isolates from 

34 children and 
young individuals. 

36 lineages with 
convergent evolution 

in 52 genes 

asR, mexA, mexS, nex, 
yecS, algU, gyrA, gyrB, 
mexB, oprD, pela, and 

rbdA 

Host adaptation, AMR, 
and loss of 

extracellular virulence 
factors 

(213, 
222) 

In vivo evolution 
study of 17 AMR loci 

361, independent CF 
isolates collected 

from 30 CF centres. 

1112 sequence 
variants not present in 
the 20 most common 

PA clones 

spuE, mexA, gyrA, 
rpoB, fusA1, mexZ, 
mexY, oprD, ampD, 

parR, parS, and envZ 
(amgS), and pagL 

Unrelated. Translation, 
transport, LPS 

modification, and AMR 
(216) 

In vivo longitudinal 
and evolution 

analysis 

14 isolates from the 
same clonal lineage of 
a CF patient (20 years 

of the infection). 

Different evolutionary 
pathways affecting 
genes of the same 

functional categories 

ampC, ftsI 

Codification of β-
lactamase and 

penicillin-binding 
protein 3 (AMR) 

(217) 

In vitro biofilm and 
stationary-phase 

planktonic culture 
evolution study 

57 CIP-evolved 
populations and 35 

control. 

CIP-resistance 
development depends 

on the bacterial 
lifestyle 

ftsZ, murG, sdhA 
Cell-wall recycling, TCA 

cycle, and arginine 
catabolism 

(218) 

Real-time in vivo 
evolution, metabolic 
and genomic study. 

26 from a single CF 
patient (8 years of 

infection). 

Convergence at the 
phenotypic level but 
different mutational 

patterns 

Not specified 
(functional grouping) 

Amino acid transport 
and metabolism, 
defence, signal 

transduction and 
translation 

(220) 

In vivo genome 
analysis (wgMLST) 

2 environmental, 1 
veterinary and a CF 

clinical isolates with a 
defective Las QS 

system 

Identification of ten 
highly discriminatory 

loci between the 
studied strains and the 
PAO1 and PA14 strains 

exsA, rsmN, and hopJ 
T3SS and QS-regulated 

virulence traits. 
(219) 

Screening of 8 
infection-relevant 

phenotypes (In vivo 
evolution) 

443 longitudinal 
isolates from 39 

young cystic fibrosis 
patients over 10 years 

Identification of 
phenotypic changes 

that deviate from 
expected evolutionary 

trajectories 

mexZ, nfxB, nalDmucA, 
algU, retS/gacAS/rsmA 

gyrA and gyrB47 

Drug efflux pumps, 
mucoid regulators, 

ciprofloxacin 
resistance 

(221) 
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7. Therapies against P. aeruginosa infections: antibiotics, phage therapy, small 

molecules, vaccines. 

7.1 Antibiotics 

The treatment of P. aeruginosa infections is challenging, and adequate initial 

therapy is crucial to improve survival. Conventional β-lactams with antipseudomonal 

activity and fluoroquinolones are normally used, but newer antibiotics, such as 

ceftolozane/tazobactam, ceftazidime-avibactam, imipenem/ relebactam, cefiderocol, 

finafloxacin and delafloxacin appear to also be effective in the treatment of P. aeruginosa 

(223). MDR-P. aeruginosa is defined as the non-susceptibility of P. aeruginosa to at least 

one antibiotic from at least three classes of antibiotics for which P. aeruginosa 

susceptibility is generally expected: penicillin, cephalosporins, fluoroquinolones, 

aminoglycosides and carbapenems. Also, “difficult-to-treat" resistance (DTR) is defined 

as P. aeruginosa exhibiting-susceptibility to all: piperacillin-tazobactam, ceftazidime, 

cefepime, aztreonam, meropenem, imipenem-cilastatin, ciprofloxacin and levofloxacin 

(224). 

 Ceftolozane-tazobactam and ceftazidime-avibactam, in general, are safe, 

efficient, and carbapenem options against DTR strains (224). However, resistance against 

both compounds is emerging, suggesting that the drugs will lose their efficacy soon. 

Cefiderocol might be an option when more complex mechanisms of resistance interact 

together, and they could also be stable against most carbapenemases (225). Imipenem-

cilastatin-relebactam could be considered a reasonable treatment option against 

emerging ceftolozane-tazobactam- non-susceptible isolates, but more clinical data is 

necessary. Combination therapy with old drugs remains an option in case of deep-seated 

infections when MICs are high (225). In summary, the conventional antipseudomonal 

antibiotics have been used successfully for a long time, but the emergent P. aeruginosa 

antimicrobial resistance forces the development of newer antimicrobial agents as AMR 

is causing deaths around the world, especially carbapenem-resistant P. aeruginosa 

strains, which caused 38,100 deaths in 2019 (22). (Figure 12).  
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Figure 12. Global deaths (counts) attributable to bacterial antimicrobial resistance by pathogen–drug 

combination, 2019.  3GC=third generation cephalosporins. 4GC=fourth generation cephalosporins. Anti-

pseudomonal=anti-pseudomonal penicillin or beta-lactamase inhibitors. BL-BLI=β-lactam or β-lactamase 

inhibitors. MDR=multidrug resistance. Mono INH=isoniazid mono-resistance. Mono RIF=rifampicin mono-

resistance. NA=not applicable. Resistance to 1+=resistance to one or more drug. S Paratyphi=Salmonella 

enterica serotype Paratyphi. S Typhi=S enterica serotype Typhi. TMP-SMX=trimethoprim-

sulfamethoxazole. XDR=extensive drug resistance Taken from: Global burden of bacterial antimicrobial 

resistance in 2019: a systematic analysis. Lancet. (2022) (22). 

 

7.2 Phage Therapy 

For patients who are not responding to conventional antibiotics, phage therapy is 

becoming a promising treatment. Bacteriophages target specific bacteria by migrating 

towards the site of infection and adhering to the cell surface of the targeted bacteria 

(226). There have been over 700 phages, identified and sequenced, infecting P. 

aeruginosa (227). Waters et al. demonstrated that the phage PELP20 can penetrate and 

kill bacteria within a biofilm-associated CF lung-like environment. In their novel mice 

model of P. aeruginosa LESB65 chronic lung infection, phage therapy with PELP20 was 

highly effective against an established 6-day lung infection, the treatment completely 

cleared bacteria from the lungs of 70% of mice, and significantly reduced CFU counts in 

the other 30%, relative to the controls (228).  

 

Recently, it was demonstrated that the combination of genetically diverse 

Pseudomonas phages, such as SPA01 and SPA05 with jumbo phages like PhiKZ, improved 

the efficacy of the phage cocktail against P. aeruginosa since bacterial isolates resistant 
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to SPA01 and SPA05 are susceptible to PhiKZ. The number of viable P. aeruginosa PA01 

when treated with just SPA01-SPA05 was around 4 to 6 -log higher than those treated 

with the phage cocktail SPA01-SPA05-PhiKZ. However, phage-resistant isolates emerged 

in both treatments, highlighting a possible limitation of this type of therapy (229).  

Interestingly, in a murine model, Ashworth et al. observed that 48 h post-infection, P. 

aeruginosa isolates collected from the organs of non-phage-treated mice exhibited 

greater phage resistance than the input strains. Experimental evolution studies to 

understand this phenomenon suggested that bacterial adaptation to oxygen availability 

and the presence of mucin and polyamines, common stressors in the lung environment, 

contributed to the development of phage resistance. Importantly, the authors used a 

pan-resistant P. aeruginosa infection model and demonstrated that phage steering 

therapy was an effective strategy against systemic P. aeruginosa infection. Treatment 

with a phage cocktail (PELP20, PNM, PT6, and 14/1) completely cleared bacteria from 

mice blood, kidneys, and spleen. Furthermore, the remaining bacteria in the lungs and 

liver were re-sensitized to a wide range of antibiotics, demonstrating that sequential 

administration of phage therapy and antibiotics could help combat pan-resistant P. 

aeruginosa infections (230). Another study isolated a P. aeruginosa phage named 

Paride, which replicates on deep stationary-phase cultures of laboratory and clinical 

strains of P. aeruginosa. Paride could sterilize deep-stationary phase cultures of P. 

aeruginosa if combined with the β-lactam meropenem via a phage-antibiotic synergy. 

Paride specifically exploits weak spots in the resilient physiology of dormant bacteria 

that could be targeted as Achilles’ heels by new treatment options (231).  

  

In the last years, one clinical trial (NCT04636554) on personalised phage therapy in 

patients with COVID-19 and bacterial co-infection (including P. aeruginosa 

bacteraemia/sepsis) is ongoing (reports still not available). There are several limitations 

to the approval of phage therapies and for now, it is still experimental, as each case 

needs approval from the US Food and Drug Administration (FDA) in a single-use 

Investigational New Drug application. Also, it has only been allowed in life-threatening 

and caused by MDR infections. It is important to consider that phages can multiply, so 

treatment dosage needs to be carefully considered for any clinical trial, also phage 

resistance can occur (232)  
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7.3 Anti- virulence strategies: 

The T3SS is crucial for P. aeruginosa virulence so it has been proposed as a target for 

novel drugs. The current drug candidates targeting the T3SS are primarily modified 

antibodies and screened/designed small molecules: MEDI3902 (BiS4αPa), a bivalent 

human immunoglobulin IgG1κ monoclonal antibody. MEDI3902 reduced P. aeruginosa 

infection in animal models (233), and phase I clinical trial in healthy subjects confirmed 

the safety and efficacy of MEDI3902 (NCT02255760) (234), but in phase II studies the 

results were unsatisfactory (NCT02696902). KB001-A, a recombinant PEGylated Fab also 

targets T3SS, but it showed ineffectiveness in phase I and II clinical studies despite its 

safety record (235). Other bacterial surface structures targeted are flagella, pili and LPS. 

KBPA-101, a human monoclonal antibody against the LPS O-polysaccharide moiety of P. 

aeruginosa serotype IATS O11, reported full protection of mice infected by P. 

aeruginosa at low doses (< 5 μg/mouse), and it was safe in a human phase I trial, but the 

results from the phase II study are not yet published (236-239).  A possible limitation of 

targeting single pathogen mechanisms is that resistance might quickly appear. 

7.4 Vaccines against P. aeruginosa 

Despite 50 years of research, there is still no vaccine in the market against P. 

aeruginosa. Multiple antigens have been already evaluated with mixed results (Figure 

13): 

7.4.1 LPS:   

Lipopolysaccharide is possibly the most widely characterised vaccine candidate and 

although highly immunogenic, the first trials also suggested unacceptable levels of 

cytotoxicity and no eradication of P. aeruginosa infection (240-245). Alternatives, such 

as introducing the complete-core LPS in liposomes, helped to induce strong antibody 

responses while being non-toxic and non-pyrogenic (246, 247). However, several 

heterogeneous O- polysaccharide (OPS)-based P. aeruginosa serotypes are responsible 

for life-threatening infections, so monovalent vaccines did not seem to be the best 

option. A heptavalent version with different OPS serotypes was evaluated but it elicited 

limited levels of opsonic anti-LPS antibodies (248). Then combinations of LPS with other 

P. aeruginosa components were evaluated to enhance the protective effect of LPS.  

Aerugen® (Crucell, Leiden, the Netherlands), an octavalent OPS-ETA conjugate vaccine, 
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underwent phase II evaluation with 59 healthy volunteers. However, the magnitude of 

the immune response among the various serotypes was quite variable (249). When it 

was evaluated in 30 young patients with CF, a single dose was sufficient to elicit 

antibodies to all serotypes, but a drop-off in antibodies was detected. In the first clinical 

trial for Aerugen®, IgG antibody concentrations increased significantly following 

vaccination and remained elevated for 12 months. A booster dose administered at 12 

months triggered an anamnestic response. However, a significant drop in antibody levels 

was observed between the second and third years of follow-up, which correlated with 

an increased infection rate in immunized patients. A retrospective study after 10 years 

of the first immunisation was used to assessed serological responses, following initial 

vaccination, annual boosters were given except at year 2. The study suggested that 

protection could extend beyond 10 years, especially with annual booster doses. The 

initial immunizations at months 0 and 2 led to a rapid rise in specific serum IgG levels, 

which declined quickly but were sustained at moderate levels over the 10 year period in 

immunized, noninfected patients through yearly boosters. (250, 251). It appeared 

partially protective as after 10 years, was concluded that a reduction in the frequency of 

P. aeruginosa chronic infection (35% vs. 72% in immunised vs. non-immunised patients, 

respectively) was associated with better preservation of lung function (252-254); 

however, it failed to show sufficient efficacy in a phase III trial involving 476 CF patients, 

as no difference between the vaccinated and control groups was achieved (255). 

7.4.2: Alginate: 

The mucoid exopolysaccharide (MEP) or alginate, has been also widely studied as a 

vaccine candidate. In trials with healthy volunteers, high molecular polymers of MEP 

raised IgG titres for up to two years, but the immunogenicity of MEP was moderate, with 

only 35% of the volunteers producing measurable titres (256). Conjugates of MEP with 

other antigen candidates have been also studied, and a polymannuronic acid-type-a 

flagellin conjugate vaccine protected mice against mucoid and non-mucoid strains (257). 

Similar results were obtained coupling forms of MEP with diphtheria toxoid (258), OMVs 

of Neisseria meningitidis serogroup B (259) or PLGA (polymer poly-lactic-co-glycolic acid) 

nanoparticles (260). No clinical trials are currently being carried out with alginate as a 

vaccine antigen for P. aeruginosa vaccines, however, a study in 2021 demonstrated that 
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solid lipid nanoparticles (SLN) containing alginate might be suitable as a nano vaccine 

against P. aeruginosa, as mice immunised intraperitoneally with alginate-SLN had lower 

CFU counts in the spleens (0.8 log less) than mice immunised with just alginate (261). 

7.4.3. Flagellum and pili 

The use of flagellum as an antigen showed high protection in pre-clinical studies 

with a mouse burn model (262, 263). Monovalent flagellar preparations induced long-

lasting antibody titres on all 220 healthy volunteers, in a phase I clinical trial (264). 

Similar results were observed with a phase II study of a monovalent type-b flagellin 

vaccine (265). Finally, a randomised, double-blind, placebo-controlled, multicentre 

phase III clinical trial (17585011) with 483 European CF patients on a bivalent vaccine 

containing three type-a subtypes and type-b serotype failed to achieve the primary 

outcome of 66% protection, reporting 34% of protection against acute infection and 51% 

in chronic infection (266).  Major pilin (PilA)-based approaches have also been assessed.  

Mice intratracheally immunised with pilin protein showed a significant improvement in 

survival (80–100%) (267). Importantly, survival rates were lower (23.5–47%) when mice 

were challenged with clinical strains, compared to the laboratory strain (PAO1). A 

bivalent vaccine composed of type-b FliC and PilA also proved to be protective (87% 

survival) in a murine model (268). Later a trivalent vaccine, type-b FliC, PilA and type-a 

flagellin showed higher survival rates (92–100%) (269). No other clinical trials are 

currently being carried out with flagellin as a vaccine antigen for P. aeruginosa. 

7.4.4. Outer membrane proteins 

Regarding outer membrane proteins, OprF and lipoprotein I (OprI) are the most 

studied as vaccine antigens.  OprF-OprI hybrid antigen was initially developed by 

Intercell AG (Vienna, Austria) and named IC43 (recently renamed as VLA43) and 

successfully evaluated in a phase I, randomised, placebo-controlled, blinded trial with 

healthy adult volunteers; and in a phase II study in mechanically ventilated ICU patients 

(270) (NCT00778388, NCT01563263,). However, although the differences were not 

statistically significant, a higher infection rate was observed in the treatment group 

(11.2–14%) than in the placebo group (6.1%), suggesting that IC43 vaccine may affect P. 

aeruginosa virulence rather than clearance (270). A confirmatory, randomised, 

multicentre, placebo-controlled, double-blind phase II-III with 799 ICU patients, showed 
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that IC43 had no clinical benefit over the placebo group in terms of mortality. This was 

mainly due to the intrinsic heterogeneity of ICU patients, the introduction of patients 

from different European countries, and P. aeruginosa infection before the development 

of effective IgG immune response (270). The mucosal formulation of the OprF-OprI 

hybrid protein vaccine was examined when loaded into mannose-modified chitosan 

microspheres, it showed promise as a delivery system, since nasal immunisation of mice 

demonstrated 75% protective efficacy and a strong specific humoral response. Influenza 

virus (271), cowpea mosaic virus (272, 273), tobacco mosaic virus (274) and adenovirus 

(275-278) have all been used as vectors.   

Another OMP evaluated was OprL which was identified as an early immunogenic 

protein in CF patients (279) and elicited strong IL-17 secretion in a murine pneumonia 

model(144). Vaccination with 50 μg of OprL plus curdland conferred Th17-dependent 

and serotype-independent protection in mice (survival rate of the rOprL plus curdlan 

group was 60% at the end of the observation period, significantly higher than PBS 

(p= 0.0014) and Curdlan (p=0.0004) groups (280, 281).  Finally, OprH was also assessed. 

A screen of two LPS-heterologous P. aeruginosa strains in a murine acute pneumonia 

model showed that OprH was the most highly expressed OMP, but immunisation of mice 

with OprH using curdlan as adjuvant rendered no significant protective efficacy, nor did 

co-administration of iron acquisition proteins or a prepared trivalent mixture (282). In 

contrast, vaccination with OprH refolded in micelles elicited specific opsonic antibodies 

and conferred protection against the two strains used (282), highlighting the importance 

of the final vaccine formulation in eliciting a protective response. Mice immunised 

intranasally with 70 µg of OprH plus curdlan, resulted in in 40% survival after lung 

challenge with PA14 (serogroup O19), compared to 10% in the control group. Recently, 

Bianconi et al. identified various outer membrane and periplasmic proteins, with both 

known and unknown functions, that significantly increase the survival rate among 

challenged mice when given in combination. Three of those OMPs, MotY, PA5340 and 

PA3526, gave the maximum protection (50% survival) (283). 

7.4.5. T3SS:  

PcrV was the first protein of the T3SS translocation apparatus used as a vaccine 

antigen (284, 285). Immunisation with Mab166 epitope (PcrV144-257) provided 
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comparable survival rates with immunisation with whole PcrV (65%), with a significant 

increase in IgG1 and IgG2 titres (286).  PopB, also from the translocation apparatus of 

the T3SS, elicited Th17 responses and mice protection with recombinant PopB and its 

chaperone, PcrH, encapsulated in PLGA nanoparticles (141, 144).  

7.4.6. Iron uptake systems and QS: 

Iron uptake system proteins, including FpvA, FoxA, and HasR were highly expressed 

during infection in a murine acute pneumonia model (282). However, they did not show 

protective efficacy when mice were immunised intranasally either separately or in 

combination (282). In addition, vaccines involving components of the QS system seem 

to have limited potential as a vaccine candidate (287). 

7.4.7. DNA vaccines: 

DNA vaccines have also been assessed. Gong et al. compared four DNA vaccines 

with oprL and oprF genes as monovalent vaccines, a fusion OprL-OprF vaccine or a 

divalent combination (OprL and OprF). They all induced antibodies, IL-2 and IFN-γ, and 

protected chickens against P. aeruginosa challenge (80% survival)(288). Also, a plasmid 

encoding PilA incorporated in a multivalent DNA vaccine that also contained other 

plasmids encoding a fusion OprF-OprI fusion and PcrV protein showed 100% survival in 

mice (288).   

7.4.8 mRNA vaccines: 

Recently mRNA vaccines have also been tested against P. aeruginosa. mRNA-

PcrV induced significantly stronger antigen-specific humoral and cellular immune 

responses and a higher survival rate compared with the OprF-I after the challenge. The 

survival rate of PcrV-immunized groups (5 µg and 25 µg) was as high as 100%, compared 

to 75% survival rate by immunisation with 25 µg of OprF-I and 5% with 5 µg of OprF-I in 

a burned infection model. All mice in the control group died.  The results suggested that 

mRNA-PcrV as well as the mixture of mRNA-PcrV and mRNA-OprF-I are promising 

vaccine candidates for the prevention of P. aeruginosa infection (289) 
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Figure 13. Progress in the development of a vaccine against P. aeruginosa infections. The darker the colour 
of the bar, the further the vaccine candidate proposed in preclinical and clinical studies. Adapted from 
Sainz-Mejías et al. (149). 

 

In summary, the high adaptability of P. aeruginosa has hampered the 

development of antimicrobial therapies, thus P. aeruginosa infections remain a major 

health threat. Due to its antimicrobial resistance, vaccination is one of the most 
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promising strategies to tackle P. aeruginosa. Prophylactically, vaccines can decrease the 

number of infectious disease cases, thus reducing antibiotic use and the spread of 

AMR. In contrast, antibiotics and other therapies explained above, which are commonly 

administered therapeutically, act on established infections, increasing the probability 

that resistant clones emerge. However, despite multiple efforts in the search for a 

vaccine against P. aeruginosa, no vaccine has been licensed, which is clear evidence of 

the great challenge involved and the need for further progress in understanding the 

complex P. aeruginosa-host relationship. The emergence of multi-resistant strains of 

antibiotics and the susceptibility of vulnerable groups to P. aeruginosa infections 

motivate the search for effective systems for the generation of a vaccine against this 

challenging pathogen. 

8. Project rationale, aim, and objectives. 

As mentioned above, P. aeruginosa is a critical pathogen due to its great capacity 

to adapt to the host. Worldwide, P. aeruginosa strains resistant to multiple antibiotics 

are emerging, with resistance to carbapenems being of particular concern and the cause 

of a high number of deaths globally. Therefore, the development of novel therapies 

against P. aeruginosa is urgent.  Normally, the study of new antimicrobial therapies 

focuses mainly on the study of the pathogen in searching for new therapeutic targets. 

This traditional approach has not been successful against P. aeruginosa, as with such a 

challenging pathogen the search for host-relevant therapeutic options must be 

approached from different perspectives.  

The understanding of host-pathogen interactions is indispensable to have a 

global view of P. aeruginosa infection, and how both pathogen and host suffer changes 

during infection that complicate the treatment of its infections. The understanding of 

host-pathogen interactions opens the possibility of multiple avenues towards new, 

unconventional treatments against P. aeruginosa through a rational design of therapies 

that will consider not just the pathogen, but also the host and the interplay of host-

pathogen. This project therefore aims to explore P. aeruginosa-human cell interaction 

through different methods and apply that knowledge in the development of novel 

approaches for the treatment of P. aeruginosa infections. 
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Objectives: 

1. Evaluation of host immune responses against P. aeruginosa CF sequential isolates 

in vitro, for a better understanding of P. aeruginosa adaptation and versatility 

within the host. 

 

2. Identification of the host receptors with which P. aeruginosa interacts during 

infections for a better understanding of P. aeruginosa's interaction with the 

human cell. 

 

 

3. Evaluation of novel TLR4 ligands as adjuvants for vaccines against P. aeruginosa 

in an acute P. aeruginosa pneumonia mouse model. 
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Chapter 2  

P. aeruginosa versatility and adaptability 

into the human host 
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Introduction 

1. CF sequential isolates for the study of P. aeruginosa within-host adaptation 

Long-term chronic lung infections in CF patients are characterised by adaptation and 

phenotypic diversification (212). As P. aeruginosa is the leading cause of chronic infection 

in CF, the sequencing of sequential and longitudinal isolates from CF patients has 

provided valuable information on how P. aeruginosa manages to evolve and persist in 

the host. As described in the section “8. Cystic Fibrosis as a model for the study of P. 

aeruginosa adaptation within the host”, genomics facilitated the elucidation of the 

adaptive mechanisms of P. aeruginosa, but its integration with phenotyping studies is 

needed to support a better interpretation of the evolutionary dynamics of the pathogen 

within the host (290).  Understanding this within-host pathogen evolution and 

diversification during P. aeruginosa chronic infections is crucial for the design of novel 

therapeutic intervention strategies.  

A hallmark in P. aeruginosa research is the use of common laboratory strains which 

leads to conclusions that are not relevant to the clinical setting, due to the high diversity 

and adaptability of P. aeruginosa (291). Hence, a well-established international panel of 

P. aeruginosa strains was developed by members of our research group and others to 

avoid the use of isolates with limited availability and to potentially prevent unnecessary 

repetition across laboratories. The availability of a standardised reference panel can 

improve efficiency and coordinate the collective efforts of the P. aeruginosa research 

community, facilitating the search for improved therapeutic approaches (292).  The P. 

aeruginosa panel was genomically (293) and phenotypically (291) characterised. The 

panel included three series of sequential P. aeruginosa isolates from CF patients, “early” 

and “late” in an infection. In this project, two of those sets of sequential isolates from 

Europe and North America (Figure 14, Appendix A) were selected. Those isolates 

represent approximately 7 years of colonisation between the first bacterial isolate (early) 

and the two subsequent late isolates per patient: Patient 1: AA2 (early, 0.6-year-old), 

AA43 (late mucoid, 7.5 years old), AA44 (late non-mucoid, 7.5 years old); Patient 2: 

AMT0060-3 (early isolate, 7 years old), AMT0060-2 (late isolate, 14.5 years old) and 

AMT0060-1(late isolate 14.5 years old) (Figure 14) (292, 294-296). 
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Figure 14. P. aeruginosa CF sequential isolates from an International Reference Panel. Two panels of P. 
aeruginosa sequential isolates from a strain collection (292) were characterised for genotypic and 
phenotypic traits (291, 293). The years of lung colonisation at the moment of their isolation from the 
patient are shown by the red arrow. 

 

2. Phenotypic traits of CF sequential isolates from the International P. aeruginosa Reference 

Panel: 

The CF sequential isolates were characterised by virulence in Galleria mellonella, 

motility, production of alginate, pyocyanin, LPS, biofilm formation, quorum sensing (AHL 

production), antibiotic resistance and phage susceptibility (291) (Table 3). Only reduced 

virulence over the time of colonisation was related to late isolates. The result was 

consistent with previous studies about P. aeruginosa's adaptation to the CF lung 

environment (296, 297). Regarding motility, the early isolate AMT0060-3 showed more 

swarming, swimming and twitching motilities relative to the late isolate, AMT0060-2. 

However, the other series of isolates showed a similar motility between early and late 

isolates. AHL levels did not correlate with time of colonisation in sequential CF strains, 

for example, early strain AA2 and the late strain AA43 both expressed low levels of AHL, 

while the signal from another late isolate (AA44) was much higher. AA44 expressing 

higher levels of AHL also produced strong biofilms. AMT0060-1, AMT0060-2 and AA44 

produced stronger biofilms relative to their respective early isolate, while AA43, also a 

late isolate, showed less biofilm formation than AA2. Pyocyanin production also differed 

between the two sets of isolates. While AA2 produced more pyocyanin than A443 and 
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AA44, AMT0060-1 produced similar amounts of pyocyanin than the early isolate 

AMT0060-3. The LPS of the sequential strains AA2 (early isolate), AA43 and AA44 (late 

isolates) were complete and showed an identical O-antigen repeating unit in all three 

strains. Importantly, it was possible to distinguish the presence of a B-band in AA2 and 

AMT0060-3 isolates but not in the late isolates, except AA43. The early CF strain, AA2, 

showed lower susceptibility to phage infection compared to late strains (AA43, AA44). In 

contrast, AMT0060-3 showed higher susceptibility than the late isolate. Finally, the 

mucoid strains AMT0060-2 showed increased alginate production, relative to the other 

isolates from that series.  

Table 3. Comparison of phenotypic traits between early and late isolates of P. aeruginosa 
CF sequential isolates from an International Reference Panel (291). 

 

 

3. Genomic analysis of CF sequential isolates from the International P. aeruginosa Reference 

Panel: 

Previous core genome single nucleotide variant (SNV) phylogeny analysis of the 

isolates AMT0060-1,2,3 confirmed they are sequential isolates (293) (Figure 15). 

However, the genomic data of strains AA43 and AA44 were not sequenced at the 

moment of the study and were not collected as requested by the original suppliers of 

these isolates. The core genome single nucleotide variant (SNV) phylogeny analysis of 

the panel strains alongside genome sequence data from strains publicly available on 

NCBI, distributed the strains from the panel into two main groups (group 1 and group 2). 

All the selected isolates are distributed in group 1, the AMT0060 series is closer to the 

 Patient 1 Patient 2 

Early Isolate AA2 AMT0060-3 

Late CF Isolates AA43 AA44 AMT0060-2 AMT0060-1 

Virulence in Galleria 
mellonella 

   

Motility = =  = 

AHL levels =   

Biofilms    

Pyocyanin levels    = 

LPS B band No B band No B band No B band 

Susceptibility to phage 
infection 

   
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reference strain P. aeruginosa LESB58 while AA2 is closer to the reference strain P. 

aeruginosa PAK. 

 

 

Figure 15. Core genome phylogeny showing AMT0060-1,2,3 as sequential CF isolates. Red dots identify 

panel strains, while black dots identify strains from NCBI. Commonly studied reference strains are 

identified by yellow boxes. The two main groups that define the population structure of P. aeruginosa are 

highlighted in light blue. Taken from: Luca Freschi et al. (291-293). 

 

The genomes of the sequential CF isolates AA2, AA43 and AA44 all contain the same 

frameshift mutation in mexA. Another commonly reported CF adaptation is the 

occurrence of mucoid colonies, usually due to mucA mutations leading to 

overproduction of alginate.  AMT0060-2 and AMT0060-1 have a frameshift in mucA 

(293). The GacA/GacS two-component regulatory system has been implicated in the 

switch between acute and chronic infection lifestyles and plays a key role in virulence. 

AMT0060-2 has a frameshift in gacA (293) (Table 4). 
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Table 4. Genomic data available for the P. aeruginosa isolates included in the study. 

Strain Genome size (bp) Mutations 

AA2 6258 mexA mutant (1 bp frameshift) 

AMT0060-3 7036 Not reported 

AMT0060-2 7037 
several mutants (1 bp frameshift) and 2 bp frameshift 

(gacA) 

AMT0060-1 7033 mucA mutant (1 bp frameshift) 

Abbreviations, bp: base pairs. 

 

4. Epithelial cell lines for the study of P. aeruginosa host-pathogen interactions:  

The human cystic fibrosis bronchial epithelial cell line (CFBE41o−) has been widely 

used in CF studies. It is an immortalised cell line created from the bronchial epithelium 

of a CF patient homozygous for F508del (298). CFBE41o− cells have been used to study 

CFTR function and the response to small molecules due to their clinical relevance to CF 

and their ability to polarise and form tight junctions (299, 300). In contrast to CFBE41o− 

cells, the 16HBE14o- human cells express high levels of CFTR, mRNA and protein (301). 

16HBE14o- is a human bronchial epithelial cell line isolated from a 1-year-old male heart-

lung patient and immortalised with the origin-of-replication defective SV40 plasmid 

(pSVori). The cell line conserves the traits of normal differentiated bronchial epithelial 

cells including a cobblestone morphology, cytokeratin expression, the ability to form 

tight junctions, and directional ion transport (301).  
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Aims and Objectives: 

CF sequential isolates from a P. aeruginosa International Reference Panel have been 

phenotypically and genomically characterised. Overall, there is no specific trend in the 

traits of “early” and “late” isolates, which suggests a divergent evolution of the isolates 

within the host. Hence, we wondered whether these phenotypic differences between 

the sequential P. aeruginosa isolates could also be observed in the host immune 

responses against those isolates, in vitro, or if the immune responses are dependent on 

the “early” or “late” status of the isolates.  It is still unclear how CF-adapted P. aeruginosa 

strains shape the host response to favour their persistence and this is difficult to address 

in humans or animal models due to confounding factors (microbiota, genetic variability, 

among others). Hence, this chapter aimed to understand the in vitro immune responses 

against P. aeruginosa CF sequential isolates to determine how natural selection of some 

P. aeruginosa strains and host immunity interact to move toward a state of immune 

evasion or an inflammatory state; this knowledge will be essential to lead the 

development of drugs against chronic P. aeruginosa infections, especially treatments for 

CF disease. 

 

 Objectives: 

1. To evaluate the attachment to 16HBE14o- and CFBE41o− human epithelial cells of 

two sets of CF sequential isolates from a P. aeruginosa international panel reference. 

2. To evaluate the production of proinflammatory cytokines, IL-6 and IL-8, from 

human epithelial cells when stimulated with the different CF sequential P. aeruginosa 

strains from an international panel reference. 
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Methods 

Cell culture and media: 16HBE14o− and CFBE41o− lung epithelial cells were generous gifts 

from Dieter Gruenert (UCSF). The human bronchial epithelial cell line 16HBE14o− was 

routinely grown in Minimal Essential Medium (MEM, M2279-500) with 10% fetal bovine 

serum (FBS), 1% penicillin-streptomycin, 1% l-glutamine, and 1% sodium pyruvate and 

incubated in a 5% CO2 environment at 37°C.  

Bacterial strains and culture: P. aeruginosa strains were purchased according to their LMG 

code (Appendix A) from the Belgian Co-ordinated Collection of Micro-organisms 

(BCCM)/LMG Bacteria Collection, Ghent University, Gent, Belgium 

(http://bccm.belspo.be/about-us/bccm-lmg). Strains were routinely grown on Luria–

Bertani agar (LB; Sigma-Aldrich® L3147) overnight (16–18 h) at 37 °C. Overnight broth 

cultures were prepared by inoculating 5 mL LB broth (LB; Sigma-Aldrich® L3022) with 

fresh growth from a pure streak plate. Cultures were grown for 16–18 h at 37 °C, shaking 

at 200 rpm. 

Growth curves: Bacterial growth curves were performed in LB media, 37 °C and 200 rpm. 

Overnight cultures of P. aeruginosa strains (5 mL) were diluted in LB to an OD600= 0.1. 

For the evaluation of OD600 Vs time, 5 μl of the diluted culture was used to inoculate 96 

microtiter wells containing 195 μl of LB broth and the automatic measures were taken 

in a microplate reader (Thermo Fisher Scientific, Hemel Hempstead, UK). Duplicates 

were inoculated for each strain tested. For CFU Vs. OD600 the same procedure was 

performed but the cultures were diluted in 100 mL of LB and measures of 100 μL were 

taken manually each 30 min to perform serial dilutions in phosphate-buffered saline 

(PBS). The dilutions were plated in LB agar plates, the plates were incubated overnight 

at 37ºC and CFU counting was performed the next day to determine the CFU/mL 

(Appendix A). This was calculated from the mean CFU duplicate plates, using the 

following formula: (Average CFU * dilution factor)/ mL plated. The standard growth 

curves were obtained by plotting the absorbance values (OD600) versus the CFU/mL, and 

the equations and R2 values were obtained. This information was used in subsequent 

experiments to calculate bacterial inoculum. 
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Attachment of P. aeruginosa strains to human epithelial cells: Host cell attachment was 

determined according to previously published methods (302). Human 16HBE14o- or 

CFBE41o- epithelial cells were seeded at a concentration of 4 × 105 cells/well overnight 

in Cellstar® 24-well plates (Greiner Bio-one, Austria) in fresh media. Bacteria were grown 

to the mid-logarithmic phase and diluted according to the equation of the growth curve 

(Appendix A) to get a multiplicity of infection (MOI): 5. The cells were washed with 1 ml 

of warm media before the addition of bacteria in a final volume of 500 μl in duplicate. 

The 24-well plates were centrifuged at 700× g for 5 min to promote adhesion and 

incubated for 30 min at 37 °C. The wells were washed three times with warm sterile PBS 

before the incubation with 500 μL lysis buffer (125μL Triton X-100 in 50 mL PBS) for 20 

min at room temperature. The cells were removed by scraping with a pipette tip, serially 

diluted, plated onto LB agar and incubated overnight at 37 °C, after which colonies were 

counted.  

The percentage of bacterial attachment was determined by calculating the average 

colony-forming units (CFU) per milliliter (CFU/mL) in each well after incubation. Briefly, 

the CFU/mL in each well was calculated using the formula: CFU/mL = (Average CFU × 

Dilution Factor) / Volume (mL). The average CFU/mL from the experimental wells was 

then compared to the initial CFU/mL of the inoculated bacterial suspension (control). 

The percentage of bacterial attachment was calculated using the following formula: % of 

Control (Bacterial Attachment) = (Experimental CFU/mL / Initial CFU/mL) × 100. 

Stimulation of epithelial cells with sequential P. aeruginosa CF isolates: Human 16HBE14o- or 

CFBE41o- epithelial cells were seeded at a concentration of 4 × 105 cells/well overnight 

in 24-well plates, media was changed 24 h later for a second 24 h incubation of the cells 

in FBS-antibiotic- free media. Then the cells were stimulated with the six strains 

(OD600 = 0.6) at a MOI:5 for 2 h (non-cytotoxic conditions, Appendix A). After 2 h 

incubation, the media was changed to fresh media containing 200 μl/mL of polymyxin B 

and incubated for 24h to allow cytokines production.  Growth media were collected at 

the end of the incubation, centrifuged and stored at -80°C for analysis of IL-6 and IL-8, 

by ELISA. 
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ELISA for IL-6 and IL-8 analysis of the collected supernatants: Human BioLegend's 

ELISA Max™ kit was used for the quantification of IL-8 and IL-6 in the collected 

supernatants of previously stimulated human cells. 

Statistical Analysis: Statistical analysis was performed by One-Way Analysis of Variance 

(ANOVA) using Prism software with the Kruskal-Wallis test when the data did not pass 

the Shapiro-Wilk normality test. The graphs and heat maps were done using GraphPad 

Prism 8.0.2.  

Results 

1.Evaluation of growth kinetics of the CF P. aeruginosa sequential isolates  

To ensure consistent results, the growth dynamics of each isolate were evaluated 

(Appendix A, Figure 1A). As changes in growth dynamics could be an adaptation of P. 

aeruginosa to the CF environment, the growth of both early isolates (AA2 and AMT0060-

3) against their respective late isolates were compared (Figure 16). Interestingly, 

differences between isolates from patient 1 and patient 2 were observed. While the 

growth curves for late isolates AA43 and AA44 were comparable to their respective early 

isolate (AA2), a slower growth of both late isolates from patient 2 (AMT0060-1 and 

AMT0060-2), relative to the early isolate (AMT0060-3) was observed. AMT0060-1 and 

AMT0060-2 isolates may be more adapted to the CF environment than AA43 or AA44 

isolates, which showed a growth similar to the early isolate AA2. 

 

Figure 16. Growth kinetics of P. aeruginosa sequential isolates from two different CF patients. The 
growth of each set of isolates is presented separately (patient 1, AA2, AA43 and AA44; patient 2, 
AMT0060-1, AMT0060-2 and AMT0060-3). Bacterial growth curves were performed in LB media at 37 °C 
and 200 rpm. The “y” axis shows the OD600 each 30 min (“X” axis), starting with an OD600: 0.1, 
approximately.  Duplicates were inoculated for each strain tested. “Blank” corresponds to wells containing 
LB media used to dilute the isolates to guarantee sterile growth was achieved. Early isolates are 
represented with green squares and late isolates with either blue or purple triangles.  
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Antibiotic resistance is a characteristic of CF-adapted strains and a consequence 

of slow growth. Hence, the growth of the isolates in 200 µg/mL of amikacin, gentamicin 

or polymyxin B was assessed. All the isolates were resistant to amikacin and sensitive to 

polymyxin B at the concentration tested. But, importantly, AMT0060-2 slowed growth in 

LB without any antibiotic (Figure 16) and was also the only isolate resistant to gentamicin 

(Figure 17) suggesting that antimicrobial resistance might be due to the observed slower 

growth. 

 

 
Figure 17. Growth kinetics of P. aeruginosa sequential isolates from two different CF patients. The 
growth of each set of isolates with three different antibiotics was determined by repeating the same 
procedure as in media without antibiotics (Figure 16). The growth was tested in 200µg/mL of amikacin, 
200µg/mL of gentamicin or 200µg/mL of polymyxin B. All strains were resistant to amikacin and sensitive 
to polymyxin B. The only strain resistant against gentamicin was AMT0060-2 (highlighted with a red arrow). 
 

2. Attachment of P. aeruginosa CF isolates to human epithelial cells 

Host-cell attachment is the first stage of host-pathogen interaction during infection 

and an essential step for bacteria to achieve host colonisation. Hence, the ability of P. 

aeruginosa CF sequential isolates to attach to 16HBE14o- and CFBE41o- cells was 

assessed to examine differences between early and late isolates, using an MOI: 5, and 

determining the number of bacteria by CFU counting (Figure 18). An increase in the 

attachment to CFBE41o- (p= 0.0482) and to 16HBE14o- (p= 0.0005) was observed only 

between the late isolate AMT0060-1 and the other two isolates of the same set, 
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AMT0060-3 (early) and AMT0060-2 (late). But not in the other series (Figure 18).  This 

could suggest an adaptation of AMT0060-1 to the host. Therefore, it was concluded that 

the attachment of P. aeruginosa to 16HBE14o- and CFBE41o- cells appears to be isolate-

dependent and independent of the infection stage (early or late). It is noteworthy, that 

the attachment of all the isolates to CFBE41o- cells was higher than to 16HBE14o- cells 

(Figure 18). 

 

 

 

Figure 18. Attachment of P. aeruginosa CF sequential isolates to human bronchial epithelial cells 
(16HBE14o-) and CF bronchial epithelial (CFBE41o-) cells. The graph shows at least two biological 
replicates for each isolate. All the early isolates are represented with red dots and late isolates with blue 
squares or triangles. AMT0060-1 isolate was the only one with a significantly higher attachment relative 
to its respective early isolate (Kruskal-Wallis test p= 0.0482 (CFBE41o-) and p= 0.0005 (16HBE14o-)). All 
isolates had a higher attachment to CFBE41o- than to 16HBE14o-. The percentage of bacterial attachment 
was calculated by determining the average colony-forming units (CFU) per milliliter (CFU/mL) in each well: 
(Average CFU × Dilution Factor) / Volume (mL). This was compared to the initial CFU/mL of the inoculum 
(control), and the percentage of bacterial attachment was calculated as: (Experimental CFU/mL / Initial 
CFU/mL) × 100. 



60 
 

 

3. Stimulation of pro-inflammatory cytokines by P. aeruginosa CF isolates. 

To evaluate if the immune responses of epithelial cells to P. aeruginosa were different 

between early and late isolates, proinflammatory cytokines IL-6 and IL-8 were measured 

in response to P. aeruginosa exposure (Figure 19).  The late isolates from patient 1 (AA2, 

AA43 and AA44) stimulated lower levels of IL-6 (p=0.0022(AA44)) and IL-8 (p= 0.0270 

(AA43); p<0.0001 (AA44)) in 16HBE14o- cells relative to the early isolate AA2, except 

AA43, which showed no significant difference in the stimulation of IL-6 relative to the 

early isolate.  

Interestingly, in CFBE41o- cells the AA43 isolate also showed a lower stimulation of 

IL-6 (p=0.027) and IL-8 (p=0.0235) relative to the early isolate. However, AA44 showed 

higher stimulation of the pro-inflammatory cytokine IL-8 (p=0.0034) by CFBE41o- cells and 

no significant difference in the stimulation of IL-6, relative to the early isolate AA2. The 

second set of CF sequential isolates (patient 2, AAMT0060-1,2,3) did not show 

differences in the stimulation of IL-6 or IL-8 by 16HBE14o-  cells but interestingly in 

CFBE41o-  cells they showed a similar trend than isolates from patient 1; AMT0060-2 

isolate showed a similar stimulation of IL-6 relative to the early isolate AMT0060-3 and 

highest stimulation of IL-8 (p<0.0001); while AMT0060-1 showed lowest stimulation of 

IL-6 (p<0.0001)) and the same low stimulation of IL-8, relative to the early isolate 

AMT0060-1 (Figures 19 and 20). 
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Figure 19. IL-6 and IL-8 production by human epithelial cells after stimulation with P. aeruginosa CF 
sequential isolates.  16HBE14o- cells and CFBE41o- were stimulated with P. aeruginosa isolates for 2 hours 
at a MOI: 5 (non-cytotoxic conditions) and IL-6 and IL-8 were measured by ELISA. The graphs show at least 
two biological replicates for each isolate. All the early isolates are represented with red dots and late 
isolates with blue squares or triangles.   
 
 

 To compare the levels of IL-6 and IL-8 in response to P. aeruginosa exposure, a 

heatmap summarising the data was created. The intensity of the red indicates stronger 

levels of the respective cytokine stimulation. Overall, similar to what was observed 

during the attachment assays, the stimulation of proinflammatory responses in 

16HBE14o- cells and CFBE41o- was isolate-dependent and independent of the infection 

stage (early or late) (Figure 20).  
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Figure 20. Heatmap of IL-8 and IL-6 release after stimulation of human epithelial cells with P. aeruginosa 
CF isolates. Summary of IL-6 and IL-8 stimulation in the different cell lines (16HBE14o- and CFBE41o- cell 
lines). The intensity of the red indicates the level of cytokine detected by ELISA (pg/mL). The more intense 
the red, the more concentration of the cytokine was detected, while grey means low or no detection of 
the Interleukin. 
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Discussion 

 
Several studies have analysed sequential isolates from CF patients to understand 

the mechanisms of the adaptation that P. aeruginosa populations undergo during 

chronic lung infections (297, 303-305). Two series of well-characterised “early” and 

“late” isolates from European and North American CF patients were selected to evaluate 

if the ability to attach to human epithelial cells and to stimulate pro-inflammatory 

cytokines (IL6 and IL8), differed between early and late isolates, suggesting adaptations 

that affect host interactions during the course of infection (Table 5).  

The long-term P. aeruginosa infection in the CF airways was reported to cause a 

reduction in bacterial growth rate (220, 306). In this study, the growth of all the strains 

was similar except for the late isolate AMT0060-2, which was also the only one resistant 

to gentamicin. These phenotypes might indicate an adaptation that helped AMT0060-2 

to establish chronic infections in the antibiotic-treated airways of CF patients, as it has 

been demonstrated that reverting the slow growth phenotype of P. aeruginosa clinical 

strains to a high growth rate can increase antibiotic susceptibility (220, 306). The slow 

growth of AMT0060-2 might also be due to its high production of alginate, which 

represents a fitness cost to P. aeruginosa (220). Importantly, AMT0060-2 has a 2bp 

frameshift in the gene gacA (Table 2), involved in antibiotic resistance by increasing 

biofilm formation, matching with the previously reported phenotypes (307).  

Noteworthy, reduced growth rate might be a phenotypic marker of evolution 

progression from naïve/environmental strain to adapted/clinical strain, which could 

help to determine the stage of the infection during the diagnosis of the patient (306).  

The attachment of all the isolates to 16HBE14o- cells was lower relative to the 

attachment to CFBE41o- cells. The attachment to 16HBE14o- was consistent with those 

reported for A549 cells by the PA01 isolate (308), showing the consistency of these 

results with the available literature. The relatively higher attachment to CFBE41o- 

observed in all the isolates relative to the attachment to 16HBE14o- was also observed 

by DiPaola et al. (309). The higher attachment of AMT0060-1 to epithelial cells relative 

to the early isolate AMT0060-3 may indicate adaptations of that late isolate. Overall, the 
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results suggest that the ability to attach to epithelial cells is isolate-dependent instead 

of dependent on the infection stage, as no other significant differences were observed 

either between AA2 and AA43 or AA44; or between AMT0060-3 and AMT0060-2. 

Table 5. Comparison between P. aeruginosa late and early isolates from two different 

CF patients. 

Abbreviations: IL, Interleukin; HBE, human bronchial epithelial; CFBE. Cystic fibrosis bronchial 

epithelial. 

The stimulation of cytokines in epithelial cells by early and late isolates did not 

show a clear trend (Table 4). It has been suggested that P. aeruginosa shape the immune 

response by lowering the pro-inflammatory response induced by P. aeruginosa-adapted 

variants (310). Although a decrease in IL-8 with AA43, AA44 by 16HBE14o-, an AMT0060-

1 by CFBE41o- was observed; AMT0060-2 and AA44 induced higher concentrations of IL-

8 in CFBE41o- cells, contradicting that hypothesis. The results may be explained by the 

fact that P. aeruginosa populations in CF lungs exhibit high levels of phenotypic diversity 

in motility, virulence factors production, siderophore production, antibiotic resistance, 

auxotrophy, and hypermutability. Hence, although some members of the population 

have acquired mutations affecting some phenotypes, the mutants can coexist in patients 

alongside other genotypes that have not (212).  By sequencing P. 

aeruginosa populations from a group of patients infected with the P. aeruginosa LES 

 
Patient 1 Patient 2 

Early Isolate AA2 AMT0060-3 

Late CF Isolates AA43 AA44 AMT0060-2 AMT0060-1 

Growth = =  

Attachment HBE = = = 

Attachment CFBE = = = 

IL-8 16HBE14o- 
  = = 

IL-6 16HBE14o- =  = = 

IL-8 CFBE41o-    = 

IL-6 CFBE41o-  = = 
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strain, the coexistence of divergent sublineages within individual patients was shown, 

strongly suggesting the likelihood of ongoing transmission between patients (212). Data 

from this study also demonstrated that, although mutations in some genes are common, 

they are not always present in all patients, nor carried by all members of the P. 

aeruginosa population within individual patients (212). This matches the variable results 

between isolates from the same patient. 

Previous assessment of motility (swimming, swarming and twitching) showed 

similar phenotypes between isolates from patient 1 (AA2, AA43 and AA44 isolates) and 

between AMT0060-3 and AMT0060-3, but AMT0060-2 has lost the ability to swarm and 

twitch (291). It stimulated IL-6 and IL-8 in both cell lines tested, suggesting that 

stimulation of proinflammatory cytokines is not dependent on bacterial motility and 

other virulence factors still stimulate inflammatory responses even when the strains 

have lost motility. For example, AMT0060-2 produces high amounts of alginate, which 

has immunostimulatory properties. This is characteristic of CF-adapted strains, as the 

overproduction of alginate enables mucoid P. aeruginosa strains to form persistent 

infections in the lungs of CF patients. Finally, it is important to highlight that for both 

patients at least one of the late isolates stimulated one or both of the studied pro-

inflammatory cytokines suggesting that stimulation of inflammatory responses is always 

present in chronic P. aeruginosa infection. This is of great relevance for the development 

of new drugs against P. aeruginosa and for the treatment of individuals with CF. For 

example, there is currently great interest in anti-inflammatory therapies to treat CF, 

however, it is still necessary to understand whether P. aeruginosa infection would affect 

these therapies, as well as whether these treatments may be detrimental in P. 

aeruginosa-infected patients since the natural host response against some late isolates 

is inflammation (311, 312). 

Phenotypic diversity across the P. aeruginosa sequential isolates was apparent by 

their previous phenotypes examined (291), agreeing with the variability in the 

stimulation of proinflammatory cytokines. Here, we demonstrated that P. aeruginosa CF-

adapted variants attached and stimulated proinflammatory cytokines in epithelial cells, 

independently of their status as early or late CF isolates. The ability to switch between 
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different lifestyles allows bacterial pathogens to thrive in diverse ecological niches. 

However, a molecular understanding of their lifestyle changes within the human host is 

lacking. Combining `-omics studies with host-pathogen interactions analysis will help to 

better understand the adaptation of P. aeruginosa in the host and might accelerate the 

discovery of more effective ways to tackle infections caused by the pathogen. For 

example, proteomic studies of the six strains evaluated here were performed by our 

laboratory (Drabrinska et al., manuscript in preparation). This opens the possibility of 

finding proteins that might be involved in the evaluated host immune responses against 

P. aeruginosa.  

The most practical clinically relevant consequence of P. aeruginosa phenotypic 

diversity is the diagnosis of infection and the choice of the proper treatment strategy, 

which is typically carried out on either single isolate (313). An understanding of the 

evolution dynamics of P. aeruginosa pathogens within infected hosts is critical, as it has 

important consequences for how bacterial infections are understood and interfered 

with. For example, contrary to the results from this study, Cigana et al. observed that P. 

aeruginosa CF-adaptive variants shaped the innate immune response towards a lower 

stimulation of proinflammatory cytokines (310). This may be due to the wide variability 

of P. aeruginosa between patients, as observed in this study. Hence further studies with 

more sets of CF sequential isolates, and more “early” isolates per patient, will be needed 

to clarify if there is a pattern in the host immune responses against P. aeruginosa CF-

adapted isolates or, as demonstrated here it is isolate-dependent. This is essential for 

the design of new therapeutic strategies, not only against P. aeruginosa infection, but 

also for the treatment of CF patients or others chronically affected by P. aeruginosa, as 

drugs could shift the host immune response towards a response that is efficient for the 

disease but inefficient to combat P. aeruginosa.   
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Chapter 3 

Elucidation of novel human host receptors 

for P. aeruginosa 
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Introduction 

The epithelium of the respiratory tract is the first line of defence against 

pathogens. Since the first interaction of P. aeruginosa with the epithelium, the cells of 

the respiratory tract recognise the components and virulence factors of P. aeruginosa 

and activate an immune response to prevent or resolve the infection. In the early stages 

of infection, P. aeruginosa attaches to host cell surfaces to sense and signalling a host. 

Normally, planktonic bacteria use their flagella to swim close to a surface and their pili 

to attach to that surface. Although, the dynamics of this process are poorly understood 

(314, 315).  Among the main virulence factors of P. aeruginosa that are recognized by 

the epithelium are the appendages of motility and adhesion, pili and flagella, that are 

localised on the bacterial surface, and mainly responsible for movement and adhesion 

to host cells (88). Other important virulence factors that work as adhesins to human cells 

are LPS, which enables tissue damage, attachment, and recognition by host receptors 

(77); retractile type 4 pili, powering adhesion to biotic surfaces; type 3 secretion system 

(T3SS) (113) and OprF (316).   

 

Bacteria may carry more than one adhesin for more than one target on the cell 

surface. Also, multiple adhesins can act in a concerted way and are expressed at different 

stages during the infection (317). Once adhesion is established, exopolymeric substances 

are secreted by bacterial cells generating a microenvironment to help the dividing 

bacterial cells initiate the formation of bacterial microcolonies or biofilms. Finally, 

bacteria secrete enzymes to digest the exopolymeric substances in the centre of those 

microcolonies, and the newly flagellated bacterial cells are released, initiating adhesion 

to newly exposed surfaces, and leading to host colonisation (318). Thus, understanding 

attachment is critical to research. Bacteria detect the host surface to initiate contact and 

correctly adhere to the human cells, while molecules on the host, present in the 

epithelial cells and the components of the human extracellular matrix, sense P. 

aeruginosa adhesins or virulence factors and initiate the innate immune response. 

Proteins reported to be important, specifically, in the interaction of P. aeruginosa with 

human epithelial cells are the cytosolic annexin A2 (AnxA2) protein, autophagy-related 

protein 7 (ATG7), NLRC4, and non-coding RNAs (lncRNA and microRNA) (319-321). 

Access of P. aeruginosa to the basolateral epithelium is crucial for initiating infection and 
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is the common link across the various infections caused by this pathogen (91). However 

direct interactions between P. aeruginosa and specific receptors in human epithelial cells 

are still not well understood.  

 

Alternative therapies against P. aeruginosa are urgently needed. Blocking 

bacterial adhesion, quorum sensing, biofilm formation and virulence might be some of 

them, as they inhibit pathogenicity without killing the bacteria, hindering the 

development of further resistance in a bacterial population by removing the selective 

pressure for such mutations, which provides key advantages over classical drugs (317). 

In addition, microbial adhesins that consistently pair with host receptors, are normally 

exposed to other cells and available to be presented to the immune system, representing 

important potential vaccine candidates. Moreover, the identification and 

characterisation of receptor/ligand pairs will also expand the understanding of how the 

attachment of P. aeruginosa to human cells modulates mechanisms associated with its 

pathogenesis (317, 322). The identification of receptor/ligand associations is a difficult 

task. Generally, they are identified by screening for gene deletions in either the host or 

pathogen, looking for defects in the adhesion/colonization phenotype, e.g. with CRISPR 

libraries; or by pull-down affinity approaches (323). However, with these targeted 

approaches, the identity of one of the two molecules involved in the interaction must 

usually be known. Also, they may fail to consider the complex multifactorial host-

pathogen interactions. The development of less biased techniques is essential to 

accelerate the discovery of novel molecules involved in host-pathogen interactions 

(323).  

 

Due to the importance of P. aeruginosa attachment for host colonisation and the 

lack of techniques to study this critical step of the infection, we developed a novel 

proteomic approach for the recognition of human receptors for P. aeruginosa. The 

technique helped us to identify the human disulfide isomerases, PDIA1 and PDIA3, as 

receptors involved in the adhesion of P. aeruginosa to the human epithelium. Our 

findings may lead to the development of new drugs that prevent this essential step of 

infection, the adhesion of P. aeruginosa to the host, as well as understanding in a more 

specific way this key process. 
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Aims and Objectives: 

The attachment of P. aeruginosa to the host is the crucial step for host colonisation and 

there is a lack of unbiased techniques for studying this step of the infection. Hence, this 

chapter aimed to develop a novel unbiased approach for the identification of human 

receptors for P. aeruginosa. 

 

Objectives: 

 

1. To design and optimise a proteomic 2D blot approach for the identification of 

human receptors for P. aeruginosa. 

 

2.  To validate the receptor candidates in vitro to confirm their role in P. aeruginosa 

attachment to the human cells.   
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Methods 

Isolation of the membrane proteins: 16HBE14o- cells were grown to confluency (80%), the 

medium was removed, and the attached cells were washed once with 5 mL of PBS/flask. 

The cells were then collected from the flask by scraping using NuncTM Cell Scrapers 

(Thermo Fisher, 179963) and washed again with 5 mL of PBS. The cells were collected 

from the flask and centrifuged at 1200 rpm for 5 min. The pellets were collected by 

removing the supernatant. For protein extraction, the Mem-PERTM Plus Membrane 

Protein Extraction Kit (Thermo Fisher, 89842) was used following the manufacturer’s 

instructions. The membrane fraction was washed with a 2D Clean-Up Kit (Cytiva, 

80648451) following the manufacturer’s instructions before the membrane fraction was 

separated by 2D electrophoresis. Importantly, cOmplete Mini EDTA-free protease 

inhibitors (Merck, ref 11836170001) were added to all the buffers following the 

manufacturer's instructions. 

Electrophoresis 2D: Membrane proteins were solubilised for isoelectric focusing (IEF) in a 

rehydration buffer containing 8 M Urea, 2 M Thiourea, 4 %CHAPS, 1 % Triton X, 10 mM 

Tris Base, 65 mM DTT, 0.8 % immobilised pH gradient (IPG) buffer (pH 3-11NL) and a 

trace of bromophenol blue. IPG dry strips (Cytiva ImmobilineTM DryStrip, REF 

17600373), 7 cm long, (pH 3-11NL) (Cytiva) were rehydrated overnight at RT with 120 μl 

of the rehydration buffer (previously used for protein solubilisation) containing 150-180 

μg of protein, covered with IPG cover fluid. The IEF step was carried out for five hours 

with 300V for 30mins, 1,000V for 30mins and 5,000V (gradient) for four hours on an 

Ettan IPGphor IEF system. Following IEF, IPG strips were equilibrated at RT in a reducing 

buffer containing 30 % glycerol, 2 % SDS, 6 M Urea, 50 mM Tris and 2 % DTT for 15 

minutes. IPG strips were then alkylated for 15 minutes in Equilibration buffer, (30 % 

glycerol, 2 % SDS, 6 M Urea, 50 mM Tris, 2.5 % iodoacetamide and with a trace of 

bromophenol blue). IPG strips were placed on 10% or 12 % SDS-PAGE gels, sealed using 

1% agarose in 1x running buffer with a trace of bromophenol blue. Four microlitres of 

protein marker Precision Plus ProteinTM Standards (250-10 kDa) were added next to each 

strip. The separation was performed at 110V, 100 mA until the bromophenol blue 

reached the bottom of the gel. Proteins were visualised using Page Blue protein staining.  
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Probing with bacterial cells:  The proteins were transferred from the gel to PVDF 

membranes (pre-equilibrated in 30 s in methanol and 5 s in dH2O) using a wet transfer 

method at 30mA overnight (18h). After protein transfer, the membranes were blocked 

overnight at 4°C with 5% BSA and 3% Marvell milk in PBS with gentle rotation. Five mL 

of LB broth were inoculated with a single colony of P. aeruginosa AA43 strain and 

cultured for 16 h. Subsequently, 50 ml of LB was inoculated with the bacteria overnight 

culture (OD600nm: 0.1) until it reached an OD600nm: 0.6. The membranes were incubated 

in 2 mL of the bacteria culture mixed with 18 mL of MEM and one tablet of cOmplete 

Mini EDTA-free protease inhibitors (Merck), 4°C, 24h on a rocker (Stuart gyro-rocker 

SSL3, 40 rpm). The membranes were rinsed five times with 20 ml of 0.05% (v/v) PBS-T, 

and any attached bacteria were fixed with 4% paraformaldehyde dissolved in PBS for 8 

min, RT. After that, the membranes were incubated with an anti-Pseudomonas 

horseradish peroxidase (HRP) rabbit polyclonal antibody (Invitrogen PA1-73118, 1:1000 

in 5% (w/v) BSA in 0.04% (v/v) PBS-T) overnight at 4°C with gentle rotation on a rocker. 

The membranes were then washed 5 times with 0.05% (v/v) PBS-T before 

chemiluminescence detection was carried out by PierceTM ECL Western Blotting 

substrate (Thermo Fisher, 32109) followed by using the VILBER imager. 

Matching spots: The developed 2D blots images were matched with the parallel gels and 

negative controls using Adobe Illustrator ® which allows the use of rulers. The spots were 

selected based on their shape, the distance between spots, molecular weight and 

isoelectric point. Once the spots in the membrane were matched against the respective 

parallel gel, they were excised from the gel to be analysed by LC/MS mass spectrometry 

(Appendix B). 

In-gel trypsin digestion and sample purification: The selected spots were individually 

excised from the corresponding 2D gels with a clean scalpel and in-gel digested following 

the protocol by Shevchenko et al. (324). Briefly, the spots were destained with 100 mM 

ammonium bicarbonate (AB)/acetonitrile (ACN) (1:1) by 30 min-incubation and 

occasional vortexing. The destaining solution was removed and gel pieces were 

incubated with neat ACN until shrank. Gel pieces were saturated with trypsin buffer (13 

ng/µL trypsin in 10 mM AB containing 10% ACN) for 2 h at 4ºC, after which 100 mM AB 

were added to follow an overnight incubation at 37ºC. The following day, the digested 
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peptides were extracted from the gel by incubating the pieces in 1:2 (vol/vol) 5% formic 

acid/acetonitrile at 37ºC for 15 min. The supernatants containing the peptides were 

transferred to LoBind microcentrifuge tubes (Eppendorf, 13-698-794) and dried in a 

vacuum. To redissolve tryptic peptides, 0.1% trifluoroacetic acid (TFA) was added and 

the tubes were sonicated for 5 min, then centrifuged for 10 min at 10,000 rpm, and 

finally dried by vacuum. The peptide samples were individually purified by zip-tipping 

using ZipTip®Pipette tips (Merck Millipore) following the manufacturer´s instructions.  

Protein identification by LC-MS and shortlisting process: After trypsin digestion and 

subsequent clean-up, peptide samples were resuspended in 0.1% FA and analysed in the 

Mass Spectrometry Core service at the Conway Institute in University College Dublin 

(UCD). The protein spectra were obtained by LC-MS using Dionex UltiMate® 3000 HPLC 

System and the Thermo LTQ-Orbitrap. The protein identification was performed using 

MASCOT with Uniprot/SwissProt release 7.6 as the search database, using a human 

reference proteome. The proteins identified in at least two gels were filtered, 

corresponding to 56 proteins, out of the 377 proteins identified from all spots. Proteins 

with more than 10% of sequence coverage were short-listed. 

Bioinformatic Analysis: Uniprot and The Human Protein Atlas tools were used for the 

identification of the molecular size and isoelectric point of PDIA1 and PDIA3 and the 

STRING tool was used for the evaluation of the interactomes of all the short-listed 

proteins and the PDIA1 and PDIA3 proteins.    

LOC14 inhibition: 16HBE14o- cells were seeded in 24-well plates (4 × 105 cells/well) and 

incubated at 37°C, 5% CO2 overnight. The cells were pre-treated two hours before the 

experiment with increasing doses of the PDIA3 inhibitor LOC 14 (Merck, 538765): 3 µM, 

6 µM and 20 µM.  LOC14 was dissolved in DMSO and the concentration of DMSO (Merck, 

D1435) contained in the highest dose (20 µM of LOC14) was used as a control (~0.08%). 

Subsequently, cells were incubated with P. aeruginosa AA43 cultures in antibiotic and 

FBS free-MEM for 30 min at a MOI 5. Cells were gently washed three times with 

phosphate-buffered saline (PBS) for 5 min each and incubated for 10 min in lysis buffer 

(PBS- 5% Triton 100). Cells were scrapped and serial dilutions in PBS were performed and 

plated in LB agar plates. The plates were incubated for 24 h and the bacteria CFU were 

counted.  Before the experiment, bacterial growth curves with higher doses of the 
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inhibitor LOC14 in the LB media were performed to ensure the drug did not affect 

bacterial growth. The P. aeruginosa AA43 strain was cultured in LB broth at 37 °C and 

diluted in LB to an OD600 = 0.1, and 5 μl of the diluted culture was used to inoculate 96 

microtiter wells (Thermo Fisher Scientific, Hemel Hempstead, UK) containing 195 μl of 

LB broth with a range of LOC14 concentrations. Duplicates were inoculated for each 

strain tested. The cell viability was also tested using an LDH assay CyQUANT™ LDH 

Cytotoxicity Assay (InvitrogenTM, C20300) following the manufacturer´s instructions. 

Transfection of HEK293T cells: HEK293T cells were transfected with Lipofectamine 2000 

(Invitrogen TM, 11668019) following the manufacturer´s instructions. Briefly, one day 

before transfection, 2.25x105 cells were plated in 12 well plates (in triplicate) in 1mL of 

growth medium (DMEM) so that cells would be 70-90% confluent at the time of 

transfection.  For each transfection sample, the complexes were prepared as follows: 2μg 

of DNA in 100 μl of Opti-MEM Reduced Serum Medium, and 4μL Lipofectamine 2000 

were gently mixed before use, and diluted in 100 μl of Opti-MEM I Medium. The 

complexes were incubated for 5 min at RT. After the 5 min incubation, the diluted DNA 

was combined with diluted Lipofectamine 2000 (total volume = 200 μl), mixed gently and 

incubated for 20 min at room temperature. After the incubation, 200 μl of complexes 

were added to each well, containing cells and medium. The cells were incubated for 24 

h at 37°C in a CO2 incubator before testing for transgene expression and performing 

attachment assays. The host-cell attachment was examined as described previously using 

MOI 5 and 30 min of incubation with P. aeruginosa AA43. The plasmids used were 

purchased from Addgene: PDIA3-bio-His (Plasmid #52070), P4HB-bio-His (Plasmid 

#52069) and as a control the plasmid expressing just the tags was acquired, CD4d3+4-

bio (Plasmid #32402). Protein expression was ascertained by Western blot using the anti-

6x histidine tag monoclonal antibody (Invitrogen, MA1-21315). 

PDIA3-deficient cells: A549 and A549 pdia3/- cells were generous gifts from Vikas Anathy 

(Department of Pathology and Laboratory Medicine, Larner College of Medicine, The 

University of Vermont, USA).   The host-cell attachment by P. aeruginosa AA43 to A549, 

A549 pdia3/-, A549 pdia3-/- complemented with a plasmid containing pdia3  was 

examined as described previously. The results represent triplicates of at least two 

independent experiments. The data were analysed by the Kruskall-Wallis test. PDIA3 
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expression was determined by Western blot using the antibody ERp57 polyclonal 

antibody (1:300, PA3-009, Thermo Fisher) as primary antibody and a mouse anti-rabbit 

IgG-HRP as secondary antibody (1:2000, 31464, Thermo Fisher).  

Confocal Microscopy: 16HBE14o- cells were seeded in 24-well imaging plates (Miltenyi 

Biotec) for 24 h. The medium was removed, and the wells were either incubated 

overnight in an antibiotic-free medium. The cells were then washed and incubated with 

bacteria at an MOI 5:1 or media alone (no bacteria control) the plates were centrifuged 

at 700 g for 5 min and incubated for 30 min at 37°C, 5% CO2. Wells were then washed 

with PBS and adherent bacterial cells were fixed with 4% of paraformaldehyde and 

blocked with 5% skimmed milk. Cells were then incubated with a rabbit anti- P. 

aeruginosa FITC antibody (Invitrogen, PA1-73117) in 1% BSA PBS (1:1000 dilution) 

overnight at 4°C, followed by PBS washing and incubation with anti-ERp57 (PA3-009) or 

anti- PDIA1 (PA3-009) in 1% BSA PBS (1:300 dilution) or 1% BSA PBS or just 1% BSA PBS 

overnight at 4°C. An Alexa fluor® 647-conjugated secondary goat anti-rabbit antibody 

(Invitrogen) in 1% BSA PBS (1:1000 dilution) for 1 h was added to all the wells, in the dark 

at RT. Epithelial cell plasma membranes and nuclei were counterstained with 0.5× Cell 

Mask™ Orange Tracking Stain (Invitrogen) for 10 min, at 37°C in the dark, followed by a 

15 min incubation with 0.25 µg/ml DAPI (Merck) at RT in the dark. Wells were finally 

covered with 1 ml PBS, and images were taken using an automated Opera Phenix™ High 

Content Screening (HCS) confocal microscope. 

Statistical Analysis: Statistical analysis of host cell attachment was performed by One-Way 

Analysis of Variance (ANOVA) using Kruskal-Wallis tests and GraphPad Prism 8.0.2  
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Results 

 

1. Development of an unbiased proteomic approach for the identification of novel human 

receptors for P. aeruginosa. 

To identify the host receptors for P. aeruginosa an unbiased 2D proteomic approach 

was developed. The major novelty of the approach is its unbiased nature, meaning there 

is no need to previously know either the adhesin from the bacteria or the receptor in the 

human cells. For this, the cell-blot technique (302) previously used for the successful 

identification of novel bacterial adhesins was “flipped over” (Figures 21 and 22).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        
 
 
 
Figure 21. 2D-Blot technique for the identification of human host cell receptors with which P. aeruginosa 
interacts during infection. 16HBE14o- membrane proteins were separated by 2D electrophoresis on pairs 
of gels run in parallel. One of each pair was transferred to PVDF membranes and probed with P. aeruginosa 
AA43 (2D Blot) or bacteria-free media (negative control). After fixing, the attached bacteria were detected 
with an anti-Pseudomonas-HRP antibody followed by chemiluminescence detection. Similar spots 
between blots and parallel gels were identified by Mass Spectroscopy (LC/MS). 

 

Several spots were identified on the cell blots that could be matched with the 

corresponding gels. To match the spots on the membrane (in black) with those on the 

gel (in blue) only spots (i) at the same position (same molecular weight and pH), (ii) 

similar distances between close spots, as well as (iii) similar shapes, were considered 

(Figure 22 and appendix B). After discarding the spots closer to those observed in the 
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negative control (membrane incubated without bacteria), ten spots were selected and 

are shown with red arrows (Figure 22).  Mass Spectrometry (MS) of the excised spots 

(from 2 different gels, Appendix B) enabled the identification of 377 proteins in total. Of 

those 377 proteins, just 56 were identified in two of the best 2 blots achieved (Appendix 

B). The 56 short-listed proteins were filtered by sequence coverage and the proteins 

achieving more than 10% in two gels were selected, comprising 15 proteins (Table 6; 

Figure 23). Gene Ontology analysis was used to identify the proteins predicted to be 

localised on the cell surface (Figure 23), and consequently are most likely to be human 

receptors for P. aeruginosa, getting to a list of seven proteins. In summary, they achieved 

the highest intensity and 10% of sequence coverage, were reproducibly identified in two 

2D blots, and are present on the cell surface of the human cell, meaning they are 

available for interaction with P. aeruginosa. The fifteen shortlisted proteins are listed in 

Table 6. 
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Figure 22. 2D- Blots for the identification of novel human proteins that interact with P. aeruginosa. Two-
dimensional (2D) separation of membrane human proteins from 16HBE14o– cells (“Parallel gel”) by 2D-
SDS-PAGE, and electro transferred onto membrane blots (“2D Blot”) that were subsequently incubated 
with P. aeruginosa live cells (OD600nm: 0.6), or media alone (“Negative control”) during 24 h at 4°C. P. 
aeruginosa -binding protein spots are highlighted with the red arrows, 10 spots. Denoted numbers to the 
right of the protein ladder in each picture indicate size in kilodaltons. The “pI” and numbers denoted at 
the top of each picture indicate the isoelectric point. All images are of full-length gels or 2D blots.  
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Figure 23. Short-listing method for the identified proteins by LC-MS of the excised spots. The excised 
spots were in-gel digested and sent for LC-MS analysis.  MS identified 377 proteins, and the ones identified 
in at least 2 gels were selected (Appendix B); obtaining 56 proteins that were filtered by more than 10% 
sequence coverage in 2 gels, reducing the proteins to 15 (Table 6). The gene ontology analysis using GO 
Ontology identified seven proteins localised on the cell surface. The pie chart shows the molecular 
function of the seven proteins.    
 
 
 
Table 6. Short-listed human proteins identified by the 2D approach.  
 

Protein Name Gene 
Intensity 

1* 
Intensity 

2** 
Seq. Cov 1* Seq. Cov 2* MW (kDa) 

60 kDa heat shock protein HSPD1 34,69 35,54 53,00 49,00 61.10 

Protein disulfide-isomerase P4HB 32,75 33,98 29,00 38,00 61.00 

75 kDa glucose-regulated protein HSPA9 33,72 32,10 48,00 41,00 66.60 

Protein disulfide-isomerase A3 PDIA3 22,89 28,70 29,00 38,00 56.80 

Protein disulfide-isomerase A6 PDIA6 26,12 33,21 11,00 29,00 48.10 

Calreticulin CALR 29,01 31,18 13,00 18,00 48.10 

Endoplasmic reticulum chaperone BiP HSPA5 25,78 29,42 11,00 26,00 72.30 

Na(+)/H(+) exchange regulatory 
cofactor NHE-RF1 

SLC9A3R1 
24,56 28,81 14,00 32,00 38.90 

Heterogeneous nuclear 
ribonucleoprotein K 

HNRNPK 
26,67 28,45 19,00 24,00 51.00 

Succinate Co-A ligase SUCLG2 24,96 28,73 11,00 26,00 46.50 

HLA class I histocompatibility antigen HLA-C 27,01 27,62 16,00 16,00 44.40 

Peroxisomal membrane protein PEX14 PEX 14 26,48 27,18 10,00 16,00 41.20 

Nuclear migration protein nudc NUDC 27,90 26,38 27,00 15,00 38.20 

Cystatin A CSTA 23,84 23,48 11,00 11,00 7.10 

HLA class I histocompatibility antigen HLAB 22,10 21,58 12,00 12,00 40.30 

Abbreviations: Seq. Cov, sequence coverage, *Gel 1, ** Gel 2. 
 

 
 

The interactions between the short-listed proteins were analysed by the STRING 

tool (325). Out of the 15 proteins, 11 were predicted to interact with each other, 

suggesting that instead of identifying single interactions with P. aeruginosa, interactions 

between P. aeruginosa and a complex of human proteins (bacteria-multiple proteins: 

HLA-B, HLA-C, HSPA5, HSPD1, PDIA1, PDIA3, PDIA6, HSPA9, HNRNPK and NUDC) were 
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identified, while interactions with SLC93R1, PEX14 and SUCLG2 might be individual 

interactions (bacteria-human protein) (Figure 24). 

 

 

Figure 24. Predicted interactions between the short-listed proteins. The STRING tool was used to predict 
possible interactions between 15 proteins identified by the 2D approach. No interactions were predicted 
for CSTA, SUCLG2, SLC9A3R1 and PEX14. Light blue lines indicate known interactions from curated 
databases; pink lines, known interactions experimentally determined; green lines, predicted interactions; 
and dark blue lines, predicted to be co-expressed (325).   

 

The protein HSPD1 was at the top of our list of potential receptors for P.  

aeruginosa. HSPD1 is an important mitochondrial chaperone. Jeong et al. (2017) 

identified that overexpression of HSPD1 increased p38 MAP kinase activity in human 

cells. Cytosol-localised HSPD1 was shown to be physically bound to and stabilise SEK-

1/MAP kinase 3, which in turn up-regulated p38 MAP kinase and enhanced immunity 

against P. aeruginosa PA14 (30). The authors suggested that mitochondrial chaperones 

protect eukaryotic hosts from pathogenic bacteria by up-regulating cytosolic p38 MAPK 

signalling.  Furthermore, the Na (+)/H (+) exchange regulatory cofactor (NHE-RF1), eighth 

in our short-listed proteins, has already been suggested to interact with P. aeruginosa 

during in vitro studies with the 16HBE14o- cell line (32).   

The reproducible matches between the stained gels and the 2D blots, as well as 

the identification of relevant human proteins involved in P. aeruginosa infections such as 

HSPD1 and NHE-RF1 by the novel 2D blot technique, validate this approach to study 

human protein-whole bacteria cell interactions in vitro, which has always been a major 
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challenge for proteomics and molecular biology. The protein disulfide isomerase (PDI) 

A1 and PDIA3 were selected for further evaluation as novel human receptors for P. 

aeruginosa, as the gene ontology analysis suggested they are present on the cell surface 

of the human cell and their role in P. aeruginosa infections hadn't been established to 

date. 

 

2. Bioinformatic analysis of PDIA1 and PDIA3  

The predicted molecular size and isoelectric point of the two main candidates, 

PDIA1 and PDIA3 were analysed (Figure 25).  PDIA1 and PDIA3 are 57 kDa proteins with 

an isoelectric point of 4.76, matching the spots observed on the PVDF membranes and 

parallel gels (Figure 22, arrows 1, 3 and 4). Furthermore, to verify that PDIA1 and PDIA3 

are expressed in human lung cell lines, the expression of the proteins according to the 

Human Protein Atlas was verified (326, 327).  Both PDIA1 and PDIA3 are highly expressed 

in the human lung, thus matching with the cell line used for their identification (Figure 

25). The structure of the proteins was also analysed, showing that both PDIs have similar 

structures, but they differ in their signal sequences for their retention in the endoplasmic 

reticulum (KDEL Vs. QEDL).   

 

Figure 25. Bioinformatic analysis of PDIA1 and PDIA3. Both PDIA1 and PDIA3 have a molecular weight of 
~57 kDa and an Isoelectric point of 4.76. They are both highly expressed in the human lungs (Human 
Protein Atlas) and have similar protein structures apart from their signal sequence.  
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The interactomes of PDIA1 and PDIA3 were also analysed (Figure 26).  The proteins 

calreticulin (CALR), HSPA5, and HSP90B1 (Table 6) are components of either PDIA1 or 

PDIA3 interactomes and were also identified in the MS data.  Overall, the bioinformatics 

analysis confirmed PDIA1 and PDIA3 as good candidates for P. aeruginosa receptors. 

Hence, further validation of the roles of PDIA1 and PDIA3 as ligands involved in P. 

aeruginosa attachment to lung cells was performed. 

 

 
 
Figure 26. Interactomes of PDIA1 and PDIA3. Calreticulin (CALR), HSPA5, HSP90B1, and Calnexin (CANX), 
also identified in our mass spectrometry are part of PDIA1 (P4HB) and PDIA3 interactomes. Red balls 
indicate the studied proteins (PDIA3 and P4HB). 
 

 

3. Inhibition of PDIs in 16HBE14o- cells with LOC14. 

To confirm the role of PDIs in the attachment of P. aeruginosa to epithelial cells a 

pharmaceutical approach was first used (Figure 27). 16HBE14o- cells were pre-treated 

with increasing concentrations (3µM, 6µM and 20µM) of the potent PDI inhibitor, LOC14 

(328), and the attachment of P. aeruginosa AA43 strain to the human cells was 

measured. Pre-treatment of 16HBE14o- cells with LOC14 showed a concentration-

dependent decrease in P. aeruginosa attachment to 16HBE14o- cells. In particular, 

epithelial cells with 20µM of LOC14 significantly decreased the attachment of P. 

aeruginosa to 16HBE14o- by 2.5-fold, relative to the treatment with the DMSO control 

(p=0.0188). These results strengthen the likelihood that human disulfide isomerases are 

involved in the attachment of P. aeruginosa to human epithelial cells. Importantly, to 
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avoid seeing any artefact due to the killing of bacteria or human cells, the lack of effect 

from LOC14 on either the growth of the bacteria or the viability of human cells was 

confirmed (Figure 27, B and C). 

 

Figure 27. PDI inhibitor LOC14 decreases P. aeruginosa attachment to 16HBE14o-. A. Schematic 
representation of the hypothesis. If P. aeruginosa binds to PDI, inhibitors of PDI such as LOC14 will 
decrease P. aeruginosa's attachment to epithelial cells, relative to the control (DMSO, vehicle). Treatment 
of human epithelial cells with the PDI inhibitor LOC14 decreased P. aeruginosa attachment to the cells in 
a dose-dependent way (Kruskall–Wallis test, p=0.0188). The graph represents data from at least three 
independent experiments with biological duplicates. B. LOC14 does not affect P. aeruginosa growth 
relative to the control (DMSO). C. The pre-treatment of 16HBE14o- cells with LOC14 does not affect the 
viability of the cells relative to the control (DMSO). Cell viability was measured with CyQUANT™ LDH 
Cytotoxicity Assay, with “Maximum” representing the 100% of Lactose Dehydrogenase (LDH) release 
(100% of cell death).  

 

 

4. Overexpression of PDIA1 and PDIA3 in HEK293T cells increased P. aeruginosa attachment 

to epithelial cells. 

As human cells express 21 different disulfide isomerases  (329), the inhibition with 

LOC14 may not inhibit PDIA1 and PDIA3 specifically. To confirm the specific role of PDIA1 



84 
 

(p4hb) and PDIA3 (pdia3), they were recombinantly expressed in HEK293T cells and the 

expression was confirmed by Western Blot. P. aeruginosa AA43 showed 6.01-fold and 

6.52-fold higher attachment to both cells overexpressing PDIA3 and PDIA1, respectively, 

relative to the control (empty plasmid) (Figure 28). The results further strengthen the 

specific role of PDIA1 and PDIA3 in the attachment of P. aeruginosa to human lung cells. 

 

 

Figure 28. PDIA3 and PDIA1 are involved in P. aeruginosa attachment to human epithelial cells. A.  
Graphic summary of the experiment. B. P. aeruginosa attachment to HEK293T cells containing the plasmids 
pTT3::CD4d3+4-bio+pdia3 (PDIA3) and pTT3::CD4d3+4-bio+p4hb (PDIA1) is higher (6.01 and 6.52 fold, p= 
0.0360, 0.0132, respectively. Kruskall – Wallis test) relative to cells containing pTT3::CD4d3+4-bio (empty, 
plasmid control).  The graph represents data from at least two independent experiments with biological 
triplicates. C. A plasmid containing a GFP was used to verify the transfection was always effective 
(transfection control). D. The western blot using an anti-6x histidine tag monoclonal antibody confirmed 
the lack of expression in the control cells and the expression of the PDIs (PDIA3 and PDIA1) in transfected 
cells. 

 

5. Decreased P. aeruginosa attachment to PDIA3-deficient A549 cells 

To overcome any possible non-specific effects from LOC14 drug treatment or 

transfection of the cells, the attachment of P. aeruginosa AA43 to PDIA3-deficient cell 

was evaluated. P. aeruginosa attachment to A549 pdia3-/- cells was 1.71-fold lower than 

the attachment of P. aeruginosa to A549 wild type (WT) cell lines, and 0.98-fold less than 
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the complemented control (PDIA3-deficient A549 cells transfected with pTT3::CD4d3+4-

bio+pdia3), further confirming the involvement of PDIA3 in P. aeruginosa attachment 

(Figure 29).  The Western Blot analysis confirmed the lack of PDIA3 expression in A549 

pdia3-/- (Figure 29, C) 

 

 

 

Figure 29. Attachment of P. aeruginosa AA43 to PDIA3-deficient A549 cells. A. PDIA3-deficient A549 cells 
were infected with P. aeruginosa AA43. The PDIA3-deficient cells showed 1.71 fold decrease in the 
attachment to epithelial cells relative to the A549 WT cells (p= 0.0344) or the PDIA3 deficient cells+ pTT3:: 
CD4d3+4-bio+pdia3. B. Schematic of the workflow. By using CRISPR cell lines (A549 pdia3-/-) PDIA3 is not 
available for P. aeruginosa, so bacterial attachment to A549 pdia3-/-should be less than to A549 WT and 
the complemented control. C. Western Blot analysis confirmed the lack of PDIA3 expression in the PDIA3-
deficient cells.   
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6. Confocal microscopy suggests the co-localisation of PDIA1 and PDIA3 with P. aeruginosa 

AA43. 

 

Once the role of PDIA1 and PDIA3 in P. aeruginosa attachment to epithelial cells was 

confirmed, confocal microscopy was performed to examine if the interaction between 

the proteins and the pathogen was direct or indirect, for example, due to the proteins 

being involved in pathways that might affect bacterial attachment. P. aeruginosa AA43 

cells were incubated with the 16HBE14o- cells and examined by confocal microscopy to 

confirm the co-localisation of bacteria and PDIA1 and PDIA3. Cells were incubated with 

just media (no bacteria) and without the anti-PDI antibody, to consider possible non-

specific interactions from the antibodies. Confocal microscopy confirmed a co-

localisation of P. aeruginosa with PDIA1 and PDIA3 which might indicate a direct 

interaction between the pathogen and these human disulfide isomerases on the cell 

surface of the cell (Figure 30). 
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Figure 30. Co-localisation of PDIA1 and PDIA3 with P. aeruginosa. Co-localisation of P. aeruginosa AA43 
with the 16HBE14o- cells. The red arrows highlight the zones where P. aeruginosa was co-localised with 
PDIA3 and PDIA1. As negative control cells were incubated without bacteria (“No bacteria”, yellow arrows 
show PDIA3 in pink but no bacteria), or anti-PDI antibody (Ab) (“No anti-PDI”, green arrow shows P. 
aeruginosa cells in green but no PDI). Representative images of epithelial cells stained with CellMask™ 
Orange (blue) and counterstained with DAPI (grey,4′,6-diamidino-2-phenylindole) with bacterial strains 
stained with anti-P. aeruginosa antibody FITC polyclonal antibody (green) and PDIs with an anti-ERp57 
(PDIA3) polyclonal antibody and anti-PDIA1 polyclonal antibody, that were observed for the binding of the 
secondary antibody Alexa 647 (represented in pink for PDIA3 image and light blue for PDIA1) using the 
automated Opera Phenix™ microscope. 
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7. P. aeruginosa might hijack the host cells. 

Having confirmed the role of human PDIs in P. aeruginosa attachment to 

epithelial cells, possible mechanisms for the interactions were investigated. The 

sequences and structures of PDIA1 and PDIA3 were analysed and compared with their 

homologs in P. aeruginosa, the disulfide bond-forming enzymes (Dsb) A, B, C, D, E and G 

(Figure 31). This work was performed by Dr Rita Berisio at the Consiglio Nazionale delle 

Ricerche, Istituto di Biostructure e Bioimmagini (Table 7, figures 31, 32, 33). In Gram-

negative bacteria, the formation of disulfide bonds in extracytoplasmic proteins is 

catalysed by the Dsb protein system composed of numerous proteins located in the 

periplasm and inner membrane (330, 331). 

 

Table 7. Homology between P. aeruginosa (PA) disulfide bonds forming enzymes and human PDIA1 and 
PDIA3* 

*Performed by our collaborator Dr. Rita Berisio. 

 

PA PDIA1 (residues) PDIA3 (residues) 

DsbA 31.4% identity (62.7% similar) in 51 aa 

overlap (64-111:135-185) CxxC4 

36.4% identity (57.6% similar) in 33 aa 

overlap (49-80:6-38) CxxC1 

DsbB Poor Poor (<20) 

DsbC 25.6% identity (53.8% similar) in 39 aa 

overlap (40-78:120-151) CxxC1 

23.2% identity (54.4% similar) in 125 aa 

overlap (304-422:29-146) CxxC4 

DsbD 32.1% identity (56.8% similar) in 81 aa 

overlap (32-108:483-562) CxxC1 

25.3% identity (53.5% similar) in 99 aa 

overlap (394-485:492-589) CxxC4 

DsbE 23.5% identity (58.8% similar) in 51 aa 

overlap (386-436:62-107) CxxC4 

23.1% identity (58.5% similar) in 65 aa 

overlap (364-422:25-89) CxxC4 
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Figure 31. Structure of P. aeruginosa disulfide bond forming enzymes (Dsb).  Dsb proteins are the 
homologs of human PDIs in P. aeruginosa. All P. aeruginosa Dsbs have conserved thioredoxin (Trx) 
domains. Structural modelling was performed by our collaborator Dr Rita Berisio. 
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Dsb domains share the highest sequence identity with either domain 1 or domain 4 

of PDIA1/PDIA3 (containing CxxC motifs) (Table 7).  P. aeruginosa DsbA and DsbD showed 

the highest identity and similarity with PDIA1 and PDIA3. The structure of P. aeruginosa 

DsbD is the most similar to human PDIA1 among all the Dsb proteins. The superposition 

of PDIA1 and DsbD showed similar Thioredoxin (Trx) folds, although the orientation of 

the helix embedding CxxC differs (black arrows, Figure 32).  Hence, a BLASTP search to 

look for other homologous proteins was performed against all P. aeruginosa sequences. 

Thioredoxin (Trx) proteins (TrxC and TrcGI) showed better matches with human PDIs 

(39% of identity) and the superposition of PDIA1 with TrxC and TrcGI models (from P. 

aeruginosa) suggests that Trx folds and the conformation of the CGxC catalytic site are 

almost identical. The latter suggests a possible hijacking by P. aeruginosa to the human 

cells due to the outstanding similarities of PDIA1 and PDIA3 to TrxC and TrxGI proteins 

from P. aeruginosa (Figure 33). 

 

 

Figure 32. Superposition of human PDIA1 and P. aeruginosa DsbD. The human protein PDIA1 is showed 
in grey, and P. aeruginosa DsbD in purple. The black arrows highlight the lack of superposition in the helix 
embedding the CxxC catalytic site.  
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Figure 33. Superposition of PDIA1 and P. aeruginosa TrxC and TrxGI models. The human protein PDIA1 is 
showed in grey, P. aeruginosa TrxGI in purple and, P. aeruginosa TrxC in orange. The square highlights the 
perfect superposition in the helix embedding the CxxC catalytic site between PDIA1 and the bacterial 
proteins. 
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Discussion 

Pathogen attachment to human cells is a crucial step for infection. Bacteria must 

quickly and effectively attach to host cells to avoid being removed from the organism 

and to exert effects on host cells (332). In this study, a novel 2D gel approach was 

successfully developed, leading to the discovery of PDIA1 and PDIA3 as novel human 

proteins involved in P. aeruginosa adhesion to epithelial cells. This novel technique will 

be useful for the elucidation of other human receptors for other pathogens. Also, the 

future validation of the other candidates identified in this study might help to discover 

more receptors for P. aeruginosa. For example, Succinyl Co-A (SUCLG2), which were also 

identified by the technique, have been less studied in P. aeruginosa and seems to be a 

promising receptor.  SUCLG2, is a key enzyme in the tricarboxylic acid (TCA) cycle, 

converting succinyl-coenzyme A (CoA) to succinate. Succinate is a preferred carbon 

source for environmental P. aeruginosa (333). Thus, SUCLG2 might also be involved in 

interactions with P. aeruginosa. This needs to be further validated. 

The technique enables the identification of host-pathogen interactions between 

molecules on a PVDF membrane and whole-cell bacteria. The main advantage is not 

needing to previously know either the host receptor or the bacterial ligand.  The results 

are a proof of concept that mimicking the cell surface in vitro and getting P. aeruginosa 

bound to the proteins in the membrane is a real possibility. However, it could be adjusted 

to increase the capacity to detect more receptors. For example, one of the biggest 

challenges of the applied technique is the separation of human plasma membrane 

proteins and their enrichment in the sample, thus we used the Mem-PERTM Plus 

Membrane Protein Extraction Kit to facilitate this process. However, the enrichment of 

plasma membrane proteins was not high (just seven of the final short-listed proteins 

were predicted to be on the cell surface), this might be overcome by longer cell 

fractionation.  Also, 2D electrophoresis by isoelectrofocusing (IEF) and SDS-PAGE could 

affect the human proteins on PVDF membranes, further affecting the analysis of 

interactions. This limitation might be easily overcome by adapting the 2D electrophoresis 

step. For example, blue native polyacrylamide gel electrophoresis (BN-PAGE) is a 

separation technique performed under non-denaturing conditions and allows the 

characterisation of intact protein complexes (334-336). Overall, current approaches for 
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the identification of host receptors require previous knowledge of either human 

receptors or bacterial ligands and, the most recent whole-cell techniques limit the study 

to a protein-protein interaction using biotinylated approaches of the whole surface. 

Here, the technique could be adapted for the study of any molecule, for example, 

carbohydrates on the PVDF membrane, making it not just an unbiased, but a flexible 

technique. 

The 2D Blot technique led to the study of the PDIA1 and PDIA3 role in P. 

aeruginosa attachment. PDIs are a family of enzymes that catalyse the formation, 

reduction or isomerisation of disulfide bonds of newly synthesised proteins in the 

endoplasmic reticulum (ER). They act as chaperones, forming part of a quality control 

system for the correct folding of proteins in the ER as part of the MHC I complex, which 

is essential for a proper immune response as it binds and presents short antigenic 

peptides from endogenously or exogenously sources (337, 338).  

PDIA3 and PDIA1, together with calreticulin and tapasin, recruit and stabilise 

peptide-responsive MHC I clients, helping to ensure that only MHC I molecules loaded 

with optimal peptide epitopes are released from the PLC (339, 340). The literature 

highlights the critical role of PDIA1 and PDIA3 in the antigen presentation process and 

their potential to be a target for pathogens as immune evasion strategies. For example, 

the human cytomegalovirus (HCMV) US3 protein can prevent the transit of MHC-I 

molecules to the cell surface, by enhancing protein disulfide isomerase (PDI) degradation 

indefinitely (338).  

PDIs have been implicated in the entry of human immunodeficiency virus (HIV) 

(341, 342), Sindbis virus (343), mouse polyomavirus (344), Newcastle disease virus (345) 

and Influenza virus (346) to the human cells. PDIA3 is necessary for effective influenza 

pathogenesis in vivo, and pharmacological inhibition of PDIs might be a novel anti-

influenza therapeutic strategy (347, 348). PDIs are implicated in the attachment to 

human cells of some bacteria from different species of Chlamydia (349-351). Also, PDIA3 

was reported as a major PDI involved in the interaction between Burkholderia 

cenocepacia and human epithelial cells (352). It is noteworthy, that PDIA1 and PDIA3 are 

highly expressed in the apical side of CF epithelial cells where P. aeruginosa is one of the 

most prevalent pathogens. Airway epithelial inflammation in CF increases the expression 
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levels of ER chaperone proteins, e.g., calreticulin, GRP78/BIP, and PDI (353). Studies 

suggest that chronic airway infection/inflammation-dependent increases in protein 

synthesis induce an adaptive ER stress response associated with an increased ER protein 

folding capacity in CF epithelia, increasing the ER chaperones BIP and PDI in CF bronchial 

epithelia (354).  

Regarding their structure, the common feature among these proteins is the 

presence of at least one TRX-like domain, which can be catalytically active (a or a') or 

inactive (b or b').  Although the enzymatic function of these domains is not conserved. 

PDIA1 has four domains (a, b, b' and a') like thioredoxin (Trx), which form a compact U 

(54). The a and a' domains contain a Cys-X-X-Cys motif as a redox-active site essential for 

thiol-disulfide exchange reactions with substrate proteins. For recruiting clients, the b' 

domain provides the major substrate binding sites based mainly on a hydrophobic 

pocket including Phe240, Phe249 and Phe304. It is involved in the binding/release of 

various substrates such as cholera toxin, antigenic peptides and the α-subunit of prolyl-

4-hydroxylase (P4-H) (355-358).  PDIA3 contains two a-type domains (Cys-Gly-His-Cys 

and Cys-Gly-His-Cys active sites), one b and one b’ type domain and an ER retention 

sequence, Gln-Glu-Asp-Leu (329, 359).  

PDIA1 and PDIA3 (ERp57) have considerable overlap in their protein structure, 

but importantly, they have different roles in cellular homeostasis. PDIA1 catalyses the 

oxidative folding of non-glycoproteins while PDIA3 promotes the oxidative folding of 

glycoproteins selectively in concert with the lectin chaperones calnexin (CNX) and 

calreticulin (CRT) (358, 360, 361), as unlike PDIA1, PDIA3 cannot control redox-

dependent conformations and client recruitment as it lacks the Arg300 of human PDIA1, 

which is essential for redox-driven conformational change (358). Along with PDIA1 and 

PDIA3, calreticulin was identified, as essential for PDIA3 binding to its targets. Also, both 

PDIA1 (361) and PDIA3 (362) can be found in the cell membrane, meaning they are 

available for P. aeruginosa to bind on the surface of the human cell (363).  

Advances in PDI research allowed the identification of novel small-molecule 

inhibitors such as LOC14. The inhibitor reversibly binds to a region adjacent to the active 

site of PDI, induces the protein to adopt an oxidised conformation, and inhibits its 

reductase activity (328). LOC14 inhibited recombinant rPDIA3 at an IC50 of 
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approximately 5 µM in epithelial cells (347, 348). Here, a concentration-dependent 

decrease in the attachment of P. aeruginosa to human bronchial epithelial cells by the 

pre-treatment of the cells with LOC14 was observed (Figure 27), which was further 

confirmed by molecular approaches (Figure 28, 29). Hence, drugs targeting PDIs may 

reduce P. aeruginosa colonisation in vivo.  

Many bacteria and viruses mediate their pathogenesis by molecular mimicry of 

human proteins, for example, they may be homologous to receptors on human cells, 

thus the most homologous system to human disulfide isomerases was evaluated in silico 

to determine whether P. aeruginosa might share homology with human PDIs. In Gram-

negative bacteria, the formation of disulfide bonds in extracytoplasmic proteins is 

catalysed by the Dsb protein system composed of numerous proteins located in the 

periplasm and inner membrane (330, 331). They transport bacterial virulence factors 

from the periplasm or cytoplasm to the outer membrane, medium or eukaryotic cell. 

Hence, the inactivation of Dsb genes reduces the pathogenicity of P. aeruginosa (330, 

364). The most similar homologous protein from P. aeruginosa to PDIA1 and PDIA3 is 

DsbD. However, the orientation of DsbD helix embedding CxxC differs from PDIA1. 

Exploring other proteins from P. aeruginosa with even higher homology to PDIA1, P. 

aeruginosa TrxC and TrcGI were found. They have Trx folds and a catalytic sites almost 

identical to PDIA1, suggesting a possible hijacking by P. aeruginosa to human cells. 

Overall, our findings indicate that human PDIA1 and PDIA3 are involved in P. 

aeruginosa attachment to human epithelial cells. As previously said, attachment to 

human cells is critical for P. aeruginosa pathogenesis and a common step between the 

different types of P. aeruginosa infections, thus our results might lead to the design of 

novel antimicrobial therapies in several ways: (a) drug inhibitors or antibodies targeting 

these proteins, as already suggested with LOC14 for the treatment of Influenza, (b) by 

discovering novel adhesins by future pull-down assays, meaning novel targets for the 

design of antibiotics, (c) exploring if this interaction might be a mechanism of immune 

evasion, as observed with some virus,  will be a big step in understanding P. aeruginosa´s 

immune evasion strategies; and essential for the design of novel antimicrobials, 

including vaccinations that will help to tackle P. aeruginosa infections.  The results 

demonstrated that is possible to elucidate host receptors without any previous 
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knowledge about the host-pathogen interaction.  And that the elucidation of the host 

receptors can lead to novel treatments to prevent colonisation. 
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Chapter 4 

Evaluation of TLR-4 ligands as adjuvants for 

vaccines against P. aeruginosa 
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Introduction 

1. Adjuvants as vaccine components: definition, benefits and types 

  Adjuvants enhance and tailor the immunogenicity of vaccines when administered 

in conjunction with vaccine antigens (365). They can range from synthetic small molecule 

compounds to complex natural extracts and particulate materials. Contrary to live-

attenuated or inactivated vaccines, recombinant subunit vaccines do not contain live 

components of the pathogen, but only its antigenic parts. Currently, subunit protein 

vaccines are attractive due to their high safety profile; however, they show a reduced 

immunogenicity which necessitates the inclusion of adjuvants (366-368).  Adjuvants 

have facilitated the development of vaccines against pathogens for which live-

attenuated or inactivated vaccines are ineffective or unsafe. The correct identification 

and selection of an adjuvant, appropriate for the infection and the protective immune 

response, is crucial for novel effective and safe vaccines (368).  

Adjuvants can be classified as delivery systems (DS) and immunostimulators 

(IMS), or a combination of both. DS work as carriers with which antigens are associated, 

creating local pro-inflammatory responses that recruit innate immune cells to the 

injection site, such as liposomes or virosomes (369). IMS, on the other hand, includes 

innate immune receptor ligands such as TLRs, NLRs or C-type lectins. Among the more 

advanced compounds are the TLR4 Monophosphoryl lipid A (3-O-desacyl-4′-

monophosphoryl lipid A, MPLA) ligand (AS04), a detoxified form of bacterial 

lipopolysaccharide, which is part of the adjuvant system of the Cervarix HPV vaccine 

(from GSK), and the CpG oligodeoxynucleotide (ODN) of the TLR9 ligand (367, 369) 

(Appendix C).  

Although many molecules have adjuvant effects, only a few have been licensed 

for use in humans (370). Aluminium salts (alum) were the only approved adjuvant for 

more than a century, and they continue to be the most widely used adjuvants. Antigens 

are adsorbed on alum, improving antigen uptake and presentation by antigen-presenting 

cells (371). Recently, other adjuvants have been approved for use in human vaccines 

such as MPLA, oil-in-water emulsions (MF-59), combinations of AS (adjuvant systems), 

e.g., AS03 is used in pandemic influenza vaccines (Pandemrix, Arepanrix, Adjupanrix, 
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GSK). Finally, virosomes, spherical lipid layers assembled in vitro with viral proteins, are 

currently used in influenza and hepatitis A human vaccines (370, 372). The approval of 

so few adjuvants for use in human vaccines has been attributed to the lack of knowledge 

of their action mechanism. Thus, understanding the mode of action of adjuvants is 

fundamental for assessing their safety at the development and regulatory stages (368). 

2. Adjuvants in vaccine formulations against P. aeruginosa 

A considerable limitation of early P. aeruginosa vaccine development is that many 

studies either did not consider the impact of the adjuvant in the P. aeruginosa vaccine 

formulation or did not specify the contribution of these molecules to the protective 

effect of the immunisation. Hence, knowledge about the role of adjuvants in P. 

aeruginosa vaccines is limited (149). However, studies have suggested that a Th1/Th17 

balance might help to achieve protection against P. aeruginosa in murine models (137, 

140, 141, 373) (Table 8). 

Aluminium hydroxide (Al(OH)3) and aluminium phosphate (AlPO4), commonly 

referred to as “alum”, are the most widely used adjuvants in preclinical and clinical trials 

of P. aeruginosa vaccines (269, 270, 374).  Alum generally stimulates a strong Th2-

mediated immune response and is a poor inducer of cellular immune responses (373).  

Studies comparing alum with other adjuvants in murine models, such as naloxone (NLX, 

an opioid receptor antagonist) or deoxygenated lipooligosaccharide (dLOS), a TLR4 

agonist derived from an E. coli LPS, have been evaluated (269, 375). NLX with alum 

administered with recombinant P. aeruginosa PilA (r-PilA), generated more robust Th1 

and Th2 type responses (IgG1 and IgG2a), compared to the use of rPilA with alum. The 

addition of NLX did not alter IL-4 production, but it significantly increased INF-γ and IL-

17, suggesting NLX shifts the alum Th2 response towards a more balanced Th2/Th1, 

which was reflected in better protection against P. aeruginosa (75% of mice survived 

after 7 days of infection) compared to immunisation with r-PilA with alum only 

(approximately 40% survival) (269). Mice immunised with OMP with dLos showed 60 to 

90% survival after 8 days of infection with P. aeruginosa, while mice given OMP with 

alum showed 20% to 50% survival. The improved protective effect of the dLos adjuvant 

was proposed to be due to elevated Th1 and Th17 cell responses (375). Importantly, Al 
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(OH)3 was the adjuvant used in the phase II study of the Pseudomonas IC43 (OprF/I) 

vaccine, and it did not improve its immunogenicity (270).  

The licensed adjuvant, CpG ODN, a short, single-stranded synthetic DNA fragment 

containing an unmethylated CpG sequence has also been evaluated in P. aeruginosa 

vaccines (376). This adjuvant mimics the immunostimulatory effects of bacterial DNA via 

TLR9, stimulation in DC and plasmacytoid B cells produces inflammatory cytokines and 

activates (natural killer) NK cells, monocytes, and neutrophils (377). Intranasal 

vaccination with PcrV-CpG showed efficacy against P. aeruginosa pneumonia, with 73% 

of immunised mice surviving, compared with 30% of the mice immunised with PcrV-

alum or CpG alone. Anti-PcrV IgG titres (IgG1, IgG2a, and IgG2b) and anti-PcrV IgA titres 

were significantly higher in mice immunised with PcrV-CpG than in the other groups, 

suggesting a Th1/Th2 response (373). Other FDA-approved adjuvants for use in human 

vaccines that have been used in pre-clinical studies of P. aeruginosa infections include 

AS04 (MPLA with alum) and MF59® (378, 379). However, in a study on a trivalent vaccine, 

PcrV28-294-OprI25-83-Hcp11-162 (POH), no improvement was observed with either 

relative to the use of alum in murine pneumonia models (similar survival rates and 

antibody titres) (380), consequently they do not stand out as promising options for 

effective P. aeruginosa vaccines. 

Wu et al. evaluated whether the exopolysaccharide curdlan enhanced the protective 

effect of the Th17 response-stimulating antigen PopB, against P. aeruginosa. Curdlan is a 

component of the inner fungal cell wall and a mast cell chemoattractant (MC) (381), 

mediated by Dectin-1, which activates DC cells directing CD4+ IL-17 differentiation, 

producing Th17 effector cells (382). Immunisation using PopB/PcrH with curdlan-

induced a systemic and mucosal Th17 responses, but it did not increase the protective 

effect of immunisation relative to immunisation with antigen alone (comparable survival 

rate, 62.5%). This protective efficacy was antibody-independent but IL-17-dependent 

(144, 383). Schaefers et al. found that PopB-encapsulated PLGA nanoparticles also 

elicited Th17 responses. Immunisation with PLGA-entrapped PopB/PcrH or curdlan-

PopB/PcrH resulted in Th17 responses that were three to four times higher than in mice 

immunised with PLGA or PopB/PcrH alone. This was reflected in the protective effect of 

immunisation after 6 days of infection (~75% survival PLGA-entrapped PopB/PcrH, ~50% 
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curdlan-PopB/PcrH, 0% PopB/PcrH) (in contrast to Wu et al.). Schaefers et al. also 

reported a lack of antibodies with opsonophagocytic killing activity against P. aeruginosa 

suggesting Th17-mediated protection (141, 144). The mucosal adjuvant LT 

(R192G/L211A) or detoxified mutants (dm)LT, an 84 kDa polymer protein derived from 

the thermolabile enterotoxin (LT), induces strong IL-17 secretion and antigen-specific 

Th17 responses (140, 384). Baker et al. (2019) showed that mice immunised with OMPs 

and dmLT produced significantly more antigen-specific IgG and Th1 and Th17 CD4+ 

memory T cells in the lung compared with the control groups (adjuvant alone or sham). 

Immunisation with OMPs with dmLT protected the mice against lethal P. aeruginosa lung 

infection and was associated with the early production of IFN-γ and IL-17 (Th1/Th17 

responses). Mice immunised with OMPs+dmLT showed 53% survival in 10 days, while all 

other groups completely succumbed to infection within 1–3 days.  

3. Adenoviral vectors in P. aeruginosa vaccines: 

The contribution of adjuvants to the protection against chronic P. aeruginosa 

infection has been examined with the use of adenoviral vectors. Krause et al. evaluated 

the systemic and mucosal immunogenic properties of a non-human primate-based 

adenovirus vector, AdC7, expressing P. aeruginosa OprF (AdC7OprF) and compared it 

with a human serotype (Ad5OprF), using an agar-beads chronic infection model in mice 

(277). Intramuscular immunisation of mice with AdC7OprF induced similar levels of anti-

OprF IgG in serum and mucosa but superior levels of anti-OprF IgA, compared to 

Ad5OprF vector. AdC7OprF-induced anti-OprF IgG antibodies that were predominantly 

IgG1 and IgG2b isotypes, followed by IgG2a and IgG3, with lower titres of IgG2a, IgG2b 

and IgG3 compared to Ad5-immunised animals (277). Immunisation with either 

Ad5OprF or AdC7OprF resulted in 100% of mice being protected against P. aeruginosa, 

and 0% survival in the controls after 6 days of infection. 

The intratracheal administration of AdC7OprF vaccine induced: (i) protective 

immunity against P. aeruginosa despite the presence of lower total systemic anti-OprF 

IgG titres, (ii) an OprF-specific IFN-γ response in lung CD3+ T-cells, (iii) OprF-specific IgG 

and IgA, and (iv) lung T-cell OprF-specific INF-γ compared to immunisation with Ad5OprF. 

In general, the favourable mucosal immune responses in mice following immunisation 
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with the AdC7 vaccine vector favour the further development of adenoviral vectors 

based on non-human primates as vaccines to induce protective lung mucosal immunity 

against P. aeruginosa  (277). 

4. Live-attenuated pathogens in P. aeruginosa vaccines: 

The use of live attenuated pathogens such as Salmonella or Francisella tularensis 

as antigen delivery systems stands out among the attempts to improve the mucosal 

vaccine responses against P. aeruginosa. Preclinical studies (385, 386) and a phase I-II 

clinical trial (19887136)(387) involving Salmonella species for the nasal or oral delivery 

of Pseudomonas OprF or OprI, induced IgG and IgA antibodies. In murine models, 

subcutaneous vaccination with an S. Typhimurium LH430 expressing OprF-OprI achieved 

the highest levels of protection and specific immunoglobulin titres than oral 

immunisation (s.c. vaccination achieved 77.78% protection, in contrast to 41.18% via oral 

administration) (388). F. tularensis has also been used for the delivery of P. aeruginosa 

PilA, OprF, and FliC. Mice immunised with a live vaccine strain (LVS) expressing FliC, 

produced high levels of antibodies specific for P. aeruginosa, demonstrating the potential 

of this bacterial strain for the delivery of P. aeruginosa antigens (389). 

Taken together, Th2 cell responses are not optimal for achieving protection 

against P. aeruginosa and a shift to Th1 or Th17 responses may improve the efficacy of 

P. aeruginosa vaccines. Previous studies have evaluated several antigens that have been 

protective in murine models, but we still lack more information on the mechanisms 

through which adjuvants might enhance the effect of the already identified P. aeruginosa 

antigens, to improve the rational design of vaccines against P. aeruginosa. Importantly, 

only three vaccine candidates have reached phase III trials: His-tagged outer membrane 

protein hybrid OprF-OprI protein (IC43) (270), a bivalent flagellin preparation (266) and 

an octavalent O-polysaccharide-exotoxin A conjugate (Aerugen®) (256). No vaccine 

achieved licensure. Hence, there is a need for the study of novel effective antigen-

adjuvant systems for vaccines against P. aeruginosa.  

Table 8. Examples of P. aeruginosa adjuvanted vaccine evaluated in pre-clinical studies. 
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Abbreviations; Adj: adjuvant, Ag: antigen, ID: intradermal, IM: intramuscular IN: intranasal, IP: 
intraperitoneal, IT: intratracheal, NS: Not specified, SC: subcutaneous, TR: Type of response. 
 

5.Novel TLR-4 ligands as adjuvants: 

Adjuvants that bind to TLR4 are immunostimulants that initiate signalling via the 

MyD88 pathway to activate NF-κB, which induces pro-inflammatory cytokine secretion 

and drives naive T-cells towards Th1-type cell polarisation. They can also signal through 

the TIR domain-containing adaptor inducing interferon-β (TRIF), leading to the activation 

of interferon regulatory factor 3 (IRF3), producing limited amounts of type I interferons 

(140, 393). Lipid A binds to TLR-4 inducing a massive immune response that can cause a 

septic shock, so even with high adjuvant activity, it is unsuitable for safe use in humans 

(394, 395). MPLA was developed to solve this issue, being a potent but less toxic lipid A-

based immunomodulator. It was approved as part of the alum-containing AS04 Adjuvant 

System in vaccines against HPV (396) and hepatitis B (397, 398); and combined with 

Ag/Adj Route P. aeruginosa strains Immunisation (N° 
x dose, Ag, Adj) 

TR Ref 

PopB+PcrH/ Curdlan IN  ExoU+ PAO1  
(7x105 CFU/mouse) 

3x35 µg/dose, 
10mg/mL 

Th17 (144) 

PopB+PcrH/Curdlan IN 
 

ExoU+ PAO1 and live-
attenuated PAO1ΔaroA 
(C+) (7x105 CFU/mouse) 

3x35 µg/dose, 
10mg/mL 

Th17 (141) 

OMPs / dmLT ID PA01 (1.4x107 CFU/mouse) 3x1 µg/mouse, 1 µg Th1/17 (140) 

OMP/CIA06 IM 
GN-H3 and PA103 (10 

LD50) 

2x5 µg/mouse, 0.5 µg 
dLOS + 25 µg of alum 

in 100µL of PBS 

Th2/1/17 (390) 

r-PilA/ alum+NLX SC 
PA01 and a clinical isolate 

(3-5x106 CFU) 

3x5 µg/mouse, 6 
mg/g body weight 

(NLX) and 200 mg of 
alum 

Th2/Th1/ 
Th17 

(269) 

PcrV/ FA, alum, or CpG 
ODN 

IP 
PA103 exoS-, exoT+, exoU+ 

and exoY+ 
(1.5x106 CFU) 

3x10 µg/dose, 
100µL/dose FCA/FIA, 
100µl/dose alum or 
10µg/dose of CpG 

ODN 

FA and 
CpgODN: 
Th1/Th2.     
Alum: Th2 

(373) 

PcrV/CpG ODN IN PA103 strain (ATCC 29260, 
1.5x106 CFU/ mouse) 

3x5 µg/mouse, 6 
mg/g body weight 

and 200 mg of alum 

Th2/Th1 (377) 

OprF/AdC7 
(AdC7OprF) 

IM, IT PA encapsulated in agar 
beads (5x106 CFU/mouse). 

1x109 - 1011 
pu/animal 

Th2/Th1 (391) 

SseJ-PcrV and SseJ-
OprF-I/ 
Attenauated 
S.Typhimurium SV9699 

IP 

PAO1 (9x106 CFU/mouse) 1x2×105 CFU/ animal 

NS (392) 

PilAPa, OprFPa, 
FliCPa/Attenuated 
F. tularensis LVS 

IN 
PA1244 (PilAPa) and PA14 

(OprFPa, and FliCPa) 
1x~100 CFU / animal 

NS (389) 
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other adjuvants such as QS-21 (i.e., AS15, AS02 and, especially, the clinically approved 

AS01) (399, 400). Access to these AS04 adjuvants is restricted by GSK. 

The total synthesis of MPLA is complex (around 24 chemical steps), expensive, 

and not chemically homogeneous, making it difficult to assess its quality. To address this 

limitation, our collaborators Prof. Francesco Peri and team developed a series of TLR 4 

ligands, which are referred to here as FP compounds. They are composed of a 

glucosamine core functionalised with a phosphate and three fatty acid (FA) chains of 

variable length (10 to 14 carbons). They are selective TLR-4 agonists with 

proinflammatory properties. Their synthesis in six steps is significantly shorter than that 

of MPLA, resulting in a reduced cost, thus supporting their production on a global scale 

(394, 401, 402). The absence of hydroxylated fatty acid chains greatly simplifies FP 

chemical synthesis, compared to MPLA or other monosaccharide lipid A mimetics, such 

as SDZ MRL 953, making the production of these compounds scalable at an industrial 

level (394, 401, 402). 

The FP18 compound behaves as a selective TLR4 agonist and is not active on TLR2 

(403). FP18 bound TLR4 at sub-micromolar affinities and stimulated the MyD88-

dependent pathway in human THP-1 cells, ultimately stimulating the release of TNF, IL-

1β, and IL-6 cytokines. FP18 showed a higher potency than MPLA in inducing IL-1β 

release due to a greater ability to activate the NLRP3 inflammasome. Also, FP18 activates 

a TRIF-dependent pathway leading to a type I IFN response (403). Finally, FP18 lacks 

obvious in vivo and in vitro toxicity, and the straightforward synthesis procedure 

compared to MPLA supports the preclinical and clinical development of FP molecules as 

novel lead compounds to produce effective vaccine adjuvants.  

A second generation of FP compounds was also produced to investigate whether 

mimicking the oligosaccharide core by addition of a carbohydrate moiety to FP 

compounds could increase the affinity for the receptor and its biological activity (Figure 

34) (402). The new series of FP20 compounds showed a dramatic increase in the activity 

of glycosylated FP20, compared to the parent molecule and suggested a specific role of 

the added glycosyl moiety in the interaction with the receptor. However, the 

pharmacodynamic effect, probably based on sugar interaction with the receptor, has not 

been established yet.  Overall, the synthesis of this panel of compounds is much shorter 
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than MPLA, which is a huge advantage in terms of industrial scalability, waste 

production, and final cost (394, 401, 402). 

 

 

 
Figure 34. The structures of the novel TLR-4 agonists FP18, FP20Rha and the glycosylation analogues 
compared with LPS and MPLA. (402). 
 

6.OprF is one of the most studied and evaluated antigens for P. aeruginosa vaccines. 

The use of OprF, alone or fused to OprI, as a vaccine candidate has been 

evaluated in several formats such as recombinant subunit vaccines (404, 405), DNA 

vaccines (406), viral and bacterial vector systems (277, 388) and a dendritic cell vaccine 

(407). In addition, Weimer and colleagues used the C-terminal OprF epitope 8 (OprF311-

341) as a fusion to OprI and flagellins to protect against non-mucoid P. aeruginosa which 

usually initiates colonisation of CF patients (323, 408). Recently, an mRNA-OprF-I vaccine 

showed promising results for the prevention of P. aeruginosa infection, eliciting Th1/Th2 

mixed or slighted Th1-biased immune response and reducing bacterial burden and 

inflammation in murine models of burn and systemic P. aeruginosa infection. Overall, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/subunit-vaccine
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna
https://www.sciencedirect.com/topics/medicine-and-dentistry/bacterial-vector
https://www.sciencedirect.com/topics/medicine-and-dentistry/dendritic-cell-vaccine
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OprF is an excellent candidate to be used in several vaccine platforms against P. 

aeruginosa (289) (Figure 35). 

 

Figure 35.  Structure of P. aeruginosa OprF in the bacterial membrane. The highlighted epitopes have 
shown immunogenicity (276). 
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Aim and Objectives: 

 Due to P. aeruginosa's high antimicrobial resistance, vaccines represent one of 

the best alternatives to combat infections, but despite several efforts, no vaccine against 

P. aeruginosa has been approved. Adjuvants can improve the immunogenicity and 

efficacy of subunit vaccines, however, Al(OH)3 failed to improve the immunogenicity of a 

leading P. aeruginosa vaccine candidate, IC43 (OprF/I). Thus, there is still a need for 

effective antigen-adjuvant systems against P. aeruginosa.  MPLA is a clinically approved 

adjuvant that stimulates TLR4. However, it lacks availability, and its synthesis poses 

manufacturing challenges. Hence, the evaluation of novel synthetic simplifications of 

MPLA based on monosaccharides (FP compounds) to improve the efficacy of 

Pseudomonas OprF antigen, which has already demonstrated its safety in human trials, 

might speed up the development of novel effective vaccine candidates against P. 

aeruginosa infections. 

Objectives: 

1. To evaluate the protective effect of FP18 and FP20Rha compounds as adjuvants, 

in combination with rOprF, in a murine model of P. aeruginosa acute pneumonia. 

 

2. To assess the humoral responses stimulated by the subcutaneous immunisation 

of mice with FP18 or FP20Rha adjuvanted rOprF. 

 

3. To examine the T-cell responses stimulated by the subcutaneous immunisation 

of mice with FP18 or FP20Rha adjuvanted rOprF. 

 

 

  

Methods 

Ethical statement: 

All the work involving the animals was approved by the UCD Animal Research Ethics 

Committee (AREC-21-19), and mice were maintained according to the regulations of the 
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Health Products Regulatory Authority (Directive 2010/63/EU and Irish Statutory 

Instrument 543 of 2012), under authorisation number AE18982/P209. 

Recombinant OprF_his expression: 

Genomic DNA was extracted from P. aeruginosa PAO1 strain and 

the oprF sequence was amplified by PCR with specific primers: 5'-

CGCGGATCCAAACTGAAGAACACCTTAGGCGTTGTC-3' (Fw) and 5'-

CCCAAGCTTTTACTTGGCTTCGGCTTCTACTTCGGC-3' (Rev). The oprf gene fragment was 

cloned (BamHI and Hind III) into the pET28a expression vector (Novagen) with the gene 

for kanamycin resistance. It has a Histidine (His6) affinity tag at the 5' end of the 

polylinker that functions as a high-affinity nickel-binding domain in the translated 

protein. The plasmid was then sequenced, and the sequence was compared with the 

sequence reported in GenBank using SnapGene software.  The gene fragment is flanked 

by BamHI and HindIII restriction enzyme sites and is under the strong T7 promoter. The 

6xHis tag is located in the N terminal domain (Figure 36). 

 

 

Figure 36.  Expression of rOprF in a pET-28 a(+) vector. A) Map of the plasmid used for rOprF expression. 

B) Linear representation of the plasmid region where oprf was inserted (1050 bp). 

The Qiagen expression host cells, E. coli BL21 (DE3) (Quiagen), were made 

chemically competent and transformed with the resulting plasmid pET28a-oprFhis 

following manufacturer´s instructions by the heat-shock method.  Before protein 

purification, overnight cultures (100 mL) containing E. coli BL21 (DE3) cells, transformed 

with pET28a-oprFhis vectors containing oprf, were re-inoculated into 2 litres of LB broth 
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supplemented with 1% of glucose and 50 µg/mL kanamycin and cultured to the mid-log 

phase at 37 °C with shaking at 200 rpm.  To determine the optimal conditions for OprF 

expression, overnight cultures (5mL) containing E. coli BL21 (DE3) cells transformed with 

pET28a-oprf_his vectors were re-inoculated into 50 mL of LB broth supplemented with 

1% of glucose and 50 µg/mL kanamycin and cultured to the mid-log phase at 37 °C with 

shaking at 200 rpm. Cultures were induced with 1mM IPTG for 3h, 5h or overnight (ON) 

at either 37ºC or 20ºC.  A sample before induction with IPTG was taken (pre-induction). 

Samples taken at each time point (1mL) were pelleted at 2500× g for 10 min at 4 °C, and 

the cell pellets were resuspended in 100 µL lysis buffer containing 50 mM NaH2PO4, 300 

mM NaCl and 10 mM imidazole (pH 8) supplemented with 1 mg/mL lysozyme and 1X 

complete mini EDTA-free protease inhibitor cocktail (Roche, Switzerland). The bacterial 

pellets were incubated for 30 min at 37ºC with gentle shaking, and then centrifuged for 

30 min at 16,000 × g and 4ºC. The supernatants (S, Soluble fraction) were separated from 

the pellets (I, insoluble fraction). Western Blot analysis with an anti-6x histidine tag 

monoclonal antibody (Invitrogen, MA1-21315) confirmed the expression of rOprF_his. 

Recombinant OprF_his purification: 

The optimised conditions of rOprF_his expression were used for the purification 

of the antigen. Overnight cultures (5mL) containing E. coli BL21 (DE3) cells transformed 

with pET28a-oprf_his vectors were re-inoculated into 1L (x6) of LB broth supplemented 

with 1% of glucose and 50 µg/mL kanamycin and cultured to the mid-log phase at 37 °C 

with shaking at 200 rpm. The cultures were then induced with 1 mM IPTG for 20 h at 

20°C at 200 rpm (optimised conditions, Figure 38). Bacterial cells were pelleted at 2500× 

g for 10 min at 4 °C, and the cell pellets were resuspended in 100 mL Ni-NTA lysis buffer 

containing 50 mM NaH2PO4, 300 mM NaCl and 10 mM imidazole (pH 8; 50 mL/1 L 

culture) supplemented with 1 mg/mL lysozyme and 1X complete mini EDTA-free 

protease inhibitor cocktail (Roche, Switzerland). The bacterial pellets were incubated for 

30 min at 37ºC with gentle shaking, and then sonicated on ice 10 times for 30 s at 20% 

amplitude, with 30 s rest intervals. The crude lysates were then centrifuged for 40 min 

at 16,000 × g and 4ºC, and the supernatants (soluble fraction) were separated from the 

pellets (insoluble fraction). The pellets were washed with 2% of Triton X- 100 in PBS and 

then washed with PBS. Recombinant OprF_his was extracted from the membrane, by 
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resuspending the pellets in 20 mL of denaturing buffer (basic buffer with 8 M urea), and 

then incubated, sonicated, and centrifuged as before. Purification was performed using 

HisPur™ Ni-NTA (nickel-nitrilotriacetic acid) Superflow Agarose (Thermo Fisher) resin in 

a gravity flow column. The resin (2 mL/ 1L culture) was equilibrated with the denaturing 

buffer (10 mM imidazole) and washed twice with 20 mM imidazole (1 column volume). 

Finally, rOprF_his was eluted with 350 mM of imidazole. Aliquots of each fraction were 

collected for analysis by SDS-PAGE. Urea and imidazole were removed by extensive 

dialysis using a 10K MWCO (molecular weight cut-off) SnakeSkin™ Dialysis Tubing 

(Thermo Fisher), firstly incubating 4h into a buffer containing 2M urea, 50 mM NaH2PO4 

and 300 mM NaCl, and then performing overnight dialysis to a buffer containing 50 mM 

NaH2PO4 and 300 mM NaCl, supplemented with 2% glycine to avoid protein precipitation 

in the absence of urea. The antigen was further purified by Size Exclusion 

Chromatography (SEC) on a pre-equilibrated Hi load 16/60 Superdex 75 SEC column on 

an AKTA Vivo instrument. Fractions were pooled and concentrated by centrifugation 

(4,000 × g, 4ºC, 1 h) in an Amicon® Ultra 15 mL centrifugal device with Ultracel® 10 

MWCO filter unit (Sigma-Aldrich). Protein concentration was determined using the 

PierceTM BCA Protein Assay Kit, and protein identity was confirmed by LC-MS as 

described before. 

Quantification of endotoxin levels (LPS): 

The endotoxin levels of the purified protein batches were quantified using the 

PierceTM Chromogenic Endotoxin Quant Kit (Thermo Fisher), following the 

manufacturer’s instructions. Sterile 96-well, flat-bottomed plates were pre-warmed at 

37ºC for 10 min, and all the steps were performed at this temperature. Endotoxin 

standard dilutions, blanks, and samples were added to each well in duplicates (50 

µL/well). Then, the Amebocyte Lysate Reagents were reconstituted immediately before 

their use by gently swirling the lyophilised powder in 1.7 mL endotoxin-free water; then, 

50 µL/well was added, the plate was gently tapped ten times on the side to mix the 

reagents, and incubated for six min. The Chromogenic Substrates were reconstituted 

with 3.4 mL endotoxin-free water, mixed gently by tilting and swirling the vials and pre-

warmed at 37ºC for five min before use. After the incubation time, the substrate was 

added (100 µL/well), and the chromogenic reactions were stopped after six min by 
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adding the stop solution (25% acetic acid, 50 µL/well). Finally, regression lines were 

produced from the standard absorbances and used to determine the LPS concentrations 

of the samples. A cut-off of <2 EU/mouse is recommended for mice immunisation (409). 

Immunisation of mice with rOprF_his and FP compounds: 

Female C57BL/6J mice (6-8 weeks old; n=7) were purchased from Charles Rivers (UK), 

randomly grouped and housed into individually ventilated cages upon arrival to the 

Biomedical Facility in UCD, and acclimatised for one week to their new environment. 

Food and water were available ad libitum. Sigma Adjuvant System® (SAS) vials were 

resuspended as per the manufacturer’s instructions in protein buffer (50 mM NaH2PO4, 

300 mM NaCl, pH 8) and mixed 1:1 with either the saline buffer alone or 50 µg/mouse 

of rOprF_his. SAS is a commercial adjuvant and each dose contains 12.5 µg/mouse of 

MPLA from Salmonella minnesota and 12.5 µg/mouse of synthetic Trehalose 

Dicorynomycolate in 2% oil (squalene)-Tween® 80-water. FP compounds were prepared 

in the same buffer as SAS and rOprF_his, adding 25 µg/mouse from a stock previously 

solubilized in dimethyl sulfoxide (DMSO, concentrations of DMSO were normalized in all 

the groups, assuring 11.8% of DMSO/ dose).  Mice were immunised subcutaneously 

three times, two weeks apart. Mice were separated with 4 or 3 mice per cage (n=7 per 

group), and then immunised subcutaneously with 100 µl containing 50 µg rOprF_his 

alone, 50 µg rOprF alone + 25 µg FP18, 50 µg rOprF alone + 25 µg FP20Rha or 50 µg 

rOprF + SAS (~25 µg of active component). Mice were manually restrained by the scruff 

of their back and carefully immunised subcutaneously in their right flank.  

Serum IgG Antibodies Determination 

Blood was collected from each mouse via cheek bleeds one week after the third booster 

for serological analysis. The blood was allowed to stand at 4 °C overnight before being 

centrifuged for 30 min to isolate serum, which was transferred to freshly labelled tubes 

and stored at −80 ºC until required. Microtiter plates were coated overnight with 100 µL 

of purified rOprF_his antigen (0.5 µg/mL) in 0.2 M sodium carbonate pH 9.6 at 4 °C. 

Plates were washed three times with PBS containing 0.05% Tween-20 (PBS-T) and 

blocked with PBS containing 1% FBS for 1 h at room temperature. Five-fold dilutions of 

sera were added to wells in triplicate and incubated for two hours at room temperature. 

The wells were washed 3 times in PBS-T and incubated in 100 µL of HRP-conjugated anti-
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mouse antibodies specific for total IgG, IgG1 or IgG2c (diluted 1:5000 in PBS containing 

1% FBS) at room temperature for 60 min. Plates were washed again as before, followed 

by two additional washes containing 400 µL/well of 1 X PBS. TMB substrate (100 µL) was 

added to each well, and the plates were incubated at room temperature until a colour 

change was observed, at which time reactions ceased by using 100 µL/well of 2M sulfuric 

acid. Plates were read at an absorbance of 450 nm within 30 min. Sera from previous 

immunisations with adjuvants only (data not shown) were used as the control for each 

group immunised with adjuvants. The area under the curve was calculated for each 

triplicate and used to compare the antibodies between groups, using GraphPad Prism 

8.0.2. 

Bacterial challenge and determination of organ colonization: 

Two weeks after the last immunisation, mice were challenged by oropharyngeal 

aspiration with 5.9x106 CFU/mouse of P. aeruginosa CF KK1 isolate (297) and culled after 

24 h. Lungs, spleens and stomachs were aseptically harvested in PBS, weighed, and 

homogenised in the TissueLyser II (Qiagen) for 15 min at the maximum frequency (30 

Hz/s) using 3.2-mm stainless-steel beads. Organ homogenates were then serially diluted 

in PBS, plated onto LB agar in duplicate, and incubated at 37ºC. After 24 h, CFU were 

counted. Statistically significant differences between control and immunised mice were 

analysed using the unpaired non-parametric Kruskal-Wallis test (p-value<0.05) when the 

data did not pass the Shapiro-Wilk normality test. 

Immunophenotyping by splenocyte ex vivo restimulation assays and flow cytometry 

Female C57BL/6J mice (6-8 weeks old; n=7) were immunised subcutaneously once. After 

14 days, mice were humanely sacrificed, and the individual spleens were aseptically 

harvested in PBS, mechanically disrupted, and filtered with a 70-µm cell strainer. 

Erythrocytes were depleted by hypotonic lysis with an Ammonium-Chloride Potassium 

(ACK) buffer. The splenocytes were then counted using the automated counter 

CountessTM 3 FL (Invitrogen) and seeded in triplicate into round bottom, 96-1pen/strep. 

Cells were stimulated with 10 µg of rOprF_his for 60 h at 37ºC and 5% CO2. Afterwards, 

the cells were incubated for 5 h (37ºC, five per cent CO2) with 5 µg/mL brefeldin A, then 

harvested by centrifugation, washed with PBS containing 1% FBS, and incubated with rat 

anti-mouse CD16/CD32 (1:100; BD Biosciences, USA) for 5 min on ice. The cells were 
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then centrifuged and washed, and extracellular markers were labelled for 30 min on ice 

with a master mix of fluorophore-conjugated antibodies (50 µL/well, table 3) in PBS 

containing 1% FBS mixed 1:1 with Brilliant Stain Buffer (BD Biosciences) and the 

ViaKrome 808 Fixable Viability Dye (1:100, Beckman). The wells were washed as before 

and then the cell membranes were permeabilised with BD Cytofix/CytopermTM (BD 

Biosciences) for 20 min on ice. Then, wells were washed with 1X BD Perm/Wash™ Buffer 

(BD Biosciences) and then cells were incubated for 30 min on ice with a master mix of 

intracellular fluorophore-conjugated antibodies (table 3) in 1X Perm/Wash™ Buffer with 

Brilliant Stain Buffer (1:1) for immunophenotyping. Finally, the cells were washed with 

1X BD Perm/Wash™ Buffer and stored overnight at 4ºC. The following day, the cells were 

washed again and analysed using a Beckman Coulter CytoFLEX LX (NUV full 

configuration) cytometer. Quality control (QC) of the instrument was performed using 

Beckman Coulter Daily QC beads and IR Daily QC as per the manufacturers’ 

specifications. Data analysis was performed with Beckman Coulter CytExpert v.2.4 

software. Fluorescence minus one (FMO) control was prepared using splenocytes from 

one mouse in the control group and used for every single marker (<0.5%) to generate 

the gating strategies. Data were extracted as the percentage of parental cells. The CD3+ 

marker was used to identify T-cells, and then CD3+CD4+ and CD3+CD8+ T-cells 

percentages were quantified.   Shapiro-Wilks normality test was used to evaluate data 

distribution. Statistically significant differences (p-value<0.05) were evaluated using 

paired One-way ANOVA for data with normal distribution, or Wilcoxon matched-pairs 

signed rank test for data that did not follow normal distribution. 
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Table 4.  Composition of the Ab master mix (BD Biosciences) used to label both 
intracellular and extracellular receptors and cytokines for their analysis by flow 
cytometry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Target location Ab target Fluorophore Reading channel Dilution 

Extracellular CD3 BV786 V763 1:100 
CD4 BUV395 V405 1:200 
CD8 APC-H7 R763 1:100 

CD25 BV421 V450 1:100 
CD44 PE-Cy7 Y763 1:200 

CD49b FITC B525 1:100 
CD62L BV480 V252 1:200 

γδ R718 R712 1:100 
Intracellular IFN-γ BV650 V660 1:100 

IL-4 BV605 V610 1:100 
IL-17A PE-CF594 B610 1:100 
IL-22 PE Y585 1:100 
TNF BB700 B690 1:100 

FoxP3 AlexaFluor 647 R660 1:100 
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Results 

1. Purification of the recombinant OprF-His Protein: 

To evaluate the effect of the adjuvants in combination with the rOprF_his  

antigen, the oprf gene was cloned into a pet28a(+) vector and its correct insertion was 

verified by colony PCR. A band of 1050 bp confirmed the successful cloning and 

transformation of E. coli BL21 (DE3) containing pET-28 a(+)::oprf. The best conditions for 

rOprF_his expression were evaluated at three different times (3h, 5h and overnight) and 

two different temperatures (37ºC and 20ºC). Optimal rOprF_his expression was 

observed 20 hours after induction with 1 mM IPTG at 20ºC, as indicated by a more 

intense band in the insoluble fraction (Figure 38). However, expression at 20ºC after 5h 

was comparable with the chosen conditions. 

 

 

 

Figure 37. Colony-PCR of the E. coli BL21 (DE3) containing pET-28 a(+):: oprf indicating the successful 
insertion of the gene into the expression vector.   
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Figure 38. Optimisation of the rOprF expression in E.coli BL21 (DE3).  Cultures of E.coli BL21 (DE3) 
pet28::oprf were induced with 1mM IPTG for 3h, 5h or overnight (ON) at either 37ºC or 20ºC.  A sample 
before induction with IPTG was taken (pre-induction). The supernatants (S, Soluble fraction) were 
separated from the pellets (I, insoluble fraction). Western Blot analysis with an anti-6x histidine tag 
monoclonal antibody (Invitrogen, MA1-21315) confirmed the expression of rOprF_his. 

 

Once the optimal conditions for rOprF_his expression were determined, 

rOprF_his was purified in two steps by purification on a Ni-NTA purification system 

followed by SEC, as indicated by a single large peak on chromatograms between fractions 

25 and 30 mL representing the rOprF protein (Figure 39A), and its purity was determined 

by SDS-PAGE (Figure 39B). A pure fraction was achieved, which was apparent by 

observing the lack of other bands in the SDS PAGE gel (Figure 39C) or peaks during SEC. 

The rOprF eluted at a fraction volume of 40mL, equivalent to a molecular weight of 

80kDa, indicating the dimerisation of the proteins, a smaller peak also eluted at a 

fraction volume of 60mL equivalent to a molecular weight of 40kDa, thus the monomer 

of rOprF_his. The identification of the purified antigen was further confirmed by MS 

analysis (35 peptides matched; sequence coverage 78%) and the endotoxin levels were 

below the cut-off suggested per mice (~0.20 EU/ dose) taking  >2 EU/ dose as the limit 

for immunisation (409) (Appendix C). 
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Figure 39. Purification of rOprF-his (41kDa) by nickel affinity column continued by size exclusion (SEC) 
chromatography. A) The purification of expressed and affinity-purified rOprF_his using a HiLoad® 16/600 
Superdex® 75 pg column 16/60. Fractions collected representative of the large peak at a run volume of 
40-52 mL (fractions 25-30). B) Purity of fractions 25-30 was visualised on 12% SDS gel. C) The purity and 
identity of the pooled SEC fractions were confirmed by SDS-PAGE. FT, Flow-through of the first purification 
by nickel affinity chromatography; E1, elution after nickel affinity chromatography; FB, final batch, after 
purification by SEC (pooled fractions 25-30). 

 

2. Bacterial clearance in lung and dissemination to spleen after immunisation with rOprF_his 

combined with FP adjuvants 

To examine whether FP18 and FP20Rha adjuvants enhanced the protective 

efficacy of rOprF against P. aeruginosa, they were assessed in a P. aeruginosa KK1 acute 

pneumonia model in C57BL/6J mice (n=7).  Either FP18 or FP20Rha were combined with 

rOprF_his (OprF+Fp18, OprF+FP20Rha). The Sigma Adjuvant System (SAS) in 

combination with the antigen rOprF_his (OprF+SAS) was used as a positive control and 

the three groups were compared to immunisation with rOprF_his in the absence of any 

adjuvant (Figure 40). Neither FP18 nor FP20Rha showed any obvious detrimental effect 

on the mice, as determined by lack of weight loss. Generally, immunisation with 

OprF+SAS caused higher weight loss than immunisation with rOprF alone or combined 

with FP18 and FP20Rha adjuvants (Figure 41).  All the mice recovered and gained weight 
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after completion of all immunisations. There were no significant differences in weight 

loss after the bacterial challenge between the groups (Figure 41). 

 

Figure 40. Timeline of mice immunisation, blood collection and P. aeruginosa challenging.  

 

 

Figure 41.  Weight loss during the mice immunisation study. The mean ± SD weight change in mice at 
each dose post-immunisation is shown (Immunisation, First Boost and Second Boost). C)  Weight loss after 
bacterial challenge.  
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 Bacterial lung colonisation was significantly decreased by 1.5 log (p=0.003) in the 

group immunised with OprF+ SAS and 1.15 log (p=0.026) in the group immunised with 

OprF+ FP18, relative to immunisation with OprF alone; indicating that FP18 was almost 

as protective as SAS when used as an adjuvant (Figure 42). The immunisation with OprF+ 

FP20Rha showed only a 0.91 reduction in lung colonisation, which was not significantly 

different relative to immunisation with antigen alone (p=0.417). Surprisingly, 

immunisation with OprF+FP18 significantly reduced bacterial dissemination to spleens 

by 1.09 log (p=0.003). In contrast, immunisation in combination with either SAS or 

FP20Rha did not show a significant change in spleen dissemination relative to 

immunisation with OprF alone (0.43 and 0.32, respectively, Figure 42). 

 

Figure 42. Bacterial clearance after immunisation with rOprF_his in combination with FP18 and FP20Rha 
or SAS adjuvant. Immunisation of OprF in combination with SAS and FP18 significantly decreased P. 
aeruginosa colonisation in the lungs by 1.5 and 1.15 log, respectively (Kruskal Wallis test, ***p=0.003 and 
*p=0.026). rOprF +FP18 significantly decreased bacteria dissemination to the spleens relative to the 
immunisation with antigen alone (Kruskal Wallis test, **p=0.003). Each point represents a single mouse 
(n=7) and the mean ± SD. 
 

3. Evaluation of humoral responses after immunisation with rOprF and FP compounds 

To determine whether the adjuvants enhanced specific humoral responses 

against rOprF_his, we collected serum one week after the second boost, and total IgGs 
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and specific IgG1 and IgG2c anti-rOprF were quantified. Groups immunised with 

rOprF+SAS and rOprF+FP18 (p<0,0001, One-way ANOVA), expressed high levels of 

antigen-specific IgG, but not in the group immunised with rOprF+FP20Rha, relative to 

immunisation with antigen alone (Figure 43). IgG1 levels were higher in all the groups 

immunised with rOprF_his adjuvanted relative to the group immunised with rOprF_his 

alone. The groups immunised with the antigen combined with SAS or FP18 showed the 

highest levels of IgG1 and were also the only adjuvants showing significantly more 

antigen-specific IgG2c levels than OprF alone (Figure 44).   

 

 

Figure 43. IgG antibodies against rOprF at 35 days post-immunisation. Values represent the mean ± SD. 
Kruskal Wallis tests (with an alpha of 0.05) were utilised to compare the areas under each curve. *p < 0.05; 
****p < 0.0001. Sera from the seven mice was pooled together and technical triplicates were performed. 
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Figure 44. IgG1 and IgG2c antibodies against rOprF 35 days post-immunization. Values represent mean 
± SD. Kruskal Wallis tests (with an alpha of 0.05) were utilised to compare the areas under each curve. *p 
< 0.05; ***p < 0.001; ****p < 0.0001. Sera from the seven mice was pooled together and technical 
triplicates were performed. 
 

4. Evaluation of cellular responses after immunisation with FP compounds 

 The recall responses from splenocytes collected 14 days after one subcutaneous 

immunisation of C57BL/6J mice (same groups as in the previous mice trial) were 

assessed by flow cytometry (Figure 43).  

  

 

 

Figure 45. Timeline for the evaluation of recall responses from splenocytes in C57BL/6J mice. 
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Mice immunised with any of the three adjuvants showed significantly more CD4+ 

T-cells, relative to immunisation with antigen alone. Lower levels of CD8+ T-cells were 

observed in mice immunised with OprF+SAS and OprF+FP18, relative to immunisation 

with rOprF_his alone (Figure 44), while immunisation with rOprF+FP20Rha showed 

similar levels of CD8+ T-cells relative to immunisation with antigen alone.   

 

 

Figure 46. Cellular immune responses in C57BL/6J mice immunized with rOprF in combination with FP 
compounds. CD3+ marker was used to identify T-cells. They were classified into CD3+CD4+ and CD3+CD8+ 

T-cells. Each dot in the graph indicates one mouse (n=7). *p < 0.05; **p < 0.01; ***p < 0.001. 

 

 The subpopulations of CD4+ T-cells were then classified into naïve or effector T-

cells according to the expression of CD62L and CD44 markers (CD62L+CD44-, naïve; and 

CD62L-CD44+, effector T-cells). Immunisation with OprF+SAS and OprF+FP20Rha showed 

higher levels of naïve T-cells relative to immunisation with antigen alone, while 

OprF+FP18 showed similar levels to rOprF_his. Mice immunised with FP18 and FP20Rha 

showed higher levels of total CD44+ T-cells relative to immunisation with antigen alone 

or OprF+SAS (*p < 0.05; **p < 0.01, respectively). However, all the groups showed lower 

levels of effector T-cells relative to immunisation with rOprF_his alone (rOprF+SAS, p < 
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0.001; rOprF+FP18, *p < 0.05; and FP20Rha **p < 0.01). Finally, all the mice immunised 

with rOprF and any of the adjuvants showed higher levels of central memory T-cells 

(Figure 47).   

 

 

Figure 47. Subpopulations of T-cell CD4+ in C57BL/6J mice immunized with rOprF in combination with 
FP compounds. Subpopulations of CD4+ T-cells were classified into naïve or effectors T-cells according to 
the expression of CD62L and CD44 markers (CD62L+CD44-, naïve; and CD62L-CD44+, effector T-cells). 
Central memory T-cells were classified as CD62L-CD44+. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.001. 

 

 Finally, IFN-γ and IL-4 from CD4+ T-cells were evaluated to determine the type of 

Th response (Figure 46). Immunisation with OprF+FP18 (*p< 0.05) and OprF+FP20Rha 

(**p<0.01) showed significantly higher levels of IFN-γ production, relative to 

immunisation with rOprF_his alone, although the response was highly variable between 
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mice. No group showed production of IL-4, characteristic of a Th2 response, suggesting 

a Th1-biased response was elicited by FP compounds in combination with rOprF_his 

(Figure 48). 

 

 

 

 

Figure 48. IFNγ and IL-4 elicited by CD4+ T-cell responses in C57BL/6J mice immunized with rOprF in 
combination with FP compounds.   *p < 0.05; **p < 0.01; ***p < 0.001. FP compound production of IFNγ 
suggests a skewed Th1 response. 
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Discussion 

P. aeruginosa is among the top priority pathogens against which new therapies 

are urgently needed. Its virulence and antibiotic resistance enable challenging P. 

aeruginosa to cause infections in immunocompromised patients.  For example, Lansbury 

et al. (410) identified P. aeruginosa as the second most common bacterial co-infection 

isolated from patients with COVID-19 (47).  Antibiotics have been key in the treatment 

of these infections but currently, one of the major threats to global health is the 

emergence of antimicrobial resistance (411).  

Vaccines have a major role in fighting antimicrobial resistance. Prophylactically, 

vaccines can decrease the number of infectious disease cases, thus reducing antibiotic 

use and the spread of AMR. In contrast, antibiotics act on established infections 

increasing the probability that resistant clones will emerge. Also, antibiotics are used to 

target single bacterial mechanisms, while vaccines can target multiple antigens 

(polyclonal antibodies), and thus the emergence of vaccine escape variants would 

require several mutations impacting different epitopes (412). 

FP18 and FP20Rha, two chemically simplified TLR-4 agonists derived from MPLA 

(401, 402), were evaluated in combination with one of the most successful P. aeruginosa 

vaccine antigen candidates, OprF. The reduction of bacterial colonisation achieved with 

OprF in combination with FP18 was comparable to the one observed by immunisation 

with rOprF+SAS, a more complex adjuvant. Importantly rOprF+FP18 immunised mice 

were the only group showing a reduction in bacterial dissemination to the spleen. The 

three adjuvants enhanced the production of IgG1 but only immunisation with rOprF+SAS 

or OprF+FP18 enhanced the production of IgG2c.  This might explain the lack of 

protective effect within the rOprF+ FP20Rha group, as IgG2c is related to a Th1 response, 

which has been demonstrated to be protective in other evaluated vaccine candidates 

such as PopB encapsulated in PLGA  (141, 144), among others (141, 144, 269, 375, 390). 

IgG1 can efficiently trigger the complement system (413), which has been demonstrated 

to be essential for P. aeruginosa clearance. So, the enhancement of specific anti-OprF 

IgG1 may explain the decrease in CFU observed in all the groups immunised with the 

adjuvants relative to immunisation with antigen alone (although no significant for 

FP20Rha).  For example, mice deficient in the complement system (C5-deficient mice), 
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showed defective lung clearance of P. aeruginosa due to a reduction in the number of 

phagocytes recruited to the lung (414, 415). Mishra et al., demonstrated that an OprF-

deficient P. aeruginosa mutant had lower C3b deposition than the parental strain. By 

binding less C3b, the OprF-deficient mutant was phagocytosed by neutrophils less 

efficiently than the parental strain. Moreover, the heterologous expression of OprF 

significantly enhanced C3b binding and increased serum-mediated bactericidal effects in 

complement-susceptible Escherichia coli (416). IgG1 is generally associated with Th2 

responses while IgG2 suggests Th1 skewed responses (417). Th1 responses elicited by 

previous vaccine formulation candidates against P. aeruginosa were also shown to be 

beneficial such as PopB encapsulated in PLGA  (141, 144) or PcrV/CpG ODN (377). The 

IgG profile observed in OprF-immunised mice matches the previous analysis of the FP 

compounds during OVA immunisation (401). Recently, OprF was used in an mRNA 

vaccination candidate against P. aeruginosa and elicited IgG1 and IgG2a isotypes 

suggesting a mixed Th1/Th2 response (slightly skewed Th1) that was also protective 

against P. aeruginosa infection (75% survival rate by immunisation with 25 µg of OprF-I) 

(289). Overall, the FP18 compound elicited Th1-skewed humoral responses beneficial for 

P. aeruginosa clearance, while FP20Rha did not stimulate IgG2c antibodies, which might 

be reflected in less bacterial clearance. 

Cellular responses were also evaluated as they are required for an effective 

vaccine against P. aeruginosa, (149). Interestingly, mice immunised with FP20Rha 

showed higher levels of IFNγ, relative to immunisation with OprF alone, although 

OprF+FP18 also showed an enhancement of this cytokine. It is possible that a balance 

between humoral responses and cellular responses must be achieved to observe 

protection against P. aeruginosa, and cellular responses alone are not effective as 

observed with FP20Rha. Recent studies indicate that P. aeruginosa binds to human IFNγ 

through OprF, enhancing its virulence (418). Sera from OprF/I-immunised mice inhibited 

P. aeruginosa binding to IFN-γ, suggesting an alternative mechanism by which the OprF/I 

vaccine confers protection against P. aeruginosa infection (82, 83). IFNγ stimulates 

macrophages and cytotoxic T lymphocytes (CTLs), essential to clear P. aeruginosa 

infection (418).  
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 Therefore, immunisation with FP18 as an adjuvant showed, (i) bacterial 

clearance in the lung, (ii) lower bacterial dissemination to the spleen, (iii) higher IgG1 

and IgG2c anti-rOprF antibodies and (iv) higher production of IFNγ, relative to 

immunisation with antigen alone; making it a highly promising adjuvant to be included 

in vaccine formulations against P. aeruginosa. Most P. aeruginosa vaccine candidates 

that have shown protective effects against P. aeruginosa were those with Th1 responses 

suggested by the production of IFNγ and the generation of both IgGs isotypes (IgG1 and 

IgG2) (141, 144, 269, 375, 390). Overall, the FP18 adjuvant showed similar effects to the 

currently widely used in research adjuvant SAS, and consequently is a promising 

adjuvant candidate for further development in human vaccinations but also for use in 

research. 

The development of novel, improved adjuvants is challenging, but here we 

showed that the rational development of adjuvants combined with already identified 

antigens can lead to effective vaccine formulations.  The previous lack of knowledge into 

the mechanisms of developed adjuvants that were hampering the design of novel 

adjuvants is now being filled by studies like this, which might lead to novel vaccine 

formulations as well as clarifying the mechanisms of protection that could lead to 

effective vaccinations against P. aeruginosa and/or other pathogens.  

Overall, this is the first study showing the effectiveness of the novel adjuvant 

FP18 in an in vivo infection model. Although this study is focused on P. aeruginosa, it may 

also be suitable for other vaccine formulations against other ESKAPE pathogens. The 

incorporation of easily scalable molecules into vaccine formulations will be crucial to 

enable non-marketable vaccine candidates to reach their licensing. The COVID-19 

pandemic highlighted the need to have effective vaccine platforms to have a quick 

response against future pandemics, adjuvants will play a major role in achieving that goal 

and thus, fighting against antimicrobial resistance.      

  



128 
 

 

 

 

 

 

 

 

 

Final Discussion and Future Perspectives 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



129 
 

The discovery of antibiotics was the greatest medical breakthrough of the 20th 

century. The production and characterisation of penicillin, in 1928, resulted in the 

discovery of several different classes of antibiotics that completely changed modern 

medicine.  The pre-antibiotic era was characterised by high morbidity and mortality due 

to minor infections. Life expectancy has risen from around 47 years old before the 

introduction of antibiotics to ~78 years, today in the United States (419-421). However, 

almost 100 years after the discovery of antibiotics, antimicrobial resistance has become 

one of the biggest threats to human health (22).   The World Health Organization (WHO) 

predicted a surge of 1.2 trillion USD in annual health expenditure by 2050, reducing the 

global domestic product (GDP) by 1.1–3.8%, due to antimicrobial-resistant pathogens 

(422). In 2023, a United Nations report estimated that drug-resistant microbes could 

lead to ten million deaths per year by 2050 (423). Hence, alternative strategies have 

become crucial to combat bacterial infections. 

 

The study of host-directed therapies (HDT) to combat antibiotic resistance has 

emerged in recent years. The development of HDT coupled with new antibiotic agents 

is expected to create a more robust treatment strategy than current therapies (424, 

425). HDT can enhance host cellular responses to pathogens, activate innate and 

adaptive protective immune responses, or modulate excessive inflammation, reducing 

morbidity, mortality, and organ damage (424, 425).  The main advantages of HDT over 

conventional therapies are their effectiveness against both, antibiotic-resistant and 

antibiotic-susceptible bacteria; their reduced ability to produce bacterial resistance to 

drugs, and their ability to synergise with or shorten antibiotic treatment by targeting 

different pathways (426).  

 

 This project explored P. aeruginosa interactions with the host for a better 

understanding of P. aeruginosa pathogenesis, and the development of novel therapies 

in three different ways: i) the characterisation of attachment and inflammatory 

responses of human epithelial cells after exposure to CF P. aeruginosa “early” and “late” 

isolates, to determine if there is a common pattern in the host immune responses during 

early and late stages of P. aeruginosa infections that could lead to novel treatment 

strategies; ii) the elucidation of novel host receptors, and their validation by a 
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pharmaceutical approach; and iii) the use of TLR4 ligands to enhance the stimulation of 

immune responses against P. aeruginosa through vaccination.   

The development of therapies against P. aeruginosa requires an understanding 

of the versatility and plasticity within the host. This has been widely studied in CF 

patients, where P. aeruginosa is a dominant pathogen. In this project, it was 

demonstrated that “early” and “late” isolates attached and stimulated proinflammatory 

cytokines in epithelial cells in an isolate-dependent way and independent of their time 

of colonisation. The study confirmed that the divergent evolution, previously observed 

in the virulence factors of the selected sequential CF isolates, was also reflected in the 

host responses. The attachment varied across isolates, and it was not necessarily 

dependent on the infection stage (early vs. late) or the phenotypes previously observed. 

A notable observation is that the late isolate AMT0060-2 displayed slow growth and was 

resistant to gentamicin, with a two-base-pair frameshift in the gene gacA, which likely 

contributes to its ability to establish chronic infections in the antibiotic-treated CF 

airways. The study also showed that some late isolates could still stimulate pro-

inflammatory responses, countering the hypothesis that P. aeruginosa CF-adapted 

variants generally lower inflammation. The attachment patterns of isolates to different 

epithelial cells (16HBE14o- and CFBE41o-) and the production of alginate in the 

AMT0060-2 isolate are discussed as contributors to phenotypic variation, which impacts 

infection progression and treatment response. The reduced motility in some strains did 

not correlate with a diminished inflammatory response, suggesting that virulence 

factors other than motility could still drive immune stimulation. This is consistent with 

the diversity of the within-patient P. aeruginosa population in the CF environment, as 

suggested by several studies (212, 427-430). For example, one hypothesis is that 

bacterial isolation drives divergent evolution of P. aeruginosa in CF infections, as clonally 

related P. aeruginosa from different lung regions differed phenotypically. Phylogenetic 

analyses showed that regional bacteria evolve in isolation, and mixing is limited. This 

might be due to physical separation by factors such as thick mucus, airway obstruction, 

or the large distances between regions (427).  
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The identification of the molecular requirements for acute versus chronic 

infection would be important to tailor therapeutic strategies against P. aeruginosa, for 

example, recently a small RNA, sicX, was identified as a biomarker for the transition from 

chronic-to-acute P. aeruginosa infections (431). The small RNA sicX might be used to 

direct the treatment strategies in patients, predicting when the infection will become 

acute (431).  Another example of how biomarkers of acute versus chronic P. aeruginosa 

infections have been used to direct therapies is the identification of the P. aeruginosa 

protein, TesG, by Zhao et al. as a significantly upregulated gene under chronic infection 

conditions in mice models (432). A series of elegant experiments suggested that TesG 

inhibits cellular functions designed to protect the host, including inflammation and 

phagocytosis, and is involved in the establishment of chronic P. aeruginosa infection 

(432). Hence, TesG protein levels could be used as a predictive biomarker of chronic 

infection. Most importantly, TesG studies might suggest that inflammatory responses 

are essential to avoid the establishment of chronic infection, so the current efforts to 

develop anti-inflammatory treatments for people with CF might affect the treatment of 

P. aeruginosa infection (433). This project also suggests that even when there is no 

specific trend between P. aeruginosa CF early and late isolates, in all the cases at least 

one of the late isolates elicited inflammatory responses, meaning P. aeruginosa might 

evolved divergently keeping the possibility to either evade the immune responses or to 

elicit those pro-inflammatory responses. Understanding what type of response against 

P. aeruginosa prevails in the lung of the CF individuals, will be essential in the 

development of treatments to control either P. aeruginosa infections or CF disease. 

Experiments that lead to deciphering how the evolution of P. aeruginosa 

modulates host responses are essential for the design of therapeutic strategies, as 

explained above. Mouse models, although useful, introduce variables that are difficult 

to study. Hence, -`omics and phenotypic assays, in vitro, allow the association of specific 

genes with certain phenotypes more clearly. In this study, the characterisation of the 

immune responses against sequential CF isolates combined with the previous genomics 

analysis (293), and the virulence factors phenotyping (291), did not associate a specific 

gene or bacterial phenotype with a specific host response. For example, although 

AMT0060-2 showed lower motility, relative to the early isolate AMT0060-3, differences 
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in the stimulation of IL-6 and IL-8 were not observed. Flagellin, associated with motility 

(434), stimulates proinflammatory responses but, alginate, associated with lack of 

motility (435), seem also to stimulate proinflammatory responses; suggesting that pro-

inflammatory cytokines might be stimulated during all the stages of P. aeruginosa 

infection, which, as stated above, might complicate the development of anti-

inflammatory treatments in individuals with CF or other inflammatory disorders. 

Currently, anti-inflammatory treatments are in the Cystic Fibrosis Foundation (CFF) drug 

development pipeline (436). Hence, knowing which P. aeruginosa virulence factors 

modulate the immune response toward an inflammatory state is crucial.   

Recently, our laboratory performed the proteomics analysis of the CF sequential 

isolates evaluated in this study (manuscript in preparation), identifying common 

proteins expressed by all the isolates, such as CifR, an epoxide-responsive repressor of 

the CFTR inhibitory factor (Cif). Future experiments directed towards the assessment of 

P. aeruginosa mutants in those common proteins for all the isolates or common for 

either early or late isolates, and the study of host immune responses with those 

mutants, in vitro, will provide a better understanding of how P. aeruginosa modulates 

host immune responses. That knowledge could be then applied to tailor the therapeutic 

strategies to treat P. aeruginosa infections.  

 Overall, the findings emphasise the need for further research on CF-adapted P. 

aeruginosa isolates, including more extensive studies on the host immune responses to 

better inform drug development and treatment approaches for CF patients dealing with 

chronic P. aeruginosa infections. In the search for new therapies against Pseudomonas 

aeruginosa, the complexity of its adaptation in cystic fibrosis (CF) patients highlights key 

approaches for exploration. The phenotypic diversity observed in sequential isolates 

suggests that treatments must account for the bacteria's various adaptations. 

Immunomodulatory strategies should aim to reduce inflammation without 

compromising infection control. Furthermore, combining antimicrobial treatments with 

therapies that specifically target these adaptive mechanisms may offer a more effective 

approach. Finally, genomic and proteomic studies will be crucial in identifying new 

therapeutic targets to combat chronic P. aeruginosa infections in CF patients. 
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In the early stages of infection, P. aeruginosa attaches to host cell surfaces. The 

adherent state is advantageous for bacterial survival (317). Hence, P. aeruginosa 

attachment through host receptors is a crucial step for the colonisation of the host. 

Consequently, a better understanding of this step might lead to novel therapeutic 

strategies. Thus, finding novel host receptors is crucial for both, the understanding of 

immune responses against the pathogen and the development of novel therapies 

against P. aeruginosa.  

The importance of elucidating host receptors is exemplified by the radical change in 

immunology after the discovery of TLRs, recognised with the awarding of the 2011 Nobel 

Prize in Physiology or Medicine to Jules Hoffmann and Bruce Beutler. The discovery of 

Toll-like receptors changed how innate immunity was seen and led to several treatments 

such as interfering with TLR responses to treat pathogen infections and the development 

of TLR ligands as vaccine adjuvants (393, 437). There are not a lot of specific human 

receptors for P. aeruginosa currently identified, although proteins such as annexin A2 

(AnxA2) protein, autophagy-related protein 7 (ATG7), NLRC4, and non-coding RNAs 

(lncRNA and microRNA) (319-321) have been already suggested as important in the 

interaction of P. aeruginosa with human epithelial cells. Hence, due to the importance 

of the elucidation of host receptors and the lack of methods for their study, we 

developed a proteomic approach for the identification of human receptors for P. 

aeruginosa (438). 

The 2D blot approach developed in this study demonstrated the possibility of 

discovering novel host receptors without previous knowledge about the identity of any 

of the two molecules (bacteria or human proteins) involved in the interaction. 

Consequently, it could be used for the study of any host-pathogen interaction. 

Furthermore, as it is based on the fact that proteins can be transferred to a PVDF 

membrane, it is not limited to protein interactions, but it has the potential to be adapted 

for carbohydrates or any other molecule that could be transferred to a PVDF membrane. 

Thus, the method will be useful to speed up the discovery of novel host receptors for 

more pathogens and human cell lines. However, further optimisation of the method 

should be directed to the use of native gels for the separation of the host proteins, as 
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having the native structure of receptors might enhance the opportunity to discover 

biologically relevant proteins. Also, the use of different P. aeruginosa strains and human 

cell lines might help to select receptors used by different bacterial strains and in different 

sites of infections in an early stage of the research. Nevertheless, the 2D approach 

allowed the identification of human PDIA1 and PDIA3 proteins, and several other 

proteins, as receptors involved in P. aeruginosa attachment, and their interaction with 

P. aeruginosa was validated by three main approaches: (a) the use of inhibitors (b)

overexpression of human PDIs, and (c) CRISPR deletion of PDIA3. 

The importance of the discovery of PDIA1 and PDIA3 as receptors for P. aeruginosa 

has two potential impacts: (i) As PDIA3 is part of the MHC-II complex, P. aeruginosa 

targeting proteins in the MHC-II might indicate a mechanism of immune evasion that 

would be worth it to explore in the future; and (ii) as there are inhibitors of human PDIs 

already available for the treatment of other diseases, HDT therapies with PDIs inhibitors 

might be relatively easy to develop. 

The recent advance in PDI research is the identification of novel small-molecule 

inhibitors. PDI inhibitors have been identified as neuroprotective and anti-cancer 

agents, such as SK053, PACMA 31, and CCF642 for treating acute myeloid leukaemia, 

ovarian cancer, and multiple myeloma, respectively (439-441). Other studies also 

identified novel PDI inhibitors targeting mainly PDIA1, PDIA3 and PDIA4 with different 

specificity (442) ( juniferdin(443) origamicin (444), 16F16 (445), securinine (446)) to treat 

HIV-1 infection, neurodegenerative diseases, or glioblastoma. The flavonoid antioxidant 

quercetin-3-rutinoside, ML359 and bepristats are also potent PDI inhibitors (447, 448). 

The specificity, cell-permeability, and in vivo efficacy of these drugs should be further 

investigated, but it would be of interest to test whether they can reduce P. aeruginosa 

colonisation in murine models. 

Influenza (IAV) neuraminidase (NA) is a glycoprotein required for the viral exit 

from the cell. Chamberlain et al. demonstrated that PDIA3 is required for the proper 

activity of IAV-NA. The inhibition of PDIA3 in murine models using the drug LOC14 

attenuated the influenza-induced inflammatory response in mice including the overall 

viral burden (347). The results with LOC14 led the authors to several patents, including 
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treatments with LOC14 and other PDIA3 inhibitors for Influenza, SARS-CoV-2 virus, and 

cardiovascular diseases, among others (449, 450). We are currently collaborating with 

Anathy´s research group to test whether the pre-treatment of mice with the drug LOC14 

can decrease P. aeruginosa lung colonisation in vivo, opening the possibility of novel 

treatments for P. aeruginosa infections. 

The milestone of this project was to develop a new method for elucidating host 

receptors and to validate it in vitro, reaching also the in vivo testing of potential drugs 

targeting the identified proteins. Hence, demonstrating that our methodology has the 

potential to not just elucidate novel host receptors but to help in the design of novel 

treatments against different infections. To further increase and explore the potential of 

PDIs as receptors involved in P. aeruginosa attachment, pull-down assays were 

performed and are being analysed by MS/MS to find the possible bacterial adhesins 

involved in the interaction between P. aeruginosa and human PDIs. For example, the 

validation of those proteins in two-hybrid assays in yeast might lead to the discovery of 

a full new mechanism of P. aeruginosa interaction with the human cells, and novel 

bacterial proteins as targets for drugs against P. aeruginosa. 

Targeting bacterial adhesion will undoubtedly reduce the selective pressure on 

antimicrobial resistance (451). PDI inhibitors will not represent such a strong selective 

force as antibiotics. However, this strategy can lead to the selection of isolates capable 

of bypassing the adhesion requirement and persisting. The anti-adhesion therapies may 

become less effective, and their limitations must be considered when developing 

therapeutic strategies (452). Overall, attractive approaches that interfere with the ability 

of bacteria to adhere to host tissues are considered good therapeutic options. Bacteria 

resistant to anti-adhesion agents are expected to emerge, but since the agents do not 

act by killing or stopping the growth of the pathogen, it is reasonable to assume that the 

spread of the resistance will occur significantly less frequently than that of antibiotic-

resistant bacteria (322). For example, targeting virulence instead of direct toxicity to the 

pathogen has led to promising anti-virulence strategies, as an adjunctive therapy to 

traditional antimicrobials (453). 



136 

The study highlights the importance of discovering novel host receptors, such as 

PDIA1 and PDIA3, for P. aeruginosa, which could lead to new therapeutic strategies 

targeting bacterial adhesion. The identification of PDIs as receptors opens the potential 

for Host-Directed Therapies (HDTs) using existing PDI inhibitors, which have already 

shown promise in treating various diseases. The development of therapies, like creams, 

containing inhibitors of those human PDIA1 and PDIA3 could be explored for burn wound 

infections caused by P. aeruginosa, to prevent bacterial colonisation and reduce the need 

for antibiotics. Testing these treatments in mouse models and human clinical trials could 

offer effective alternatives for managing complex infections and mitigating antimicrobial 

resistance. 

The therapies targeting pathogen adhesion appear to be promising, however, 

infection is sometimes unavoidable. Therefore, other therapies such as vaccination, 

might be the only way to a radical stop of antimicrobial resistance, as observed with the 

eradication of smallpox, the almost complete elimination of poliomyelitis, and the 

decrease of more than 95% in the incidence of diseases such as diphtheria, tetanus, 

pertussis, measles, mumps and rubella (412). Despite substantial efforts, over 50 years, 

no licensed vaccines against P. aeruginosa are available. Even the most promising OprF–

OprI fusion protein showed disappointing clinical efficacy results (270). Some target 

populations may not mount a strong immune response as some individuals are likely to 

be immunocompromised. Thus, vaccine research should assess adjuvants that can 

improve specific immune responses (412). Adjuvants contribute in different ways to 

enhance the effect of the vaccine:  (a) it may increase the number of human receptors 

stimulated by the antigen, increasing the immune response to the given vaccine by 

enhancing the antibody responses; (b) to increase seroconversion rates in individuals 

with diminished responsiveness due to age, disease or therapeutic interventions, the 

MF59 adjuvant in the influenza vaccine increased response in elderly individuals (23, 24); 

and (c) to reduce the antigen dose and number of boosters of vaccine antigens required 

(25-27), since by better targeting the antigen, lower doses of vaccine are needed to 

obtain the desired effect. Due to the importance of adjuvants, and the promising results 

of the IC43 vaccine against P. aeruginosa, novel TLR4 ligands were evaluated to see if 

they could enhance the effect of the well-studied P. aeruginosa antigen, OprF. 
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 The compound FP18 showed promising results as an adjuvant, showing reduced 

bacterial lung colonisation and bacterial dissemination to the spleen, enhanced IgG1 and 

IgG2 antibody titres and increased production of IFNγ, all relative to immunisation with 

antigen alone.  Thus, FP18 is a novel good candidate as an adjuvant for vaccine 

candidates against P. aeruginosa. This project represents the first preclinical study of 

FP18 in an infection scenario. It was previously characterised using OVA antigen, but this 

is the first report of its ability to enhance antigen protectiveness and reduce bacterial 

burden in lungs and spleens after a bacterial challenge. The results of this study are 

consistent with what was previously reported for FP18: no toxic effects were observed 

and FP18 enhanced OVA-specific IgG titres (401). 

The ideal vaccine adjuvant should induce the desired adaptive immune response 

while avoiding excessive innate immune response; it should be minimally toxic; low-cost 

and stable for long-term storage. The compound FP18 was optimised for a simpler 

chemical synthesis than the FDA-approved adjuvant MPLA, so taken together, FP18 

achieved all the characteristics of an ideal adjuvant. This represents an advancement in 

vaccinology, not just for vaccines against P. aeruginosa but for any other vaccine (454) 

FP18 and FP20 compounds have been recently licensed to CRODA Pharma, and 

they will be soon available in their catalogue of adjuvants. This will facilitate the use of 

FP18 by other researchers to demonstrate its non-toxic effects in animal models, helping 

the compound to reach the human trials stage. The promising results observed with 

FP18 in combination with OprF might encourage other researchers to also use FP18 in 

mice trials, thus the importance of the study is not just the demonstration of a novel 

vaccine candidate against P. aeruginosa (OprF+FP18) but highlights the importance of 

adjuvant research as a way to make available several antigens that are promising but 

might need the incorporation of other molecules in the vaccine formulation to reach 

human trials (454). 

The further development of prophylactic vaccines against P. aeruginosa and 

multivalent vaccinations should be considered. The use of a single antigen in this study 

was mainly to facilitate the analysis of the adjuvant mechanisms without adding several 
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variables. But, as previously discussed and considering the lessons from Chapter 2, the 

multiple virulence mechanisms expected by P. aeruginosa will require the development 

of multivalent vaccines. The combination of OprF+FP18 with other good antigen 

candidates, in the future, might lead to an even better vaccine candidate against P. 

aeruginosa infections.  Finally, although this study evaluated the adjuvants in a 

prophylactic model of acute P. aeruginosa pneumonia, a pilot study of a chronic 

infection model in mice was also attempted to allow investigation of antigen-adjuvant 

systems as therapeutic vaccines for chronic P. aeruginosa infection (Appendix C). As P. 

aeruginosa is an important pathogen in chronic infections, vaccine development should 

also be directed towards designing therapeutic vaccinations and/or testing in other mice 

models such as those that mimic CF. Adjuvants such as the FP18 compound will be highly 

important in this context, as a modulation of the immune system's machinery towards 

a response that successfully clears P. aeruginosa infection will be required. 

Overall, the thesis explored several aspects of the interactions between P. 

aeruginosa and the human host. The divergent evolution of P. aeruginosa strains, 

reflected in the stimulation of the human cell responses, was confirmed. The project led 

to three major achievements: a) A novel unbiased method for the elucidation of host 

receptors; b) the discovery of the role of human PDIA1 and PDIA3 in P. aeruginosa 

attachment; and c) the demonstration of OprF+FP18 as a promising antigen-adjuvant 

system for P. aeruginosa vaccinations. The further development of this project may lead 

to: 

a) A deeper insight into the drivers of the inflammatory response during P.

aeruginosa infection 

b) Novel drugs targeting PDIA1 and PDIA3 that might decrease P. aeruginosa

colonisation. For example, Maraviroc (Selzentry/Celsentri; Pfizer), which inhibits the 

human C-C chemokine receptor type 5 (CCR5) and is essential for the entry of HIV-1 virus 

into the human cells was approved as a first-in-class CCR5 inhibitor in 2007 (455-457), 

demonstrating the efficacy of host-directed therapies. 



139 
 

c) Pull-down assays to determine which adhesins are involved in the interaction 

of P. aeruginosa with PDIA1 and PDIA3 may lead to further therapeutic targets and a 

better understanding of the identified interaction. 

(d) the evaluation of more antigens alongside FP18 that demonstrate its 

effectiveness and non-toxicity in mice trials may quickly prompt FP18 to reach human 

trials.  

The emerging therapies from this project could focus on host-directed therapies 

that enhance immune responses against Pseudomonas aeruginosa infections, 

potentially in combination with antibiotics. Anti-adhesion strategies, such as targeting 

PDIA1 and PDIA3 receptors with specific inhibitors, could block bacterial attachment, 

preventing the bacterium from establishing infections; or therapies that disrupt the 

bacterial adhesins and prevent biofilm formation. Additionally, therapies aimed at Toll-

like receptor (TLR) ligands could serve as adjuvants to improve vaccine efficacy, while 

targeting inflammatory pathways could help control excessive inflammation, particularly 

in conditions like cystic fibrosis. These combined approaches, offer a promising future 

for treating P. aeruginosa infections, especially those caused by antibiotic-resistant 

strains. 

 In summary, while developing canonical antimicrobials targeting P. aeruginosa 

remains imperative, pursuing additional approaches is critical (424, 425). Overall, this 

project highlighted the importance of understanding infection as a complex interplay 

between host and pathogen that evolves differently in each patient. To combat 

formidable pathogens effectively, there is an imminent call for a more rational drug 

design, one that comprehensively addresses the inherent complexity of P. aeruginosa 

infections.  

 

 

 



140 
 

References 
 
1. Gomila M, Peña A, Mulet M, Lalucat J, García-Valdés E. Phylogenomics and systematics 

in Pseudomonas. Frontiers in microbiology.2015. p. 214. 
2. Loyola-Cruz MÁ, Gonzalez-Avila LU, Martínez-Trejo A, Saldaña-Padilla A, Hernández-

Cortez C, Bello-López JM, Castro-Escarpulli G. ESKAPE and Beyond: The Burden of 
Coinfections in the COVID-19 Pandemic. Pathogens. 2023 May 22;12(5):743. doi: 
10.3390/pathogens12050743. PMID: 37242413; PMCID: PMC10222376. 

3. LaBauve AE, Wargo MJ. Growth and laboratory maintenance of Pseudomonas 
aeruginosa. Curr Protoc Microbiol. 2012;Chapter 6:Unit 6E.1. 

4. de Sousa T, Hébraud M, Dapkevicius MLNE, Maltez L, Pereira JE, Capita R, Alonso-Calleja 
C, Igrejas G, Poeta P. Genomic and Metabolic Characteristics of the Pathogenicity 
in Pseudomonas aeruginosa. Int J Mol Sci. 2021 Nov 29;22(23):12892. doi: 
10.3390/ijms222312892. PMID: 34884697; PMCID: PMC8657582. 

5. Kerr KG, Snelling AM. Pseudomonas aeruginosa: a formidable and ever-present 
adversary. J Hosp Infect. 2009;73(4):338-44. 

6. Neuhauser MM, Weinstein RA, Rydman R, Danziger LH, Karam G, Quinn JP. Antibiotic 
resistance among gram-negative bacilli in US intensive care units: implications for 
fluoroquinolone use. JAMA. 2003;289(7):885-8. 

7. Sadikot RT, Blackwell TS, Christman JW, Prince AS. Pathogen-host interactions in 
Pseudomonas aeruginosa pneumonia. Am J Respir Crit Care Med. 2005;171(11):1209-
23. 

8.  Montero MM, López Montesinos I, Knobel H, Molas E, Sorlí L, Siverio-Parés A, Prim N, 
Segura C, Duran-Jordà X, Grau S, Horcajada JP. Risk Factors for Mortality among Patients 
with Pseudomonas aeruginosa Bloodstream Infections: What Is the Influence of XDR 
Phenotype on Outcomes? J Clin Med. 2020 Feb 14;9(2):514. doi: 10.3390/jcm9020514. 
PMID: 32074947; PMCID: PMC7074151. 

9. Lin TI, Huang YF, Liu PY, Chou CA, Chen YS, Chen YY, Hsieh KS, Chen YS. Pseudomonas 
aeruginosa infective endocarditis in patients who do not use intravenous drugs: Analysis 
of risk factors and treatment outcomes. J Microbiol Immunol Infect. 2016 Aug;49(4):516-
22. doi: 10.1016/j.jmii.2014.08.019. Epub 2014 Nov 1. PMID: 25442867. 

10. Wood SJ, Kuzel TM, Shafikhani SH. Pseudomonas aeruginosa: Infections, Animal 
Modeling, and Therapeutics. Cells. 2023;12(1). 

11. Weiner LM, Webb AK, Limbago B, Dudeck MA, Patel J, Kallen AJ, Edwards JR, Sievert DM. 
Antimicrobial-Resistant Pathogens Associated With Healthcare-Associated Infections: 
Summary of Data Reported to the National Healthcare Safety Network at the Centers for 
Disease Control and Prevention, 2011-2014. Infect Control Hosp Epidemiol. 2016 
Nov;37(11):1288-1301. doi: 10.1017/ice.2016.174. Epub 2016 Aug 30. PMID: 27573805; 
PMCID: PMC6857725.  

12. Magill SS, Edwards JR, Bamberg W, Beldavs ZG, Dumyati G, Kainer MA, Lynfield R, 
Maloney M, McAllister-Hollod L, Nadle J, Ray SM, Thompson DL, Wilson LE, Fridkin SK; 
Emerging Infections Program Healthcare-Associated Infections and Antimicrobial Use 
Prevalence Survey Team. Multistate point-prevalence survey of health care-associated 
infections. N Engl J Med. 2014 Mar 27;370(13):1198-208. doi: 10.1056/NEJMoa1306801. 



141 
 

Erratum in: N Engl J Med. 2022 Jun 16;386(24):2348. PMID: 24670166; PMCID: 
PMC4648343. 

13. Vincent JL, Sakr Y, Singer M, Martin-Loeches I, Machado FR, Marshall JC, Finfer S, Pelosi 
P, Brazzi L, Aditianingsih D, Timsit JF, Du B, Wittebole X, Máca J, Kannan S, Gorordo-Delsol 
LA, De Waele JJ, Mehta Y, Bonten MJM, Khanna AK, Kollef M, Human M, Angus DC; EPIC 
III Investigators. Prevalence and Outcomes of Infection Among Patients in Intensive Care 
Units in 2017. JAMA. 2020 Apr 21;323(15):1478-1487. doi: 10.1001/jama.2020.2717. 
PMID: 32207816; PMCID: PMC7093816. 

14. He S, Chen B, Li W, Yan J, Chen L, Wang X, Xiao Y. Ventilator-associated pneumonia after 
cardiac surgery: a meta-analysis and systematic review. J Thorac Cardiovasc Surg. 2014 
Dec;148(6):3148-55.e1-5. doi: 10.1016/j.jtcvs.2014.07.107. Epub 2014 Aug 14. PMID: 
25240522. 

15. Newman JW, Floyd RV, Fothergill JL. The contribution of Pseudomonas aeruginosa 
virulence factors and host factors in the establishment of urinary tract infections. FEMS 
Microbiol Lett. 2017;364(15). 

16. Thaden JT, Park LP, Maskarinec SA, Ruffin F, Fowler VG, van Duin D. Results from a 13-
Year Prospective Cohort Study Show Increased Mortality Associated with Bloodstream 
Infections Caused by Pseudomonas aeruginosa Compared to Other Bacteria. Antimicrob 
Agents Chemother. 2017;61(6). 

17. Dalager-Pedersen M, Søgaard M, Carl Schønheyder H, Nielsen H, Thomsen RW. Response 
to letter regarding article, "Risk for myocardial infarction and stroke after community-
acquired bacteremia: a 20-year population-based cohort study". Circulation. 
2015;131(1):e9. 

18. Diekema DJ, Hsueh PR, Mendes RE, Pfaller MA, Rolston KV, Sader HS, Jones RN. The 
Microbiology of Bloodstream Infection: 20-Year Trends from the SENTRY Antimicrobial 
Surveillance Program. Antimicrob Agents Chemother. 2019 Jun 24;63(7):e00355-19. doi: 
10.1128/AAC.00355-19. PMID: 31010862; PMCID: PMC6591610. 

19. Feng W, Sun F, Wang Q, Xiong W, Qiu X, Dai X, Xia P. Epidemiology and resistance 
characteristics of Pseudomonas aeruginosa isolates from the respiratory department of 
a hospital in China. J Glob Antimicrob Resist. 2017 Mar;8:142-147. doi: 
10.1016/j.jgar.2016.11.012. Epub 2017 Feb 12. PMID: 28216097. 

20. Qin S, Xiao W, Zhou C, Pu Q, Deng X, Lan L, Liang H, Song X, Wu M. Pseudomonas 
aeruginosa: pathogenesis, virulence factors, antibiotic resistance, interaction with host, 
technology advances and emerging therapeutics. Signal Transduct Target Ther. 2022 Jun 
25;7(1):199. doi: 10.1038/s41392-022-01056-1. PMID: 35752612; PMCID: PMC9233671. 

21. Collaborators GAR. Global mortality associated with 33 bacterial pathogens in 2019: a 
systematic analysis for the Global Burden of Disease Study 2019. Lancet. 
2022;400(10369):2221-48. 

22. Collaborators AR. Global burden of bacterial antimicrobial resistance in 2019: a 
systematic analysis. Lancet. 2022;399(10325):629-55. 

23. Vidaillac C, Chotirmall SH. Pseudomonas aeruginosa  in bronchiectasis: infection, 
inflammation, and therapies. Expert Rev Respir Med. 2021;15(5):649-62. 

24. Finch S, McDonnell MJ, Abo-Leyah H, Aliberti S, Chalmers JD. A Comprehensive Analysis 
of the Impact of Pseudomonas aeruginosa Colonization on Prognosis in Adult 
Bronchiectasis. Ann Am Thorac Soc. 2015;12(11):1602-11. 

25. Pasteur MC, Bilton D, Hill AT, Group BTSBn-CG. British Thoracic Society guideline for non-
CF bronchiectasis. Thorax. 2010;65 Suppl 1:i1-58. 



142 
 

26. Branski LK, Al-Mousawi A, Rivero H, Jeschke MG, Sanford AP, Herndon DN. Emerging 
infections in burns. Surg Infect (Larchmt). 2009;10(5):389-97. 

27. Maslova E, Eisaiankhongi L, Sjöberg F, McCarthy RR. Burns and biofilms: priority 
pathogens and in vivo models. NPJ Biofilms Microbiomes. 2021;7(1):73. 

28. Tredget EE, Shankowsky HA, Rennie R, Burrell RE, Logsetty S. Pseudomonas infections in 
the thermally injured patient. Burns. 2004;30(1):3-26. 

29. Decraene V, Ghebrehewet S, Dardamissis E, Huyton R, Mortimer K, Wilkinson D, 
Shokrollahi K, Singleton S, Patel B, Turton J, Hoffman P, Puleston R. An outbreak of 
multidrug-resistant Pseudomonas aeruginosa in a burns service in the North of England: 
challenges of infection prevention and control in a complex setting. J Hosp Infect. 2018 
Dec;100(4):e239-e245. doi: 10.1016/j.jhin.2018.07.012. Epub 2018 Sep 11. PMID: 
30012376. 

30. Williams FN, Herndon DN, Hawkins HK, Lee JO, Cox RA, Kulp GA, Finnerty CC, Chinkes DL, 
Jeschke MG. The leading causes of death after burn injury in a single pediatric burn 
center. Crit Care. 2009;13(6):R183. doi: 10.1186/cc8170. Epub 2009 Nov 17. PMID: 
19919684; PMCID: PMC2811947. 

31. Berical A, Lee RE, Randell SH, Hawkins F. Challenges Facing Airway Epithelial Cell-Based 
Therapy for Cystic Fibrosis. Front Pharmacol. 2019;10:74. 

32. Rossi E, La Rosa R, Bartell JA, Marvig RL, Haagensen JAJ, Sommer LM, Molin S, Johansen 
HK. Pseudomonas aeruginosa adaptation and evolution in patients with cystic fibrosis. 
Nat Rev Microbiol. 2021 May;19(5):331-342. doi: 10.1038/s41579-020-00477-5. Epub 
2020 Nov 19. PMID: 33214718. 

33. Schick A, Kassen R. Rapid diversification of Pseudomonas aeruginosa in cystic fibrosis 
lung-like conditions. Proc Natl Acad Sci U S A. 2018;115(42):10714-9. 

34. Cystic Fibrosis Foundation. Cystic Fibrosis Foundation Patient Registry 2022 Annual Data 
Report. Bathesda, Maryland. 2023. 

35. Williams HD, Behrends V, Bundy JG, Ryall B, Zlosnik JE. Hypertonic Saline Therapy in 
Cystic Fibrosis: Do Population Shifts Caused by the Osmotic Sensitivity of Infecting 
Bacteria Explain the Effectiveness of this Treatment? Front Microbiol. 2010;1:120. 

36. Gellatly SL, Hancock RE. Pseudomonas aeruginosa: new insights into pathogenesis and 
host defenses. Pathog Dis. 2013;67(3):159-73. 

37. Venkatakrishnan V, Thaysen-Andersen M, Chen SC, Nevalainen H, Packer NH. Cystic 
fibrosis and bacterial colonization define the sputum N-glycosylation phenotype. 
Glycobiology. 2015;25(1):88-100. 

38. Møller SA, Jensen PØ, Høiby N, Ciofu O, Kragh KN, Bjarnsholt T, Kolpen M. Hyperbaric 
oxygen treatment increases killing of aggregating Pseudomonas aeruginosa isolates from 
cystic fibrosis patients. J Cyst Fibros. 2019 Sep;18(5):657-664. doi: 
10.1016/j.jcf.2019.01.005. Epub 2019 Jan 31. PMID: 30711384.  

39. Quinn RA, Adem S, Mills RH, Comstock W, DeRight Goldasich L, Humphrey G, Aksenov 
AA, Melnik AV, da Silva R, Ackermann G, Bandeira N, Gonzalez DJ, Conrad D, O'Donoghue 
AJ, Knight R, Dorrestein PC. Neutrophilic proteolysis in the cystic fibrosis lung correlates 
with a pathogenic microbiome. Microbiome. 2019 Feb 13;7(1):23. doi: 10.1186/s40168-
019-0636-3. PMID: 30760325; PMCID: PMC6375204. 

40. Guillot L, Beucher J, Tabary O, Le Rouzic P, Clement A, Corvol H. Lung disease modifier 
genes in cystic fibrosis. Int J Biochem Cell Biol. 2014;52:83-93. 

41. Di Paola M, Park AJ, Ahmadi S, Roach EJ, Wu YS, Struder-Kypke M, Lam JS, Bear CE, 
Khursigara CM. SLC6A14 Is a Genetic Modifier of Cystic Fibrosis That 



143 
 

Regulates Pseudomonas aeruginosa Attachment to Human Bronchial Epithelial Cells. 
mBio. 2017 Dec 19;8(6):e02073-17. doi: 10.1128/mBio.02073-17. PMID: 29259090; 
PMCID: PMC5736915. 

42. Zeitlin PL. Cystic fibrosis and estrogens: a perfect storm. J Clin Invest. 2008;118(12):3841-
4. 

43. Sweezey NB, Ratjen F. The cystic fibrosis gender gap: potential roles of estrogen. Pediatr 
Pulmonol. 2014;49(4):309-17. 

44. Saint-Criq V, Harvey BJ. Estrogen and the cystic fibrosis gender gap. Steroids. 2014;81:4-
8. 

45. Chotirmall SH, Smith SG, Gunaratnam C, Cosgrove S, Dimitrov BD, O'Neill SJ, Harvey BJ, 
Greene CM, McElvaney NG. Effect of estrogen on pseudomonas mucoidy and 
exacerbations in cystic fibrosis. N Engl J Med. 2012 May 24;366(21):1978-86. doi: 
10.1056/NEJMoa1106126. Epub 2012 May 20. PMID: 22607135. 

46. Tyrrell J, Harvey BJ. Sexual dimorphism in the microbiology of the CF 'Gender Gap': 
Estrogen modulation of Pseudomonas aeruginosa virulence. Steroids. 2020;156:108575. 

47. Killough M, Rodgers AM, Ingram RJ. Pseudomonas aeruginosa: Recent Advances in 
Vaccine Development. Vaccines (Basel). 2022;10(7). 

48. Bianconi I, Jeukens J, Freschi L, Alcalá-Franco B, Facchini M, Boyle B, Molinaro A, 
Kukavica-Ibrulj I, Tümmler B, Levesque RC, Bragonzi A. Comparative genomics and 
biological characterization of sequential Pseudomonas aeruginosa isolates from 
persistent airways infection. BMC Genomics. 2015 Dec 29;16:1105. doi: 
10.1186/s12864-015-2276-8. PMID: 26714629; PMCID: PMC4696338.  

49. Tümmler B. Emerging therapies against infections with Pseudomonas aeruginosa. F1000. 
Research. 2019;8. 

50. Huang W, Hamouche JE, Wang G, Smith M, Yin C, Dhand A, Dimitrova N, Fallon JT. 
Integrated Genome-Wide Analysis of an Isogenic Pair of Pseudomonas aeruginosa 
Clinical Isolates with Differential Antimicrobial Resistance to Ceftolozane/Tazobactam, 
Ceftazidime/Avibactam, and Piperacillin/Tazobactam. Int J Mol Sci. 2020 Feb 
4;21(3):1026. doi: 10.3390/ijms21031026. PMID: 32033143; PMCID: PMC7037351. 

51. Solomon SL, Oliver KB. Antibiotic resistance threats in the United States: stepping back 
from the brink. Am Fam Physician. 2014 Jun 15;89(12):938-41. PMID: 25162160. 

52. Horcajada JP, Montero M, Oliver A, Sorlí L, Luque S, Gómez-Zorrilla S, Benito N, Grau S. 
Epidemiology and Treatment of Multidrug-Resistant and Extensively Drug-Resistant 
Pseudomonas aeruginosa Infections. Clin Microbiol Rev. 2019 Aug 28;32(4):e00031-19. 
doi: 10.1128/CMR.00031-19. PMID: 31462403; PMCID: PMC6730496. 

53. Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL, Pulcini C, 
Kahlmeter G, Kluytmans J, Carmeli Y, Ouellette M, Outterson K, Patel J, Cavaleri M, Cox 
EM, Houchens CR, Grayson ML, Hansen P, Singh N, Theuretzbacher U, Magrini N; WHO 
Pathogens Priority List Working Group. Discovery, research, and development of new 
antibiotics: the WHO priority list of antibiotic-resistant bacteria and tuberculosis. Lancet 
Infect Dis. 2018 Mar;18(3):318-327. doi: 10.1016/S1473-3099(17)30753-3. Epub 2017 
Dec 21. PMID: 29276051. 

54. Daikos GL, da Cunha CA, Rossolini GM, Stone GG, Baillon-Plot N, Tawadrous M, et al. 
Review of Ceftazidime-Avibactam for the Treatment of Infections Caused by. Antibiotics 
(Basel). 2021;10(9). 

55. Haque M, Sartelli M, McKimm J, Abu Bakar M. Health care-associated infections - an 
overview. Infect Drug Resist. 2018;11:2321-33. 



144 
 

56. Riquelme SA, Liimatta K, Wong Fok Lung T, Fields B, Ahn D, Chen D, Lozano C, Sáenz Y, 
Uhlemann AC, Kahl BC, Britto CJ, DiMango E, Prince A. Pseudomonas aeruginosa Utilizes 
Host-Derived Itaconate to Redirect Its Metabolism to Promote Biofilm Formation. Cell 
Metab. 2020 Jun 2;31(6):1091-1106.e6. doi: 10.1016/j.cmet.2020.04.017. Epub 2020 
May 18. PMID: 32428444; PMCID: PMC7272298. 

57. Maurice NM, Bedi B, Sadikot RT. Pseudomonas aeruginosa Biofilms: Host Response and 
Clinical Implications in Lung Infections. Am J Respir Cell Mol Biol. 2018;58(4):428-39. 

58. Moradali MF, Ghods S, Rehm BH. Lifestyle: A Paradigm for Adaptation, Survival, and 
Persistence. Front Cell Infect Microbiol. 2017;7:39. 

59. Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P, Hickey MJ, Brinkman FS, 
Hufnagle WO, Kowalik DJ, Lagrou M, Garber RL, Goltry L, Tolentino E, Westbrock-
Wadman S, Yuan Y, Brody LL, Coulter SN, Folger KR, Kas A, Larbig K, Lim R, Smith K, 
Spencer D, Wong GK, Wu Z, Paulsen IT, Reizer J, Saier MH, Hancock RE, Lory S, Olson MV. 
Complete genome sequence of Pseudomonas aeruginosa PAO1, an opportunistic 
pathogen. Nature. 2000 Aug 31;406(6799):959-64. doi: 10.1038/35023079. PMID: 
10984043. 

60. Bertani B, Ruiz N. Function and Biogenesis of Lipopolysaccharides. EcoSal Plus. 
2018;8(1). 

61. Blasco P, Patel DS, Engström O, Im W, Widmalm G. Conformational Dynamics of the 
Lipopolysaccharide from Escherichia coli O91 Revealed by Nuclear Magnetic Resonance 
Spectroscopy and Molecular Simulations. Biochemistry. 2017;56(29):3826-39. 

62. Klein G, Raina S. Regulated Assembly of LPS, Its Structural Alterations and Cellular 
Response to LPS Defects. Int J Mol Sci. 2019;20(2). 

63. Sperandeo P, Martorana AM, Polissi A. Lipopolysaccharide biogenesis and transport at 
the outer membrane of Gram-negative bacteria. Biochim Biophys Acta Mol Cell Biol 
Lipids. 2017;1862(11):1451-60. 

64. Lee J, Patel DS, Kucharska I, Tamm LK, Im W. Refinement of OprH-LPS Interactions by 
Molecular Simulations. Biophys J. 2017;112(2):346-55. 

65. Domalaon R, Idowu T, Zhanel GG, Schweizer F. Antibiotic Hybrids: the Next Generation 
of Agents and Adjuvants against Gram-Negative Pathogens? Clin Microbiol Rev. 
2018;31(2). 

66. Ferguson AD, Welte W, Hofmann E, Lindner B, Holst O, Coulton JW, Diederichs K. A 
conserved structural motif for lipopolysaccharide recognition by procaryotic and 
eucaryotic proteins. Structure. 2000 Jun 15;8(6):585-92. doi: 10.1016/s0969-
2126(00)00143-x. PMID: 10873859. 

67. Garate JA, Oostenbrink C. Lipid A from lipopolysaccharide recognition: structure, 
dynamics and cooperativity by molecular dynamics simulations. Proteins. 
2013;81(4):658-74. 

68. Rahnamoun A, Kim K, Pedersen JA, Hernandez R. Ionic Environment Affects Bacterial 
Lipopolysaccharide Packing and Function. Langmuir. 2020;36(12):3149-58. 

69. Basauri A, González-Fernández C, Fallanza M, Bringas E, Fernandez-Lopez R, Giner L, et 
al. Biochemical interactions between LPS and LPS-binding molecules. Crit Rev 
Biotechnol. 2020;40(3):292-305. 

70. González-Fernández C, Basauri A, Fallanza M, Bringas E, Oostenbrink C, Ortiz I. Fighting 
Against Bacterial Lipopolysaccharide-Caused Infections through Molecular Dynamics 
Simulations: A Review. J Chem Inf Model. 2021;61(10):4839-51. 



145 
 

71. Huszczynski SM, Lam JS, Khursigara CM. The role of Pseudomonas aeruginosa 
Lipopolysaccharide in Bacterial Pathogenesis and Physiology. Pathogens. 2019;9(1). 

72. Lam JS, Taylor VL, Islam ST, Hao Y, Kocíncová D. Genetic and Functional Diversity of 
Pseudomonas aeruginosa Lipopolysaccharide. Front Microbiol. 2011;2:118. 

73. Thrane SW, Taylor VL, Lund O, Lam JS, Jelsbak L. Application of Whole-Genome 
Sequencing Data for O-Specific Antigen Analysis and In Silico Serotyping of Pseudomonas 
aeruginosa Isolates. J Clin Microbiol. 2016;54(7):1782-8. 

74. Rivera M, Bryan LE, Hancock RE, McGroarty EJ. Heterogeneity of lipopolysaccharides 
from Pseudomonas aeruginosa: analysis of lipopolysaccharide chain length. J Bacteriol. 
1988;170(2):512-21. 

75. Bystrova OV, Knirel YA, Lindner B, Kocharova NA, Kondakova AN, Zähringer U, Pier GB. 
Structures of the core oligosaccharide and O-units in the R- and SR-type 
lipopolysaccharides of reference strains of Pseudomonas aeruginosa O-serogroups. 
FEMS Immunol Med Microbiol. 2006 Feb;46(1):85-99. doi: 10.1111/j.1574-
695X.2005.00004.x. PMID: 16420601. 

76. Yokota S, Kaya S, Sawada S, Kawamura T, Araki Y, Ito E. Characterization of a 
polysaccharide component of lipopolysaccharide from Pseudomonas aeruginosa IID 
1008 (ATCC 27584) as D-rhamnan. Eur J Biochem. 1987;167(2):203-9. 

77. Park WS, Lee J, Na G, Park S, Seo SK, Choi JS, Jung WK, Choi IW. Benzyl Isothiocyanate 
Attenuates Inflammasome Activation in Pseudomonas aeruginosa LPS-Stimulated THP-1 
Cells and Exerts Regulation through the MAPKs/NF-κB Pathway. Int J Mol Sci. 2022 Jan 
22;23(3):1228. doi: 10.3390/ijms23031228. PMID: 35163151; PMCID: PMC8835927. 

78. Maeshima N, Fernandez RC. Recognition of lipid A variants by the TLR4-MD-2 receptor 
complex. Front Cell Infect Microbiol. 2013 Feb 12;3:3. doi: 10.3389/fcimb.2013.00003. 
PMID: 23408095; PMCID: PMC3569842. 

79. Chevalier S, Bouffartigues E, Bodilis J, Maillot O, Lesouhaitier O, Feuilloley MGJ, et al. 
Structure, function and regulation of Pseudomonas aeruginosa porins. FEMS Microbiol 
Rev. 2017;41(5):698-722. 

80. Nestorovich EM, Sugawara E, Nikaido H, Bezrukov SM. Pseudomonas aeruginosa porin 
OprF: properties of the channel. J Biol Chem. 2006;281(24):16230-7. 

81. Fito-Boncompte L, Chapalain A, Bouffartigues E, Chaker H, Lesouhaitier O, Gicquel G, 
Bazire A, Madi A, Connil N, Véron W, Taupin L, Toussaint B, Cornelis P, Wei Q, Shioya K, 
Déziel E, Feuilloley MG, Orange N, Dufour A, Chevalier S. Full virulence of Pseudomonas 
aeruginosa requires OprF. Infect Immun. 2011 Mar;79(3):1176-86. doi: 
10.1128/IAI.00850-10. Epub 2010 Dec 28. PMID: 21189321; PMCID: PMC3067511. 

82. Wu Q, Lu Z, Verghese MW, Randell SH. Airway epithelial cell tolerance to Pseudomonas 
aeruginosa. Respir Res. 2005;6:26. 

83. Wu L, Estrada O, Zaborina O, Bains M, Shen L, Kohler JE, Patel N, Musch MW, Chang EB, 
Fu YX, Jacobs MA, Nishimura MI, Hancock RE, Turner JR, Alverdy JC. Recognition of host 
immune activation by Pseudomonas aeruginosa. Science. 2005 Jul 29;309(5735):774-7. 
doi: 10.1126/science.1112422. PMID: 16051797. 

84. Wagner VE, Frelinger JG, Barth RK, Iglewski BH. Quorum sensing: dynamic response of 
Pseudomonas aeruginosa to external signals. Trends Microbiol. 2006;14(2):55-8. 

85. Bouteiller M, Dupont C, Bourigault Y, Latour X, Barbey C, Konto-Ghiorghi Y, Merieau 
A. Pseudomonas Flagella: Generalities and Specificities. Int J Mol Sci. 2021 Mar 
24;22(7):3337. doi: 10.3390/ijms22073337. PMID: 33805191; PMCID: PMC8036289. 



146 
 

86. Haiko J, Westerlund-Wikström B. The role of the bacterial flagellum in adhesion and 
virulence. Biology. 2013;2(4):1242-67. 

87. Craig L, Forest KT, Maier B. Type IV pili: dynamics, biophysics and functional 
consequences. Nat Rev Microbiol. 2019;17(7):429-40. 

88. Bucior I, Pielage JF, Engel JN. Pseudomonas aeruginosa pili and flagella mediate distinct 
binding and signaling events at the apical and basolateral surface of airway epithelium. 
PLoS Pathog. 2012;8(4):e1002616. 

89. Bleves S, Soscia C, Nogueira-Orlandi P, Lazdunski A, Filloux A. Quorum sensing negatively 
controls type III secretion regulon expression in Pseudomonas aeruginosa PAO1. J 
Bacteriol. 2005;187(11):3898-902. 

90. Pena RT, Blasco L, Ambroa A, González-Pedrajo B, Fernández-García L, López M, et al. 
Relationship Between Quorum Sensing and Secretion Systems. Front Microbiol. 
2019;10:1100. 

91. Qin S, Xiao W, Zhou C, Pu Q, Deng X, Lan L, Liang H, Song X, Wu M. Pseudomonas 
aeruginosa: pathogenesis, virulence factors, antibiotic resistance, interaction with host, 
technology advances and emerging therapeutics. Signal Transduct Target Ther. 2022 Jun 
25;7(1):199. doi: 10.1038/s41392-022-01056-1. PMID: 35752612; PMCID: PMC9233671. 

92. Armentrout EI, Kundracik EC, Rietsch A. Cell-type-specific hypertranslocation of effectors 
by the Pseudomonas aeruginosa type III secretion system. Mol Microbiol. 2020. 

93. Anantharajah A, Faure E, Buyck JM, Sundin C, Lindmark T, Mecsas J, Yahr TL, Tulkens PM, 
Mingeot-Leclercq MP, Guery B, Van Bambeke F. Inhibition of the Injectisome and 
Flagellar Type III Secretion Systems by INP1855 Impairs Pseudomonas aeruginosa 
Pathogenicity and Inflammasome Activation. J Infect Dis. 2016 Oct 1;214(7):1105-16. 
doi: 10.1093/infdis/jiw295. Epub 2016 Jul 13. PMID: 27412581. 

94. Michalska M, Wolf P. Pseudomonas Exotoxin A: optimized by evolution for effective 
killing. Front Microbiol. 2015;6:963. 

95. Strateva T, Mitov I. Contribution of an arsenal of virulence factors  to pathogenesis of 
Pseudomonas aeruginosa infections. Ann Microbiol. 2011;61:717–32. 

96. Cornelis P, Dingemans J. Pseudomonas aeruginosa adapts its iron uptake strategies in 
function of the type of infections. Front Cell Infect Microbiol. 2013;3:75. 

97. Dauner M, Skerra A. Scavenging Bacterial Siderophores with Engineered Lipocalin 
Proteins as an Alternative Antimicrobial Strategy. Chembiochem. 2020;21(5):601-6. 

98. Ahmed MN, Porse A, Abdelsamad A, Sommer M, Høiby N, Ciofu O. Lack of the Major 
Multifunctional Catalase KatA in Pseudomonas aeruginosa Accelerates Evolution of 
Antibiotic Resistance in Ciprofloxacin-Treated Biofilms. Antimicrob Agents Chemother. 
2019;63(10). 

99. Dar HH, Anthonymuthu TS, Ponomareva LA, Souryavong AB, Shurin GV, Kapralov AO, 
Tyurin VA, Lee JS, Mallampalli RK, Wenzel SE, Bayir H, Kagan VE. A new thiol-independent 
mechanism of epithelial host defense against Pseudomonas aeruginosa: 
iNOS/NO• sabotage of theft-ferroptosis. Redox Biol. 2021 Sep;45:102045. doi: 
10.1016/j.redox.2021.102045. Epub 2021 Jun 16. PMID: 34167028; PMCID: 
PMC8227829. 

100. Lee J, Zhang L. The hierarchy quorum sensing network in Pseudomonas aeruginosa. 
Protein Cell. 2015;6(1):26-41. 

101. Hoffman LR, Kulasekara HD, Emerson J, Houston LS, Burns JL, Ramsey BW, Miller SI. 
Pseudomonas aeruginosa lasR mutants are associated with cystic fibrosis lung disease 



147 
 

progression. J Cyst Fibros. 2009 Jan;8(1):66-70. doi: 10.1016/j.jcf.2008.09.006. Epub 
2008 Oct 29. PMID: 18974024; PMCID: PMC2631641. 

102. Wang J, Wang C, Yu HB, Dela Ahator S, Wu X, Lv S, Zhang LH. Bacterial quorum-sensing 
signal IQS induces host cell apoptosis by targeting POT1-p53 signalling pathway. Cell 
Microbiol. 2019 Oct;21(10):e13076. doi: 10.1111/cmi.13076. Epub 2019 Jul 14. PMID: 
31254473. 

103. Song F, Wang H, Sauer K, Ren D. Cyclic-di-GMP and OprF Are Involved  in the Response 
of Pseudomonas   aeruginosa to Substrate Material   Stiffness during Attachment 
on   Polydimethylsiloxane (PDMS). Front Microbiol. 2018;9:110. 

104. Guénard S, Muller C, Monlezun L, Benas P, Broutin I, Jeannot K, Plésiat P. Multiple 
mutations lead to MexXY-OprM-dependent aminoglycoside resistance in clinical strains 
of Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2014;58(1):221-8. doi: 
10.1128/AAC.01252-13. Epub 2013 Oct 21. Erratum in: Antimicrob Agents Chemother. 
2014 Mar;58(3):1833. PMID: 24145539; PMCID: PMC3910787.  

105. Aldred KJ, Kerns RJ, Osheroff N. Mechanism of quinolone action and resistance. 
Biochemistry. 2014;53(10):1565-74. 

106. Cendra MDM, Torrents E. Pseudomonas aeruginosa biofilms and their partners in crime. 
Biotechnol Adv. 2021;49:107734. 

107. Tolker-Nielsen T. Pseudomonas aeruginosa biofilm infections: from molecular biofilm 
biology to new treatment possibilities. APMIS Suppl. 2014(138):1-51. 

108. Amiel E, Lovewell RR, O'Toole GA, Hogan DA, Berwin B. Pseudomonas aeruginosa 
evasion of phagocytosis is mediated by loss of swimming motility and is independent of 
flagellum expression. Infect Immun. 2010;78(7):2937-45. 

109. Geddes-McAlister J, Kugadas A, Gadjeva M. Tasked with a Challenging Objective: Why 
Do Neutrophils Fail to Battle Pseudomonas aeruginosa biofilms. Pathogens. 
2019;8(4):283. 

110. Giacalone VD, Margaroli C, Mall MA, Tirouvanziam R. Neutrophil Adaptations upon 
Recruitment to the Lung: New Concepts and Implications for Homeostasis and Disease. 
Int J Mol Sci. 2020;21(3):851. 

111. Laucirica DR, Garratt LW, Kicic A. Progress in Model Systems of Cystic Fibrosis Mucosal 
Inflammation to Understand Aberrant Neutrophil Activity. Front Immunol. 2020;11:595. 

112. Lin M, Carlson E, Diaconu E, Pearlman E. CXCL1/KC and CXCL5/LIX are selectively 
produced by corneal fibroblasts and mediate neutrophil infiltration to the corneal 
stroma in LPS keratitis. J Leukoc Biol. 2007;81(3):786-92. 

113. Lin CK, Kazmierczak BI. Inflammation: A Double-Edged Sword in the Response to 
Pseudomonas aeruginosa Infection. J Innate Immun. 2017;9(3):250-61. 

114. Rada B. Interactions between Neutrophils and Pseudomonas aeruginosa in Cystic 
Fibrosis. Pathogens. 2017;6(10). 

115. Carevic M, Öz H, Fuchs K, Laval J, Schroth C, Frey N, Hector A, Bilich T, Haug M, Schmidt 
A, Autenrieth SE, Bucher K, Beer-Hammer S, Gaggar A, Kneilling M, Benarafa C, Gao JL, 
Murphy PM, Schwarz S, Moepps B, Hartl D. CXCR1 Regulates Pulmonary Anti-
Pseudomonas Host Defense. J Innate Immun. 2016;8(4):362-73. doi: 
10.1159/000444125. Epub 2016 Mar 8. PMID: 26950764; PMCID: PMC4885792.  

116. Kragh KN, Alhede M, Jensen PØ, Moser C, Scheike T, Jacobsen CS, Seier Poulsen S, 
Eickhardt-Sørensen SR, Trøstrup H, Christoffersen L, Hougen HP, Rickelt LF, Kühl M, Høiby 
N, Bjarnsholt T. Polymorphonuclear leukocytes restrict growth of Pseudomonas 
aeruginosa in the lungs of cystic fibrosis patients. Infect Immun. 2014 Nov;82(11):4477-



148 
 

86. doi: 10.1128/IAI.01969-14. Epub 2014 Aug 11. PMID: 25114118; PMCID: 
PMC4249348. 

117. Kurahashi K, Sawa T, Ota M, Kajikawa O, Hong K, Martin TR, Wiener-Kronish JP. Depletion 
of phagocytes in the reticuloendothelial system causes increased inflammation and 
mortality in rabbits with Pseudomonas aeruginosa pneumonia. Am J Physiol Lung Cell 
Mol Physiol. 2009 Feb;296(2):L198-209. doi: 10.1152/ajplung.90472.2008. Epub 2008 
Nov 21. PMID: 19028978; PMCID: PMC2643994. 

118. Guan X, Hou Y, Sun F, Yang Z, Li C. Dysregulated Chemokine Signaling in Cystic Fibrosis 
Lung Disease: A Potential Therapeutic Target. Curr Drug Targets. 2016;17(13):1535-44. 

119. Skopelja-Gardner S, Theprungsirikul J, Lewis KA, Hammond JH, Carlson KM, Hazlett HF, 
Nymon A, Nguyen D, Berwin BL, Hogan DA, Rigby WFC. Regulation of Pseudomonas 
aeruginosa-Mediated Neutrophil Extracellular Traps. Front Immunol. 2019 Jul 
18;10:1670. doi: 10.3389/fimmu.2019.01670. PMID: 31379861; PMCID: PMC6657737.  

120. Muntaka S, Almuhanna Y, Jackson D, Singh S, Afryie-Asante A, Cámara M, Martínez-
Pomares L. Gamma Interferon and Interleukin-17A Differentially Influence the Response 
of Human Macrophages and Neutrophils to Pseudomonas aeruginosa Infection. Infect 
Immun. 2019 Jan 24;87(2):e00814-18. doi: 10.1128/IAI.00814-18. PMID: 30455194; 
PMCID: PMC6346128.  

121. Omar T, Ziltener P, Chamberlain E, Cheng Z, Johnston B. Mice Lacking γδ T Cells Exhibit 
Impaired Clearance of Pseudomonas aeruginosa Lung Infection and Excessive 
Production of Inflammatory Cytokines. Infect Immun. 2020;88(6):e00171-20. 

122. Garai P, Berry L, Moussouni M, Bleves S, Blanc-Potard AB. Killing from the inside: 
Intracellular role of T3SS in the fate of Pseudomonas aeruginosa within macrophages 
revealed by mgtC and oprF mutants. PLoS Pathog. 2019;15(6):e1007812. 

123. Mogensen TH. Pathogen recognition and inflammatory signaling in innate immune 
defenses. Clin Microbiol Rev. 2009;22(2):240-73, Table of Contents. 

124. Pollard AJ, Bijker EM. A guide to vaccinology: from basic principles to new developments. 
Nat Rev Immunol. 2021;21(2):83-100. 

125. Ghattas M, Dwivedi G, Lavertu M, Alameh MG. Vaccine Technologies and Platforms for 
Infectious Diseases: Current Progress, Challenges, and Opportunities. Vaccines (Basel). 
2021;9(12). 

126. Russ BE, Prier JE, Rao S, Turner SJ. T cell immunity as a tool for studying epigenetic 
regulation of cellular differentiation. Front Genet. 2013;4:218. 

127. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat 
Rev Immunol. 2011;11(11):723-37. 

128. Maizels RM, Pearce EJ, Artis D, Yazdanbakhsh M, Wynn TA. Regulation of pathogenesis 
and immunity in helminth infections. J Exp Med. 2009;206(10):2059-66. 

129. Ouyang W, Kolls JK, Zheng Y. The biological functions of T helper 17 cell effector cytokines 
in inflammation. Immunity. 2008;28(4):454-67. 

130. Saravia J, Chapman NM, Chi H. Helper T cell differentiation. Cell Mol Immunol. 
2019;16(7):634-43. 

131. Murphy KM, Ouyang W, Farrar JD, Yang J, Ranganath S, Asnagli H, Afkarian M, Murphy 
TL. Signaling and transcription in T helper development. Annu Rev Immunol. 
2000;18:451-94. doi: 10.1146/annurev.immunol.18.1.451. PMID: 10837066. 

132. Lee GR. Molecular Mechanisms of T Helper Cell Differentiation and Functional 
Specialization. Immune Netw. 2023;23(1):e4. 



149 
 

133. O'Shea JJ, Paul WE. Mechanisms underlying lineage commitment and plasticity of helper 
CD4+ T cells. Science. 2010;327(5969):1098-102. 

134. Annunziato F, Romagnani C, Romagnani S. The 3 major types of innate and adaptive cell-
mediated effector immunity. J Allergy Clin Immunol. 2015;135(3):626-35. 

135. Mauch RM, Jensen P, Moser C, Levy CE, Høiby N. Mechanisms of humoral immune 
response against Pseudomonas aeruginosa biofilm infection in cystic fibrosis. J Cyst 
Fibros. 2018;17(2):143-52. 

136. Johansen HK, Hougen HP, Rygaard J, Høiby N. Interferon-gamma (IFN-gamma) treatment 
decreases the inflammatory response in chronic Pseudomonas aeruginosa pneumonia 
in rats. Clin Exp Immunol. 1996;103(2):212-8. 

137. Singh S, Barr H, Liu YC, Robins A, Heeb S, Williams P, Fogarty A, Cámara M, Martínez-
Pomares L. Granulocyte-macrophage colony stimulatory factor enhances the pro-
inflammatory response of interferon-γ-treated macrophages to Pseudomonas 
aeruginosa infection. PLoS One. 2015 Feb 23;10(2):e0117447. doi: 
10.1371/journal.pone.0117447. PMID: 25706389; PMCID: PMC4338139. 

138. Domingue JC, Drewes JL, Merlo CA, Housseau F, Sears CL. Host responses to mucosal 
biofilms in the lung and gut. Mucosal Immunol. 2020;13(3):413-22. 

139. Baker SM, McLachlan JB, Morici LA. Immunological considerations in the development 
of Pseudomonas aeruginosa vaccines. Hum Vaccin Immunother. 2020;16(2):412-8. 

140. Baker SM, Pociask D, Clements JD, McLachlan JB, Morici LA. Intradermal vaccination with 
a Pseudomonas aeruginosa vaccine adjuvanted with a mutant bacterial ADP-ribosylating 
enterotoxin protects against acute pneumonia. Vaccine. 2019;37(6):808-16. 

141. Schaefers MM, Duan B, Mizrahi B, Lu R, Reznor G, Kohane DS, Priebe GP. PLGA-
encapsulation of the Pseudomonas aeruginosa PopB vaccine antigen improves Th17 
responses and confers protection against experimental acute pneumonia. Vaccine. 2018 
Nov 12;36(46):6926-6932. doi: 10.1016/j.vaccine.2018.10.010. Epub 2018 Oct 9. PMID: 
30314911; PMCID: PMC6279603. 

142. Bedoya SK, Lam B, Lau K, Larkin J. Th17 cells in immunity and autoimmunity. Clin Dev 
Immunol. 2013;2013:986789. 

143. Bayes HK, Ritchie ND, Evans TJ. Interleukin-17 Is Required for Control of Chronic Lung 
Infection Caused by Pseudomonas aeruginosa. Infect Immun. 2016;84(12):3507-16. 

144. Wu W, Huang J, Duan B, Traficante DC, Hong H, Risech M, Lory S, Priebe GP. Th17-
stimulating protein vaccines confer protection against Pseudomonas aeruginosa 
pneumonia. Am J Respir Crit Care Med. 2012 Sep 1;186(5):420-7. doi: 
10.1164/rccm.201202-0182OC. Epub 2012 Jun 21. PMID: 22723292; PMCID: 
PMC3443805. 

145. Neill DR, Saint GL, Bricio-Moreno L, Fothergill JL, Southern KW, Winstanley C, Christmas 
SE, Slupsky JR, McNamara PS, Kadioglu A, Flanagan BF. The B lymphocyte differentiation 
factor (BAFF) is expressed in the airways of children with CF and in lungs of mice infected 
with Pseudomonas aeruginosa. PLoS One. 2014 May 21;9(5):e95892. doi: 
10.1371/journal.pone.0095892. PMID: 24847941; PMCID: PMC4029587. 

146. Li Y, Jin L, Chen T. The Effects of Secretory IgA in the Mucosal Immune System. Biomed 
Res Int. 2020;2020:2032057. 

147. Mauch RM, Rossi CL, Nolasco da Silva MT, Bianchi Aiello T, Ribeiro JD, Ribeiro AF, Høiby 
N, Levy CE. Secretory IgA-mediated immune response in saliva and early detection of 
Pseudomonas aeruginosa in the lower airways of pediatric cystic fibrosis patients. Med 



150 
 

Microbiol Immunol. 2019 Apr;208(2):205-213. doi: 10.1007/s00430-019-00578-w. Epub 
2019 Jan 31. PMID: 30706137. 

148. Aanæs K. Bacterial sinusitis can be a focus for initial lung colonisation and chronic lung 
infection in patients with cystic fibrosis. J Cyst Fibros. 2013;12 Suppl 2:S1-20. 

149. Sainz-Mejías M, Jurado-Martín I, McClean S. Understanding Pseudomonas aeruginosa-
Host Interactions: The Ongoing Quest for an Efficacious Vaccine. Cells. 2020;9(12). 

150. Li D, Wu M. Pattern recognition receptors in health and diseases. 
151. Lovewell RR, Patankar YR, Berwin B. Mechanisms of phagocytosis and host clearance of 

Pseudomonas aeruginosa. Am J Physiol Lung Cell Mol Physiol. 2014;306(7):L591-603. 
152. McIsaac SM, Stadnyk AW, Lin TJ. Toll-like receptors in the host defense against 

Pseudomonas aeruginosa respiratory infection and cystic fibrosis. J Leukoc Biol. 
2012;92(5):977-85. 

153. Zhang Y, Zhou CM, Pu Q, Wu Q, Tan S, Shao X, Zhang W, Xie Y, Li R, Yu XJ, Wang R, Zhang 
L, Wu M, Deng X. Pseudomonas aeruginosa Regulatory Protein AnvM Controls 
Pathogenicity in Anaerobic Environments and Impacts Host Defense. mBio. 2019 Jul 
23;10(4):e01362-19. doi: 10.1128/mBio.01362-19. Erratum in: mBio. 2020 Oct 13;11(5): 
PMID: 31337721; PMCID: PMC6650552. 

154. Zhang Y, Zhou CM, Pu Q, Wu Q, Tan S, Shao X, Zhang W, Xie Y, Li R, Yu XJ, Wang R, Zhang 
L, Wu M, Deng X. Correction for Zhang et al., "Pseudomonas aeruginosa Regulatory 
Protein AnvM Controls Pathogenicity in Anaerobic Environments and Impacts Host 
Defense". mBio. 2020 Oct 13;11(5):e02368-20. doi: 10.1128/mBio.02368-20. Erratum 
for: mBio. 2019 Jul 23;10(4): PMID: 33051369; PMCID: PMC7554671. 

155. Nakamura S, Iwanaga N, Seki M, Fukudome K, Oshima K, Miyazaki T, et al. Toll-Like 
Receptor 4 Agonistic Antibody Promotes Host Defense against Chronic Pseudomonas 
aeruginosa Lung Infection in Mice. Infect Immun. 2016;84(7):1986-93. 

156. Ernst RK, Yi EC, Guo L, Lim KB, Burns JL, Hackett M, Miller SI. Specific lipopolysaccharide 
found in cystic fibrosis airway Pseudomonas aeruginosa. Science. 1999 Nov 
19;286(5444):1561-5. doi: 10.1126/science.286.5444.1561. PMID: 10567263.  

157. Bäckhed F, Normark S, Schweda EK, Oscarson S, Richter-Dahlfors A. Structural 
requirements for TLR4-mediated LPS signalling: a biological role for LPS modifications. 
Microbes Infect. 2003;5(12):1057-63. 

158. Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, Eng JK, Akira S, Underhill 
DM, Aderem A. The innate immune response to bacterial flagellin is mediated by Toll-
like receptor 5. Nature. 2001 Apr 26;410(6832):1099-103. doi: 10.1038/35074106. 
PMID: 11323673. 

159. Verma A, Arora SK, Kuravi SK, Ramphal R. Roles of specific amino acids in the N terminus 
of Pseudomonas aeruginosa flagellin and of flagellin glycosylation in the innate immune 
response. Infect Immun. 2005;73(12):8237-46. 

160. Luzar MA, Thomassen MJ, Montie TC. Flagella and motility alterations in Pseudomonas 
aeruginosa strains from patients with cystic fibrosis: relationship to patient clinical 
condition. Infect Immun. 1985;50(2):577-82. 

161. Feuillet V, Medjane S, Mondor I, Demaria O, Pagni PP, Galán JE, Flavell RA, Alexopoulou 
L. Involvement of Toll-like receptor 5 in the recognition of flagellated bacteria. Proc Natl 
Acad Sci U S A. 2006 Aug 15;103(33):12487-92. doi: 10.1073/pnas.0605200103. Epub 
2006 Aug 4. PMID: 16891416; PMCID: PMC1567905. 



151 

162. Hybiske K, Ichikawa JK, Huang V, Lory SJ, Machen TE. Cystic fibrosis airway epithelial cell
polarity and bacterial flagellin determine host response to Pseudomonas aeruginosa.
Cell Microbiol. 2004;6(1):49-63.

163. Barton GM, Kagan JC, Medzhitov R. Intracellular localization of Toll-like receptor 9
prevents recognition of self DNA but facilitates access to viral DNA. Nat Immunol.
2006;7(1):49-56.

164. Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, Matsumoto M, Hoshino K,
Wagner H, Takeda K, Akira S. A Toll-like receptor recognizes bacterial DNA. Nature. 2000
Dec 7;408(6813):740-5. doi: 10.1038/35047123. Erratum in: Nature 2001 Feb
1;409(6820):646. PMID: 11130078.

165. Trevani AS, Chorny A, Salamone G, Vermeulen M, Gamberale R, Schettini J, Raiden S,
Geffner J. Bacterial DNA activates human neutrophils by a CpG-independent pathway.
Eur J Immunol. 2003 Nov;33(11):3164-74. doi: 10.1002/eji.200324334. PMID: 14579285.

166. Lavoie EG, Wangdi T, Kazmierczak BI. Innate immune responses to Pseudomonas
aeruginosa infection. Microbes Infect. 2011;13(14-15):1133-45.

167. Mijares LA, Wangdi T, Sokol C, Homer R, Medzhitov R, Kazmierczak BI. Airway epithelial
MyD88 restores control of Pseudomonas aeruginosa murine infection via an IL-1-
dependent pathway. J Immunol. 2011 Jun 15;186(12):7080-8. doi:
10.4049/jimmunol.1003687. Epub 2011 May 13. PMID: 21572023; PMCID:
PMC3110630.

168. Hussain S, Johnson CG, Sciurba J, Meng X, Stober VP, Liu C, Cyphert-Daly JM, Bulek K,
Qian W, Solis A, Sakamachi Y, Trempus CS, Aloor JJ, Gowdy KM, Foster WM, Hollingsworth
JW, Tighe RM, Li X, Fessler MB, Garantziotis S. TLR5 participates in the TLR4 receptor
complex and promotes MyD88-dependent signaling in environmental lung injury. Elife.
2020 Jan 28;9:e50458. doi: 10.7554/eLife.50458. PMID: 31989925; PMCID:
PMC7032926.

169. Franchi L, Muñoz-Planillo R, Núñez G. Sensing and reacting to microbes through the
inflammasomes. Nat Immunol. 2012;13(4):325-32.

170. Girardin SE, Boneca IG, Carneiro LA, Antignac A, Jéhanno M, Viala J, Tedin K, Taha MK,
Labigne A, Zähringer U, Coyle AJ, DiStefano PS, Bertin J, Sansonetti PJ, Philpott DJ. Nod1
detects a unique muropeptide from gram-negative bacterial peptidoglycan. Science.
2003 Jun 6;300(5625):1584-7. doi: 10.1126/science.1084677. PMID: 12791997.

171. Chamaillard M, Hashimoto M, Horie Y, Masumoto J, Qiu S, Saab L, Ogura Y, Kawasaki A,
Fukase K, Kusumoto S, Valvano MA, Foster SJ, Mak TW, Nuñez G, Inohara N. An essential
role for NOD1 in host recognition of bacterial peptidoglycan containing diaminopimelic
acid. Nat Immunol. 2003 Jul;4(7):702-7. doi: 10.1038/ni945. Epub 2003 Jun 6. PMID:
12796777.

172. Girardin SE, Travassos LH, Hervé M, Blanot D, Boneca IG, Philpott DJ, Sansonetti PJ,
Mengin-Lecreulx D. Peptidoglycan molecular requirements allowing detection by Nod1
and Nod2. J Biol Chem. 2003 Oct 24;278(43):41702-8. doi: 10.1074/jbc.M307198200.
Epub 2003 Jul 18. PMID: 12871942.

173. Inohara N, Ogura Y, Fontalba A, Gutierrez O, Pons F, Crespo J, Fukase K, Inamura S,
Kusumoto S, Hashimoto M, Foster SJ, Moran AP, Fernandez-Luna JL, Nuñez G. Host
recognition of bacterial muramyl dipeptide mediated through NOD2. Implications for
Crohn's disease. J Biol Chem. 2003 Feb 21;278(8):5509-12. doi:
10.1074/jbc.C200673200. Epub 2003 Jan 4. PMID: 12514169.



152 
 

174. Plotkowski MC, de Bentzmann S, Pereira SH, Zahm JM, Bajolet-Laudinat O, Roger P, 
Puchelle E. Pseudomonas aeruginosa internalization by human epithelial respiratory 
cells depends on cell differentiation, polarity, and junctional complex integrity. Am J 
Respir Cell Mol Biol. 1999 May;20(5):880-90. doi: 10.1165/ajrcmb.20.5.3408. PMID: 
10226058. 

175. Alhazmi A. NOD-like receptor(s) and host immune responses with Pseudomonas 
aeruginosa infection. Inflamm Res. 2018;67(6):479-93. 

176. Kaparakis M, Turnbull L, Carneiro L, Firth S, Coleman HA, Parkington HC, Le Bourhis L, 
Karrar A, Viala J, Mak J, Hutton ML, Davies JK, Crack PJ, Hertzog PJ, Philpott DJ, Girardin 
SE, Whitchurch CB, Ferrero RL. Bacterial membrane vesicles deliver peptidoglycan to 
NOD1 in epithelial cells. Cell Microbiol. 2010 Mar;12(3):372-85. doi: 10.1111/j.1462-
5822.2009.01404.x. Epub 2009 Nov 2. PMID: 19888989. 

177. Miao EA, Ernst RK, Dors M, Mao DP, Aderem A. Pseudomonas aeruginosa activates 
caspase 1 through Ipaf. Proc Natl Acad Sci U S A. 2008;105(7):2562-7. 

178. Franchi L, Stoolman J, Kanneganti TD, Verma A, Ramphal R, Núñez G. Critical role for Ipaf 
in Pseudomonas aeruginosa-induced caspase-1 activation. Eur J Immunol. 
2007;37(11):3030-9. 

179. Franchi L, Amer A, Body-Malapel M, Kanneganti TD, Ozören N, Jagirdar R, Inohara N, 
Vandenabeele P, Bertin J, Coyle A, Grant EP, Núñez G. Cytosolic flagellin requires Ipaf for 
activation of caspase-1 and interleukin 1beta in salmonella-infected macrophages. Nat 
Immunol. 2006 Jun;7(6):576-82. doi: 10.1038/ni1346. Epub 2006 Apr 30. PMID: 
16648852. 

180. Miao EA, Alpuche-Aranda CM, Dors M, Clark AE, Bader MW, Miller SI, Aderem A. 
Cytoplasmic flagellin activates caspase-1 and secretion of interleukin 1beta via Ipaf. Nat 
Immunol. 2006 Jun;7(6):569-75. doi: 10.1038/ni1344. Epub 2006 Apr 30. PMID: 
16648853. 

181. Sun YH, Rolán HG, Tsolis RM. Injection of flagellin into the host cell cytosol by Salmonella 
enterica serotype Typhimurium. J Biol Chem. 2007;282(47):33897-901. 

182. Sutterwala FS, Mijares LA, Li L, Ogura Y, Kazmierczak BI, Flavell RA. Immune recognition 
of Pseudomonas aeruginosa mediated by the IPAF/NLRC4 inflammasome. J Exp Med. 
2007;204(13):3235-45. 

183. Strowig T, Henao-Mejia J, Elinav E, Flavell R. Inflammasomes in health and disease. 
Nature. 2012;481(7381):278-86. 

184. Alhazmi A, Choi J, Ulanova M. Syk inhibitor R406 downregulates inflammation in an in 
vitro model of Pseudomonas aeruginosa infection. Can J Physiol Pharmacol. 
2018;96(2):182-90. 

185. Deng Q, Wang Y, Zhang Y, Li M, Li D, Huang X, Wu Y, Pu J, Wu M. Pseudomonas aeruginosa 
Triggers Macrophage Autophagy To Escape Intracellular Killing by Activation of the 
NLRP3 Inflammasome. Infect Immun. 2015 Oct 14;84(1):56-66. doi: 10.1128/IAI.00945-
15. PMID: 26467446; PMCID: PMC4694000. 

186. Sung PS, Peng YC, Yang SP, Chiu CH, Hsieh SL. CLEC5A is critical in Pseudomonas 
aeruginosa-induced NET formation and acute lung injury. JCI Insight. 2022;7(18). 

187. Singh S, Almuhanna Y, Alshahrani MY, Lowman DW, Rice PJ, Gell C, Ma Z, Graves B, 
Jackson D, Lee K, Juarez R, Koranteng J, Muntaka S, Daniel A Mitchell, da Silva AC, Hussain 
F, Yilmaz G, Mastrotto F, Irie Y, Williams P, Williams DL, Cámara M, Martinez-Pomares L. 
Carbohydrates from Pseudomonas aeruginosa biofilms interact with immune C-type 



153 
 

lectins and interfere with their receptor function. NPJ Biofilms Microbiomes. 2021 Dec 
8;7(1):87. doi: 10.1038/s41522-021-00257-w. PMID: 34880222; PMCID: PMC8655052. 

188. Pang Z, Sun G, Junkins RD, Lin TJ. AIM2 inflammasome is dispensable for the host defense 
against Pseudomonas aeruginosa infection. Cell Mol Biol (Noisy-le-grand). 
2015;61(3):63-70. 

189. Moskowitz SM, Ernst RK. The role of Pseudomonas lipopolysaccharide in cystic fibrosis 
airway infection. Subcell Biochem. 2010;53:241-53. 

190. Mahenthiralingam E, Campbell ME, Speert DP. Nonmotility and phagocytic resistance of 
Pseudomonas aeruginosa isolates from chronically colonized patients with cystic 
fibrosis. Infect Immun. 1994;62(2):596-605. 

191. Hancock RE, Mutharia LM, Chan L, Darveau RP, Speert DP, Pier GB. Pseudomonas 
aeruginosa isolates from patients with cystic fibrosis: a class of serum-sensitive, 
nontypable strains deficient in lipopolysaccharide O side chains. Infect Immun. 
1983;42(1):170-7. 

192. D'Souza G, Waschina S, Pande S, Bohl K, Kaleta C, Kost C. Less is more: selective 
advantages can explain the prevalent loss of biosynthetic genes in bacteria. Evolution. 
2014;68(9):2559-70. 

193. Caldwell CC, Chen Y, Goetzmann HS, Hao Y, Borchers MT, Hassett DJ, Young LR, Mavrodi 
D, Thomashow L, Lau GW. Pseudomonas aeruginosa exotoxin pyocyanin causes cystic 
fibrosis airway pathogenesis. Am J Pathol. 2009 Dec;175(6):2473-88. doi: 
10.2353/ajpath.2009.090166. Epub 2009 Nov 5. PMID: 19893030; PMCID: 
PMC2789600. 

194. Burns JL, Van Dalfsen JM, Shawar RM, Otto KL, Garber RL, Quan JM, Montgomery AB, 
Albers GM, Ramsey BW, Smith AL. Effect of chronic intermittent administration of inhaled 
tobramycin on respiratory microbial flora in patients with cystic fibrosis. J Infect Dis. 1999 
May;179(5):1190-6. doi: 10.1086/314727. PMID: 10191222. 

195. Singh PK, Schaefer AL, Parsek MR, Moninger TO, Welsh MJ, Greenberg EP. Quorum-
sensing signals indicate that cystic fibrosis lungs are infected with bacterial biofilms. 
Nature. 2000;407(6805):762-4. 

196. Mahenthiralingam E, Speert DP. Nonopsonic phagocytosis of Pseudomonas aeruginosa 
by macrophages and polymorphonuclear leukocytes requires the presence of the 
bacterial flagellum. Infect Immun. 1995;63(11):4519-23. 

197. Lau GW, Hassett DJ, Britigan BE. Modulation of lung epithelial functions by Pseudomonas 
aeruginosa. Trends Microbiol. 2005;13(8):389-97. 

198. Engels W, Endert J, Kamps MA, van Boven CP. Role of lipopolysaccharide in opsonization 
and phagocytosis of Pseudomonas aeruginosa. Infect Immun. 1985;49(1):182-9. 

199. Pressler T, Pedersen SS, Espersen F, Høiby N, Koch C. IgG subclass antibodies to 
Pseudomonas aeruginosa in sera from patients with chronic Ps. aeruginosa infection 
investigated by ELISA. Clin Exp Immunol. 1990;81(3):428-34. 

200. Kronborg G, Pressler T, Fomsgaard A, Koch C, Høiby N. Specific IgG2 antibodies to 
Pseudomonas aeruginosa lipid A and lipopolysaccharide are early markers of chronic 
infection in patients with cystic fibrosis. Infection. 1993;21(5):297-302. 

201. Torrens G, Barceló IM, Pérez-Gallego M, Escobar-Salom M, Tur-Gracia S, Munar-Bestard 
M, González-Nicolau MDM, Cabrera-Venegas YJ, Rigo-Rumbos EN, Cabot G, López-
Causapé C, Rojo-Molinero E, Oliver A, Juan C. Profiling the susceptibility of Pseudomonas 
aeruginosa strains from acute and chronic infections to cell-wall-targeting immune 



154 
 

proteins. Sci Rep. 2019 Mar 5;9(1):3575. doi: 10.1038/s41598-019-40440-w. Erratum in: 
Sci Rep. 2020 Mar 4;10(1):4356. PMID: 30837659; PMCID: PMC6401076. 

202. Torrens G, Barceló IM, Pérez-Gallego M, Escobar-Salom M, Tur-Gracia S, Munar-Bestard 
M, González-Nicolau MDM, Cabrera-Venegas YJ, Rigo-Rumbos EN, Cabot G, López-
Causapé C, Rojo-Molinero E, Oliver A, Juan C. Publisher Correction: Profiling the 
susceptibility of Pseudomonas aeruginosa strains from acute and chronic infections to 
cell-wall-targeting immune proteins. Sci Rep. 2020 Mar 4;10(1):4356. doi: 
10.1038/s41598-020-60494-5. Erratum for: Sci Rep. 2019 Mar 5;9(1):3575. PMID: 
32132557; PMCID: PMC7055294.. 

203. La Rosa R, Johansen HK, Molin S. Adapting to the Airways: Metabolic Requirements 
of Pseudomonas aeruginosa during the Infection of   Cystic Fibrosis Patients. 
Metabolites. 2019;9(10):234. 

204. Barth AL, Pitt TL. The high amino-acid content of sputum from cystic fibrosis patients 
promotes growth of auxotrophic Pseudomonas aeruginosa. J Med Microbiol. 
1996;45(2):110-9. 

205. Lau GW, Ran H, Kong F, Hassett DJ, Mavrodi D. Pseudomonas aeruginosa pyocyanin is 
critical for lung infection in mice. Infect Immun. 2004;72(7):4275-8. 

206. Gonçalves T, Vasconcelos U. Colour Me Blue: The History and the Biotechnological 
Potential of Pyocyanin. Molecules. 2021;26(4). 

207. Folkesson A, Jelsbak L, Yang L, Johansen HK, Ciofu O, Høiby N, Molin S. Adaptation of 
Pseudomonas aeruginosa to the cystic fibrosis airway: an evolutionary perspective. Nat 
Rev Microbiol. 2012 Dec;10(12):841-51. doi: 10.1038/nrmicro2907. Epub 2012 Nov 13. 
PMID: 23147702. 

208. Hentzer M, Wu H, Andersen JB, Riedel K, Rasmussen TB, Bagge N, Kumar N, Schembri 
MA, Song Z, Kristoffersen P, Manefield M, Costerton JW, Molin S, Eberl L, Steinberg P, 
Kjelleberg S, Høiby N, Givskov M. Attenuation of Pseudomonas aeruginosa virulence by 
quorum sensing inhibitors. EMBO J. 2003 Aug 1;22(15):3803-15. doi: 
10.1093/emboj/cdg366. PMID: 12881415; PMCID: PMC169039. 

209. Hentzer M, Teitzel GM, Balzer GJ, Heydorn A, Molin S, Givskov M, Parsek MR. Alginate 
overproduction affects Pseudomonas aeruginosa biofilm structure and function. J 
Bacteriol. 2001 Sep;183(18):5395-401. doi: 10.1128/JB.183.18.5395-5401.2001. PMID: 
11514525; PMCID: PMC95424. 

210. Martin I, Waters V, Grasemann H. Approaches to Targeting Bacterial Biofilms in Cystic 
Fibrosis Airways. Int J Mol Sci. 2021;22(4). 

211. Williams D, Evans B, Haldenby S, Walshaw MJ, Brockhurst MA, Winstanley C, Paterson S. 
Divergent, coexisting Pseudomonas aeruginosa lineages in chronic cystic fibrosis lung 
infections. Am J Respir Crit Care Med. 2015 Apr 1;191(7):775-85. doi: 
10.1164/rccm.201409-1646OC. PMID: 25590983; PMCID: PMC4407486. 

212. Winstanley C, O'Brien S, Brockhurst MA. Pseudomonas aeruginosa Evolutionary 
Adaptation and Diversification in Cystic Fibrosis Chronic Lung Infections. Trends 
Microbiol. 2016;24(5):327-37. 

213. Marvig RL, Sommer LM, Molin S, Johansen HK. Convergent evolution and adaptation of 
Pseudomonas aeruginosa within patients with cystic fibrosis. Nat Genet. 2015;47(1):57-
64. 

214. Sokurenko EV, Hasty DL, Dykhuizen DE. Pathoadaptive mutations: gene loss and variation 
in bacterial pathogens. Trends Microbiol. 1999;7(5):191-5. 



155 
 

215. Hogardt M, Heesemann J. Adaptation of Pseudomonas aeruginosa during persistence in 
the cystic fibrosis lung. Int J Med Microbiol. 2010;300(8):557-62. 

216. Greipel L, Fischer S, Klockgether J, Dorda M, Mielke S, Wiehlmann L, Cramer N, Tümmler 
B. Molecular Epidemiology of Mutations in Antimicrobial Resistance Loci of 
Pseudomonas aeruginosa Isolates from Airways of Cystic Fibrosis Patients. Antimicrob 
Agents Chemother. 2016 Oct 21;60(11):6726-6734. doi: 10.1128/AAC.00724-16. PMID: 
27572404; PMCID: PMC5075079. 

217. Colque CA, Albarracín Orio AG, Feliziani S, Marvig RL, Tobares AR, Johansen HK, Molin S, 
Smania AM. Hypermutator Pseudomonas aeruginosa Exploits Multiple Genetic 
Pathways To Develop Multidrug Resistance during Long-Term Infections in the Airways 
of Cystic Fibrosis Patients. Antimicrob Agents Chemother. 2020 Apr 21;64(5):e02142-19. 
doi: 10.1128/AAC.02142-19. PMID: 32071060; PMCID: PMC7179616.  

218. Ahmed MN, Abdelsamad A, Wassermann T, Porse A, Becker J, Sommer MOA, Høiby N, 
Ciofu O. The evolutionary trajectories of P. aeruginosa in biofilm and planktonic growth 
modes exposed to ciprofloxacin: beyond selection of antibiotic resistance. NPJ Biofilms 
Microbiomes. 2020 Jul 24;6(1):28. doi: 10.1038/s41522-020-00138-8. PMID: 32709907; 
PMCID: PMC7381665. 

219. Martínez-Carranza E, García-Reyes S, González-Valdez A, Soberón-Chávez G. Tracking the 
genome of four Pseudomonas aeruginosa isolates that have a defective Las quorum-
sensing system, but are still virulent. Access Microbiol. 2020;2(7):acmi000132. 

220. La Rosa R, Johansen HK, Molin S. Convergent Metabolic Specialization through Distinct 
Evolutionary Paths in Pseudomonas aeruginosa. mBio. 2018;9(2). 

221. Bartell JA, Sommer LM, Haagensen JAJ, Loch A, Espinosa R, Molin S, Johansen HK. 
Evolutionary highways to persistent bacterial infection. Nat Commun. 2019 Feb 
7;10(1):629. doi: 10.1038/s41467-019-08504-7. PMID: 30733448; PMCID: PMC6367392.  

222. Orgad O, Oren Y, Walker SL, Herzberg M. The role of alginate in Pseudomonas aeruginosa 
EPS adherence, viscoelastic properties and cell attachment. Biofouling. 2011;27(7):787-
98. 

223. Ibrahim D, Jabbour JF, Kanj SS. Current choices of antibiotic treatment for Pseudomonas 
aeruginosa infections. Curr Opin Infect Dis. 2020;33(6):464-73. 

224. Tamma PD, Aitken SL, Bonomo RA, Mathers AJ, van Duin D, Clancy CJ. Infectious Diseases 
Society of America 2023 Guidance on the Treatment of Antimicrobial Resistant Gram-
Negative Infections. Clin Infect Dis. 2023. 

225. Losito AR, Raffaelli F, Del Giacomo P, Tumbarello M. New Drugs for the Treatment 
of Pseudomonas aeruginosa Infections with Limited Treatment Options: A Narrative 
Review. Antibiotics (Basel). 2022;11(5). 

226. Zakhour J, Sharara SL, Hindy JR, Haddad SF, Kanj SS. Antimicrobial Treatment 
of   Pseudomonas aeruginosa  Severe Sepsis. Antibiotics (Basel). 2022;11(10). 

227. Cook R, Brown N, Redgwell T, Rihtman B, Barnes M, Clokie M, Stekel DJ, Hobman J, Jones 
MA, Millard A. INfrastructure for a PHAge REference Database: Identification of Large-
Scale Biases in the Current Collection of Cultured Phage Genomes. Phage (New 
Rochelle). 2021 Dec 1;2(4):214-223. doi: 10.1089/phage.2021.0007. Epub 2021 Dec 16. 
PMID: 36159887; PMCID: PMC9041510. 

228. Waters EM, Neill DR, Kaman B, Sahota JS, Clokie MRJ, Winstanley C, Kadioglu A. Phage 
therapy is highly effective against chronic lung infections with Pseudomonas aeruginosa. 



156 
 

Thorax. 2017 Jul;72(7):666-667. doi: 10.1136/thoraxjnl-2016-209265. Epub 2017 Mar 6. 
PMID: 28265031; PMCID: PMC5520275. 

229. Naknaen A, Samernate T, Wannasrichan W, Surachat K, Nonejuie P, Chaikeeratisak V. 
Combination of genetically diverse Pseudomonas phages enhances the cocktail 
efficiency against bacteria. Sci Rep. 2023;13(1):8921. 

230. Ashworth EA, Wright RCT, Shears RK, Wong JKL, Hassan A, Hall JPJ, Kadioglu A, Fothergill 
JL. Exploiting lung adaptation and phage steering to clear pan-resistant Pseudomonas 
aeruginosa infections in vivo. Nat Commun. 2024 Feb 20;15(1):1547. doi: 
10.1038/s41467-024-45785-z. PMID: 38378698; PMCID: PMC10879199. 

231.     Maffei E, Woischnig AK, Burkolter MR, Heyer Y, Humolli D, Thürkauf N, Bock T, Schmidt 
A, Manfredi P, Egli A, Khanna N, Jenal U, Harms A. Phage Paride can kill dormant, 
antibiotic-tolerant cells of Pseudomonas aeruginosa by direct lytic replication. Nat 
Commun. 2024 Jan 2;15(1):175. doi: 10.1038/s41467-023-44157-3. PMID: 38168031; 
PMCID: PMC10761892. 

232. The promise of phages. Nat Biotechnol 41, 583 (2023). https://doi.org/10.1038/s41587-
023-01807-7  

233. DiGiandomenico A, Keller AE, Gao C, Rainey GJ, Warrener P, Camara MM, Bonnell J, 
Fleming R, Bezabeh B, Dimasi N, Sellman BR, Hilliard J, Guenther CM, Datta V, Zhao W, 
Gao C, Yu XQ, Suzich JA, Stover CK. A multifunctional bispecific antibody protects against 
Pseudomonas aeruginosa. Sci Transl Med. 2014 Nov 12;6(262):262ra155. doi: 
10.1126/scitranslmed.3009655. PMID: 25391481. 

234. Ali SO, Yu XQ, Robbie GJ, Wu Y, Shoemaker K, Yu L, DiGiandomenico A, Keller AE, Anude 
C, Hernandez-Illas M, Bellamy T, Falloon J, Dubovsky F, Jafri HS. Phase 1 study of 
MEDI3902, an investigational anti-Pseudomonas aeruginosa PcrV and Psl bispecific 
human monoclonal antibody, in healthy adults. Clin Microbiol Infect. 2019 
May;25(5):629.e1-629.e6. doi: 10.1016/j.cmi.2018.08.004. Epub 2018 Aug 11. PMID: 
30107283. 

235. Jain R, Beckett VV, Konstan MW, Accurso FJ, Burns JL, Mayer-Hamblett N, Milla C, 
VanDevanter DR, Chmiel JF; KB001-A Study Group. KB001-A, a novel anti-inflammatory, 
found to be safe and well-tolerated in cystic fibrosis patients infected with Pseudomonas 
aeruginosa. J Cyst Fibros. 2018 Jul;17(4):484-491. doi: 10.1016/j.jcf.2017.12.006. Epub 
2017 Dec 29. PMID: 29292092. 

236. Horn MP, Zuercher AW, Imboden MA, Rudolf MP, Lazar H, Wu H, Hoiby N, Fas SC, Lang 
AB. Preclinical in vitro and in vivo characterization of the fully human monoclonal IgM 
antibody KBPA101 specific for Pseudomonas aeruginosa serotype IATS-O11. Antimicrob 
Agents Chemother. 2010 Jun;54(6):2338-44. doi: 10.1128/AAC.01142-09. Epub 2010 
Mar 22. PMID: 20308370; PMCID: PMC2876355. 

237. Lazar H, Horn MP, Zuercher AW, Imboden MA, Durrer P, Seiberling M, Pokorny R, 
Hammer C, Lang AB. Pharmacokinetics and safety profile of the human anti-
Pseudomonas aeruginosa serotype O11 immunoglobulin M monoclonal antibody KBPA-
101 in healthy volunteers. Antimicrob Agents Chemother. 2009 Aug;53(8):3442-6. doi: 
10.1128/AAC.01699-08. Epub 2009 May 18. PMID: 19451304; PMCID: PMC2715602. 

238. Secher T, Fauconnier L, Szade A, Rutschi O, Fas SC, Ryffel B, Rudolf MP. Anti-Pseudomonas 
aeruginosa serotype O11 LPS immunoglobulin M monoclonal antibody panobacumab 
(KBPA101) confers protection in a murine model of acute lung infection. J Antimicrob 
Chemother. 2011 May;66(5):1100-9. doi: 10.1093/jac/dkr038. Epub 2011 Feb 24. PMID: 
21393169. 



157 
 

239. Liao C, Huang X, Wang Q, Yao D, Lu W. Virulence Factors of Pseudomonas Aeruginosa and 
Antivirulence Strategies to Combat Its Drug Resistance. Front Cell Infect Microbiol. 
2022;12:926758. 

240. Pennington JE. Preliminary investigations of Pseudomonas aeruginosa vaccine in 
patients with leukemia and cystic fibrosis. J Infect Dis. 1974;130 Suppl(0):S159-62. 

241. Pennington JE, Reynolds HY, Wood RE, Robinson RA, Levine AS. Use of a Pseudomonas 
aeruginosa vaccine in pateints with acute leukemia and cystic fibrosis. Am J Med. 
1975;58(5):629-36. 

242. Miler JM, Spilsbury JF, Jones RJ, Roe EA, Lowbury EJ. A new polyvalent Pseudomonas 
vaccine. J Med Microbiol. 1977;10(1):19-27. 

243. MacIntyre S, McVeigh T, Owen P. Immunochemical and biochemical analysis of the 
polyvalent Pseudomonas aeruginosa vaccine PEV. Infect Immun. 1986;51(2):675-86. 

244. Langford DT, Hiller J. Prospective, controlled study of a polyvalent Pseudomonas vaccine 
in cystic fibrosis-three year results. Arch Dis Child. 1984;59(12):1131-4. 

245. Jones RJ, Roe EA, Lowbury EJ, Miler JJ, Spilsbury JF. A new Pseudomonas vaccine: 
preliminary trial on human volunteers. J Hyg (Lond). 1976;76(3):429-39. 

246. Bennett-Guerrero E, McIntosh TJ, Barclay GR, Snyder DS, Gibbs RJ, Mythen MG, et al. 
Preparation and preclinical evaluation of a novel liposomal complete-core 
lipopolysaccharide vaccine. Infect Immun. 2000;68(11):6202–8. 

247. Erridge C, Stewart J, Bennett-Guerrero E, McIntosh TJ, Poxton IR. The biological activity 
of a liposomal complete core lipopolysaccharide vaccine. J Endotoxin Res. 2002;8(1):39-
46. 

248. Hatano K, Pier GB. Complex serology and immune response of mice to variant high-
molecular-weight O polysaccharides isolated from Pseudomonas aeruginosa serogroup 
O2 strains. Infect Immun. 1998;66(8):3719-26. 

249. Cryz SJ Jr, Fürer E, Cross AS, Wegmann A, Germanier R, Sadoff JC. Safety and 
immunogenicity of a Pseudomonas aeruginosa O-polysaccharide toxin A conjugate 
vaccine in humans. J Clin Invest. 1987 Jul;80(1):51-6. doi: 10.1172/JCI113062. PMID: 
3110215; PMCID: PMC442200. 

250. Schaad UB, Lang AB, Wedgwood J, Ruedeberg A, Que JU, Fürer E, Cryz SJ Jr. Safety and 
immunogenicity of Pseudomonas aeruginosa conjugate A vaccine in cystic fibrosis. 
Lancet. 1991 Nov 16;338(8777):1236-7. doi: 10.1016/0140-6736(91)92103-9. PMID: 
1682645. 

251. Cryz SJ Jr, Wedgwood J, Lang AB, Ruedeberg A, Que JU, Fürer E, Schaad UB. Immunization 
of non-colonized cystic fibrosis patients against Pseudomonas aeruginosa. J Infect Dis. 
1994 May;169(5):1159-62. doi: 10.1093/infdis/169.5.1159. PMID: 8169414. 

252. Zuercher AW, Horn MP, Que JU, Ruedeberg A, Schoeni MH, Schaad UB, Marcus P, Lang 
AB. Antibody responses induced by long-term vaccination with an octovalent conjugate 
Pseudomonas aeruginosa vaccine in children with cystic fibrosis. FEMS Immunol Med 
Microbiol. 2006 Jul;47(2):302-8. doi: 10.1111/j.1574-695X.2006.00103.x. PMID: 
16831219. 

253. Zuercher AW, Imboden MA, Jampen S, Bosse D, Ulrich M, Chtioui H, Lauterburg BH, Lang 
AB. Cellular immunity in healthy volunteers treated with an octavalent conjugate 
Pseudomonas aeruginosa vaccine. Clin Exp Immunol. 2006 Jan;143(1):132-8. doi: 
10.1111/j.1365-2249.2005.02964.x. PMID: 16367944; PMCID: PMC1809560. 



158 
 

254. Lang AB, Rüdeberg A, Schöni MH, Que JU, Fürer E, Schaad UB. Vaccination of cystic 
fibrosis patients against Pseudomonas aeruginosa reduces the proportion of patients 
infected and delays the time to infection. Pediatr Infect Dis J. 2004;23(6):504-10. 

255. Döring G. Prevention of Pseudomonas aeruginosa infection in cystic fibrosis patients. Int 
J Med Microbiol. 2010;300(8):573-7. 

256. Pier GB, DesJardin D, Grout M, Garner C, Bennett SE, Pekoe G, Fuller SA, Thornton MO, 
Harkonen WS, Miller HC. Human immune response to Pseudomonas aeruginosa mucoid 
exopolysaccharide (alginate) vaccine. Infect Immun. 1994 Sep;62(9):3972-9. doi: 
10.1128/iai.62.9.3972-3979.1994. PMID: 8063415; PMCID: PMC303055. 

257. Campodónico VL, Llosa NJ, Bentancor LV, Maira-Litran T, Pier GB. Efficacy of a conjugate 
vaccine containing polymannuronic acid and flagellin against experimental 
Pseudomonas aeruginosa lung infection in mice. Infect Immun. 2011;79(8):3455-64. 

258. Najafzadeh F, Jaberi G, Shapouri R, Rahnema M, Karimi-Nik A, Kianmehr A. 
Immunogenicity comparison of conjugate vaccines composed of alginate and 
lipopolysaccharide of Pseudomonas aeruginosa bound to diphtheria toxoid. Iran J 
Microbiol. 2014;6(5):317-23. 

259. Farjah A, Owlia  P, Siadat  SD, Mousavi  SF, Shafieeardestani M. Conjugation of alginate 
to a synthetic peptide containing T- and B-cell epitopes as an induction for protective 
immunity against Pseudomonas aeruginosa. J Biotechnol. 2014;192(1873-4863 
(Electronic)). 

260. Alikhani Z, Salouti M, Ardestani MS. Synthesis and immunological evaluation of a 
nanovaccine based on PLGA nanoparticles and alginate antigen against infections caused 
by Pseudomonas aeruginosa. Bio Med Phys Eng Express. 2018;4(4):045016. 

261. Afshari H, Maleki M, Hakimian M, Tanha RA, Salouti M. Immunogenicity evaluating of 
the SLNs-alginate conjugate against Pseudomonas aeruginosa. J Immunol Methods. 
2021;488:112938. 

262. Holder IA, Wheeler R, Montie TC. Flagellar preparations from Pseudomonas aeruginosa: 
animal protection studies. Infect Immun. 1982;35(1):276-80. 

263. Holder IA, Naglich JG. Experimental studies of the pathogenesis of infections due to 
Pseudomonas aeruginosa: immunization using divalent flagella preparations. J Trauma. 
1986;26(2):118-22. 

264. Crowe BA, Enzersberger O, Schober-Bendixen S, Mitterer A, Mundt W, Livey I, Pabst H, 
Kaeser R, Eibl M, Eibl J, et al. The first clinical trial of immuno's experimental 
Pseudomonas aeruginosa flagellar vaccines. Antibiot Chemother (1971). 1991;44:143-
56. doi: 10.1159/000420309. PMID: 1801633. 

265. Döring G, Pfeiffer C, Weber U, Mohr-Pennert A, Dorner F. Parenteral application of a 
Pseudomonas aeruginosa flagella vaccine elicits specific anti-flagella antibodies in the 
airways of healthy individuals. Am J Respir Crit Care Med. 1995;151(4):983-5. 

266. Döring G, Meisner C, Stern M, Group FVTS. A double-blind randomized placebo-
controlled phase III study of a Pseudomonas aeruginosa flagella vaccine in cystic fibrosis 
patients. Proc Natl Acad Sci USA. 2007;104(26):11020-5. 

267. Ohama M, Hiramatsu K, Miyajima Y, Kishi K, Nasu M, Kadota J. Intratracheal 
immunization with pili protein protects against mortality associated with Pseudomonas 
aeruginosa pneumonia in mice. FEMS Immunol Med Microbiol. 2006;47(1):107-15. 

268. Korpi F, Hashemi FB, Irajian G, Fatemi MJ, Laghaei P, Behrouz B. Flagellin and pilin 
immunization against multi-drug resistant Pseudomonas aeruginosa protects mice in the 
burn wound sepsis model. Immunol Lett. 2016;176:8-17. 



159 
 

269. Banadkoki AZ, Keshavarzmehr M, Afshar Z, Aleyasin N, Fatemi MJ, Behrouz B, Hashemi 
FB. Protective effect of pilin protein with alum+naloxone adjuvant against acute 
pulmonary Pseudomonas aeruginosa infection. Biologicals. 2016 Sep;44(5):367-73. doi: 
10.1016/j.biologicals.2016.06.009. Epub 2016 Jul 11. PMID: 27427517. 

270. Rello J, Krenn CG, Locker G, Pilger E, Madl C, Balica L, Dugernier T, Laterre PF, Spapen H, 
Depuydt P, Vincent JL, Bogár L, Szabó Z, Völgyes B, Máñez R, Cakar N, Ramazanoglu A, 
Topeli A, Mastruzzo MA, Jasovich A, Remolif CG, Del Carmen Soria L, Andresen 
Hernandez MA, Ruiz Balart C, Krémer I, Molnár Z, von Sonnenburg F, Lyons A, Joannidis 
M, Burgmann H, Welte T, Klingler A, Hochreiter R, Westritschnig K. A randomized 
placebo-controlled phase II study of a Pseudomonas vaccine in ventilated ICU patients. 
Crit Care. 2017 Feb 4;21(1):22. doi: 10.1186/s13054-017-1601-9. PMID: 28159015; 
PMCID: PMC5291979. 

271. Staczek J, Gilleland HE Jr, Gilleland LB, Harty RN, García-Sastre A, Engelhardt OG, Palese 
P. A chimeric influenza virus expressing an epitope of outer membrane protein F of 
Pseudomonas aeruginosa affords protection against challenge with P. aeruginosa in a 
murine model of chronic pulmonary infection. Infect Immun. 1998 Aug;66(8):3990-4. 
doi: 10.1128/IAI.66.8.3990-3994.1998. PMID: 9673294; PMCID: PMC108472. 

272. Brennan FR, Jones TD, Gilleland LB, Bellaby T, Xu F, North PC, Thompson A, Staczek J, Lin 
T, Johnson JE, Hamilton WDO, Gilleland HE. Pseudomonas aeruginosa outer-membrane 
protein F epitopes are highly immunogenic in mice when expressed on a plant virus. 
Microbiology (Reading). 1999 Jan;145 ( Pt 1):211-220. doi: 10.1099/13500872-145-1-
211. PMID: 10206701. 

273. Gilleland HE, Gilleland LB, Staczek J, Harty RN, García-Sastre A, Palese P, Brennan FR, 
Hamilton WD, Bendahmane M, Beachy RN. Chimeric animal and plant viruses expressing 
epitopes of outer membrane protein F as a combined vaccine against Pseudomonas 
aeruginosa lung infection. FEMS Immunol Med Microbiol. 2000 Apr;27(4):291-7. doi: 
10.1111/j.1574-695X.2000.tb01442.x. PMID: 10727884. 

274. Staczek J, Bendahmane M, Gilleland LB, Beachy RN, Gilleland HE Jr. Immunization with a 
chimeric tobacco mosaic virus containing an epitope of outer membrane protein F of 
Pseudomonas aeruginosa provides protection against challenge with P. aeruginosa. 
Vaccine. 2000 Apr 28;18(21):2266-74. doi: 10.1016/s0264-410x(99)00571-x. PMID: 
10717347. 

275. Worgall S, Krause A, Qiu J, Joh J, Hackett NR, Crystal RG. Protective immunity to 
Pseudomonas aeruginosa induced with a capsid-modified adenovirus expressing P. 
aeruginosa OprF. J Virol. 2007;81(24):13801-8. 

276. Worgall S, Krause A, Rivara M, Hee KK, Vintayen EV, Hackett NR, Roelvink PW, Bruder JT, 
Wickham TJ, Kovesdi I, Crystal RG. Protection against P. aeruginosa with an adenovirus 
vector containing an OprF epitope in the capsid. J Clin Invest. 2005 May;115(5):1281-9. 
doi: 10.1172/JCI23135. Epub 2005 Apr 1. PMID: 15841217; PMCID: PMC1070634. 

277. Krause A, Whu WZ, Xu Y, Joh J, Crystal RG, Worgall S. Protective anti-Pseudomonas 
aeruginosa humoral and cellular mucosal immunity by AdC7-mediated expression of the 
P. aeruginosa protein OprF. Vaccine. 2011;29(11):2131-9. 

278. Gomi R, Sharma A, Wu W, Sung B, Worgall S. Post-exposure immunization by capsid-
modified AdC7 vector expressing Pseudomonas aeruginosa OprF clears P. aeruginosa 
respiratory infection. Vaccine. 2017;35(51):7174-80. 



160 
 

279. Rao AR, Laxova A, Farrell PM, Barbieri JT. Proteomic identification of OprL as a 
seromarker for initial diagnosis of Pseudomonas aeruginosa infection of patients with 
cystic fibrosis. J Clin Microbiol. 2009;47(8):2483-8. 

280. Ingle SA, Mahajan K, Sunil Kumar BV, Singh S, Agrawal R, Verma R. Over-Expression and 
Immunogenicity of Outer Membrane Protein L (OprL) of Pseudomonas aeruginosa. Proc 
Natl Acad Sci   India   Sect   B   Biol Sci. 2015;87:217-23. 

281. Gao C, Yang F, Wang Y, Liao Y, Zhang J, Zeng H, Zou Q, Gu J. Vaccination with a 
recombinant OprL fragment induces a Th17 response and confers serotype-independent 
protection against Pseudomonas aeruginosa infection in mice. Clin Immunol. 2017 
Oct;183:354-363. doi: 10.1016/j.clim.2017.09.022. Epub 2017 Sep 29. PMID: 28970186.  

282. Liu C, Pan X, Xia B, Chen F, Jin Y, Bai F, Priebe G, Cheng Z, Jin S, Wu W. Construction of a 
Protective Vaccine Against Lipopolysaccharide-Heterologous Pseudomonas 
aeruginosa Strains Based on Expression Profiling of Outer Membrane Proteins During 
Infection. Front Immunol. 2018 Jul 26;9:1737. doi: 10.3389/fimmu.2018.01737. PMID: 
30093906; PMCID: PMC6070602. 

283. Bianconi I, Alcalá-Franco B, Scarselli M, Dalsass M, Buccato S, Colaprico A, Marchi S, 
Masignani V, Bragonzi A. Genome-Based Approach Delivers Vaccine Candidates 
Against Pseudomonas aeruginosa. Front Immunol. 2019 Jan 9;9:3021. doi: 
10.3389/fimmu.2018.03021. PMID: 30687303; PMCID: PMC6334337. 

284. Sawa T, Yahr TL, Ohara M, Kurahashi K, Gropper MA, Wiener-Kronish JP, Frank DW. Active 
and passive immunization with the Pseudomonas V antigen protects against type III 
intoxication and lung injury. Nat Med. 1999 Apr;5(4):392-8. doi: 10.1038/7391. PMID: 
10202927. 285. Holder IA, Neely AN, Frank DW. PcrV immunization enhances 
survival of burned Pseudomonas aeruginosa-infected mice. Infect Immun. 
2001;69(9):5908-10. 

286. Moriyama K, Wiener-Kronish JP, Sawa T. Protective effects of affinity-purified antibody 
and truncated vaccines against Pseudomonas aeruginosa V-antigen in neutropenic mice. 
Microbiol Immunol. 2009;53(11):587-94. 

287. Golpasha ID, Mousavi SF, Owlia P, Siadat SD, Irani S. Immunization with 3-oxododecanoyl-
L-homoserine lactone-r-PcrV conjugate enhances survival of mice against lethal burn 
infections caused by Pseudomonas aeruginosa. Bosn J Basic Med Sci. 2015;15(2):15-24. 

288. Gong Q, Ruan MD, Niu MF, Qin CL, Hou Y, Guo JZ. Immune efficacy of DNA vaccines based 
on oprL and oprF genes of Pseudomonas aeruginosa in chickens. Poult Sci. 
2018;97(12):4219-27. 

289. Wang X, Liu C, Rcheulishvili N, Papukashvili D, Xie F, Zhao J, Hu X, Yu K, Yang N, Pan X, Liu 
X, Wang PG, He Y. Strong immune responses and protection of PcrV and OprF-I mRNA 
vaccine candidates against Pseudomonas aeruginosa. NPJ Vaccines. 2023 May 
25;8(1):76. doi: 10.1038/s41541-023-00672-4. PMID: 37231060; PMCID: PMC10209580. 

290. Jurado-Martín I, Sainz-Mejías M, McClean S. Pseudomonas aeruginosa:An Audacious 
Pathogen with an Adaptable Arsenal of Virulence Factors. Int J Mol Sci. 2021;22(6). 

291. Cullen L, Weiser R, Olszak T, Maldonado RF, Moreira AS, Slachmuylders L, Brackman G, 
Paunova-Krasteva TS, Zarnowiec P, Czerwonka G, Reilly J, Drevinek P, Kaca W, Melter O, 
De Soyza A, Perry A, Winstanley C, Stoitsova SR, Lavigne R, Mahenthiralingam E, Sá-
Correia I, Coenye T, Drulis-Kawa Z, Augustyniak D, Valvano MA, McClean S. Phenotypic 
characterization of an international Pseudomonas aeruginosa reference panel: strains of 
cystic fibrosis (CF) origin show less in vivo virulence than non-CF strains. Microbiology 



161 

(Reading). 2015 Oct;161(10):1961-1977. doi: 10.1099/mic.0.000155. Epub 2015 Aug 6. 
PMID: 26253522. 

292. De Soyza A, Hall AJ, Mahenthiralingam E, Drevinek P, Kaca W, Drulis-Kawa Z, Stoitsova
SR, Toth V, Coenye T, Zlosnik JE, Burns JL, Sá-Correia I, De Vos D, Pirnay JP, Kidd TJ, Reid
D, Manos J, Klockgether J, Wiehlmann L, Tümmler B, McClean S, Winstanley C; EU FP7
funded COST Action BM1003 “Cell surface virulence determinants of cystic fibrosis
pathogens”. Developing an international Pseudomonas aeruginosa reference panel.
Microbiologyopen. 2013 Dec;2(6):1010-23. doi: 10.1002/mbo3.141. Epub 2013 Nov 11.
PMID: 24214409; PMCID: PMC3892346.

293. Freschi L, Bertelli C, Jeukens J, Moore MP, Kukavica-Ibrulj I, Emond-Rheault JG, Hamel J,
Fothergill JL, Tucker NP, McClean S, Klockgether J, de Soyza A, Brinkman FSL, Levesque
RC, Winstanley C. Genomic characterisation of an international Pseudomonas
aeruginosa reference panel indicates that the two major groups draw upon distinct
mobile gene pools. FEMS Microbiol Lett. 2018 Jul 1;365(14). doi:
10.1093/femsle/fny120. PMID: 29897457.

294. Mulcahy LR, Burns JL, Lory S, Lewis K. Emergence of Pseudomonas aeruginosa strains
producing high levels of persister cells in patients with cystic fibrosis. J Bacteriol.
2010;192(23):6191-9.

295. Bragonzi A, Wiehlmann L, Klockgether J, Cramer N, Worlitzsch D, Döring G, Tümmler B.
Sequence diversity of the mucABD locus in Pseudomonas aeruginosa isolates from
patients with cystic fibrosis. Microbiology (Reading). 2006 Nov;152(Pt 11):3261-3269.
doi: 10.1099/mic.0.29175-0. PMID: 17074897.

296. Lorè NI, Cigana C, De Fino I, Riva C, Juhas M, Schwager S, Eberl L, Bragonzi A. Cystic
fibrosis-niche adaptation of Pseudomonas aeruginosa reduces virulence in multiple
infection hosts. PLoS One. 2012;7(4):e35648. doi: 10.1371/journal.pone.0035648. Epub
2012 Apr 25. PMID: 22558188; PMCID: PMC3338451.

297. Bragonzi A, Paroni M, Nonis A, Cramer N, Montanari S, Rejman J, et al. Pseudomonas
aeruginosa microevolution during cystic fibrosis lung infection establishes clones with
adapted virulence. Am J Respir Crit Care Med. 2009;180(2):138-45.

298. Goncz KK, Kunzelmann K, Xu Z, Gruenert DC. Targeted replacement of normal and
mutant CFTR sequences in human airway epithelial cells using DNA fragments. Hum Mol
Genet. 1998;7(12):1913-9.

299. Ehrhardt C, Collnot EM, Baldes C, Becker U, Laue M, Kim KJ, Lehr CM. Towards an in vitro
model of cystic fibrosis small airway epithelium: characterisation of the human bronchial
epithelial cell line CFBE41o-. Cell Tissue Res. 2006 Mar;323(3):405-15. doi:
10.1007/s00441-005-0062-7. Epub 2005 Oct 25. PMID: 16249874.

300. Phuan PW, Veit G, Tan J, Roldan A, Finkbeiner WE, Lukacs GL, Verkman AS. Synergy-based
small-molecule screen using a human lung epithelial cell line yields ΔF508-CFTR
correctors that augment VX-809 maximal efficacy. Mol Pharmacol. 2014 Jul;86(1):42-51.
doi: 10.1124/mol.114.092478. Epub 2014 Apr 15. PMID: 24737137; PMCID:
PMC4054004.

301. Cozens AL, Yezzi MJ, Kunzelmann K, Ohrui T, Chin L, Eng K, Finkbeiner WE, Widdicombe
JH, Gruenert DC. CFTR expression and chloride secretion in polarized immortal human
bronchial epithelial cells. Am J Respir Cell Mol Biol. 1994 Jan;10(1):38-47. doi:
10.1165/ajrcmb.10.1.7507342. PMID: 7507342.

302. McClean S, Healy ME, Collins C, Carberry S, O'Shaughnessy L, Dennehy R, Adams Á,
Kennelly H, Corbett JM, Carty F, Cahill LA, Callaghan M, English K, Mahon BP, Doyle S,



162 
 

Shinoy M. Linocin and OmpW Are Involved in Attachment of the Cystic Fibrosis-
Associated Pathogen Burkholderia cepacia Complex to Lung Epithelial Cells and Protect 
Mice against Infection. Infect Immun. 2016 Apr 22;84(5):1424-1437. doi: 
10.1128/IAI.01248-15. PMID: 26902727; PMCID: PMC4862727. 

303. Smith L, Rose B, Tingpej P, Zhu H, Conibear T, Manos J, Bye P, Elkins M, Willcox M, Bell S, 
Wainwright C, Harbour C. Protease IV production in Pseudomonas aeruginosa from the 
lungs of adults with cystic fibrosis. J Med Microbiol. 2006 Dec;55(Pt 12):1641-1644. doi: 
10.1099/jmm.0.46845-0. PMID: 17108265. 

304. Cramer N, Klockgether J, Wrasman K, Schmidt M, Davenport CF, Tümmler B. 
Microevolution of the major common Pseudomonas aeruginosa clones C and PA14 in 
cystic fibrosis lungs. Environ Microbiol. 2011;13(7):1690-704. 

305. Yang F, Gu J, Yang L, Gao C, Jing H, Wang Y, Zeng H, Zou Q, Lv F, Zhang J. Protective Efficacy 
of the Trivalent Pseudomonas aeruginosa Vaccine Candidate PcrV-OprI-Hcp1 in Murine 
Pneumonia and Burn Models. Sci Rep. 2017 Jun 21;7(1):3957. doi: 10.1038/s41598-017-
04029-5. PMID: 28638106; PMCID: PMC5479855. 

306. La Rosa R, Rossi E, Feist AM, Johansen HK, Molin S. Compensatory evolution of 
Pseudomonas aeruginosa's slow growth phenotype suggests mechanisms of adaptation 
in cystic fibrosis. Nat Commun. 2021;12(1):3186. 

307. Parkins MD, Ceri H, Storey DG. Pseudomonas aeruginosa GacA, a factor in multihost 
virulence, is also essential for biofilm formation. Mol Microbiol. 2001;40(5):1215-26. 

308. Larrosa M, Truchado P, Espín JC, Tomás-Barberán FA, Allende A, García-Conesa MT. 
Evaluation of Pseudomonas aeruginosa (PAO1) adhesion to human alveolar epithelial 
cells A549 using SYTO 9 dye. Mol Cell Probes. 2012;26(3):121-6. 

309. Di Paola M, Park AJ, Ahmadi S, Roach EJ, Wu YS, Struder-Kypke M, Lam JS, Bear CE, 
Khursigara CM. SLC6A14 Is a Genetic Modifier of Cystic Fibrosis That Regulates 
Pseudomonas aeruginosa Attachment to Human Bronchial Epithelial Cells. mBio. 2017 
Dec 19;8(6):e02073-17. doi: 10.1128/mBio.02073-17. PMID: 29259090; PMCID: 
PMC5736915. 

310. Cigana C, Lorè NI, Riva C, De Fino I, Spagnuolo L, Sipione B, Rossi G, Nonis A, Cabrini G, 
Bragonzi A. Tracking the immunopathological response to Pseudomonas aeruginosa 
during respiratory infections. Sci Rep. 2016 Feb 17;6:21465. doi: 10.1038/srep21465. 
PMID: 26883959; PMCID: PMC4756310. 

311. Mitri C, Xu Z, Bardin P, Corvol H, Touqui L, Tabary O. Novel Anti-Inflammatory Approaches 
for Cystic Fibrosis Lung Disease: Identification of Molecular Targets and Design of 
Innovative Therapies. Front Pharmacol. 2020;11:1096. 

312. Ribeiro CMP, McElvaney NG, Cabrini G. Editorial: Novel Anti-Inflammatory Approaches 
for Cystic Fibrosis Lung Disease: Identification of Molecular Targets and Design of 
Innovative Therapies. Front Pharmacol. 2021;12:794854. 

313. Yang L, Haagensen JA, Jelsbak L, Johansen HK, Sternberg C, Høiby N, Molin S. In situ 
growth rates and biofilm development of Pseudomonas aeruginosa populations in 
chronic lung infections. J Bacteriol. 2008 Apr;190(8):2767-76. doi: 10.1128/JB.01581-07. 
Epub 2007 Dec 21. PMID: 18156255; PMCID: PMC2293235. 

314. Koller B, Kappler M, Latzin P, Gaggar A, Schreiner M, Takyar S, Kormann M, Kabesch M, 
Roos D, Griese M, Hartl D. TLR expression on neutrophils at the pulmonary site of 
infection: TLR1/TLR2-mediated up-regulation of TLR5 expression in cystic fibrosis lung 
disease. J Immunol. 2008 Aug 15;181(4):2753-63. doi: 10.4049/jimmunol.181.4.2753. 
PMID: 18684966. 



163 
 

315. Khong NZ, Zeng Y, Lai SK, Koh CG, Liang ZX, Chiam KH, Li HY. Dynamic swimming pattern 
of Pseudomonas aeruginosa near a vertical wall during initial attachment stages of 
biofilm formation. Sci Rep. 2021 Jan 21;11(1):1952. doi: 10.1038/s41598-021-81621-w. 
PMID: 33479476; PMCID: PMC7820011. 

316. Azghani AO, Idell S, Bains M, Hancock RE. Pseudomonas aeruginosa outer membrane 
protein F is an adhesin in bacterial binding to lung epithelial cells in culture. Microb 
Pathog. 2002;33(3):109-14. 

317. Asadi A, Razavi S, Talebi M, Gholami M. A review on anti-adhesion therapies of bacterial 
diseases. Infection. 2019;47(1):13-23. 

318. Ozer E, Yaniv K, Chetrit E, Boyarski A, Meijler MM, Berkovich R, et al. An inside look at a 
biofilm: Pseudomonas aeruginosa flagella biotracking. Sci Adv. 2021;7(24).319. Zhou 
X, Li X, Ye Y, Zhao K, Zhuang Y, Li Y, Wei Y, Wu M. Corrigendum: MicroRNA-302b augments 
host defense to bacteria by regulating inflammatory responses via feedback to 
TLR/IRAK4 circuits. Nat Commun. 2015 Oct 14;6:8679. doi: 10.1038/ncomms9679. 
Erratum for: Nat Commun. 2014;5:3619. PMID: 26465271.  

320. Dingemans J, Ye L, Hildebrand F, Tontodonati F, Craggs M, Bilocq F, De Vos D, Crabbé A, 
Van Houdt R, Malfroot A, Cornelis P. The deletion of TonB-dependent receptor genes is 
part of the genome reduction process that occurs during adaptation of Pseudomonas 
aeruginosa to the cystic fibrosis lung. Pathog Dis. 2014 Jun;71(1):26-38. doi: 
10.1111/2049-632X.12170. Epub 2014 Apr 16. PMID: 24659602. 

321. Ye Y, Li X, Wang W, Ouedraogo KC, Li Y, Gan C, Tan S, Zhou X, Wu M. Atg7 deficiency 
impairs host defense against Klebsiella pneumoniae by impacting bacterial clearance, 
survival and inflammatory responses in mice. Am J Physiol Lung Cell Mol Physiol. 2014 
Sep 1;307(5):L355-63. doi: 10.1152/ajplung.00046.2014. Epub 2014 Jul 3. PMID: 
24993132; PMCID: PMC4154251. 

322. Ofek I, Hasty DL, Sharon N. Anti-adhesion therapy of bacterial diseases: prospects and 
problems. FEMS Immunol Med Microbiol. 2003;38(3):181-91. 

323. Weimer BC, Chen P, Desai PT, Chen D, Shah J. Whole Cell Cross-Linking to Discover Host-
Microbe Protein Cognate Receptor/Ligand Pairs. Front Microbiol. 2018;9:1585. 

324. Shevchenko A, Tomas H, Havlis J, Olsen JV, Mann M. In-gel digestion for mass 
spectrometric characterization of proteins and proteomes. Nat Protoc. 2006;1(6):2856-
60. 

325. Szklarczyk D, Franceschini A, Wyder S, Forslund K, Heller D, Huerta-Cepas J, Simonovic 
M, Roth A, Santos A, Tsafou KP, Kuhn M, Bork P, Jensen LJ, von Mering C. STRING v10: 
protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 
2015 Jan;43(Database issue):D447-52. doi: 10.1093/nar/gku1003. Epub 2014 Oct 28. 
PMID: 25352553; PMCID: PMC4383874. 

326. Uhlén M, Fagerberg L, Hallström BM, Lindskog C, Oksvold P, Mardinoglu A, Sivertsson Å, 
Kampf C, Sjöstedt E, Asplund A, Olsson I, Edlund K, Lundberg E, Navani S, Szigyarto CA, 
Odeberg J, Djureinovic D, Takanen JO, Hober S, Alm T, Edqvist PH, Berling H, Tegel H, 
Mulder J, Rockberg J, Nilsson P, Schwenk JM, Hamsten M, von Feilitzen K, Forsberg M, 
Persson L, Johansson F, Zwahlen M, von Heijne G, Nielsen J, Pontén F. Proteomics. Tissue-
based map of the human proteome. Science. 2015 Jan 23;347(6220):1260419. doi: 
10.1126/science.1260419. PMID: 25613900. 

327. Sjöstedt E, Zhong W, Fagerberg L, Karlsson M, Mitsios N, Adori C, Oksvold P, Edfors F, 
Limiszewska A, Hikmet F, Huang J, Du Y, Lin L, Dong Z, Yang L, Liu X, Jiang H, Xu X, Wang 



164 

J, Yang H, Bolund L, Mardinoglu A, Zhang C, von Feilitzen K, Lindskog C, Pontén F, Luo Y, 
Hökfelt T, Uhlén M, Mulder J. An atlas of the protein-coding genes in the human, pig, and 
mouse brain. Science. 2020 Mar 6;367(6482):eaay5947. doi: 10.1126/science.aay5947. 
PMID: 32139519. 

328. Kaplan A, Gaschler MM, Dunn DE, Colligan R, Brown LM, Palmer AG 3rd, Lo DC, Stockwell
BR. Small molecule-induced oxidation of protein disulfide isomerase is neuroprotective.
Proc Natl Acad Sci U S A. 2015 Apr 28;112(17):E2245-52. doi: 10.1073/pnas.1500439112.
Epub 2015 Apr 6. PMID: 25848045; PMCID: PMC4418888.

329. Galligan JJ, Petersen DR. The human protein disulfide isomerase gene family. Hum
Genomics. 2012;6(1):6.

330. Łasica AM, Jagusztyn-Krynicka EK. The role of Dsb proteins of Gram-negative bacteria in
the process of pathogenesis. FEMS Microbiol Rev. 2007;31(5):626-36.

331. Raina S, Missiakas D. Making and breaking disulfide bonds. Annu Rev Microbiol.
1997;51:179-202.

332. Krachler AM, Orth K. Targeting the bacteria-host interface: strategies in anti-adhesion
therapy. Virulence. 2013;4(4):284-94.

333. Riquelme SA, Prince A. Airway immunometabolites fuel Pseudomonas aeruginosa
infection. Respir Res. 2020;21(1):326.

334. Timón-Gómez A, Pérez-Pérez R, Nyvltova E, Ugalde C, Fontanesi F, Barrientos A. Protocol
for the Analysis of Yeast and Human Mitochondrial Respiratory Chain Complexes and
Supercomplexes by Blue Native Electrophoresis. STAR Protoc. 2020;1(2).

335. Swamy M, Siegers GM, Minguet S, Wollscheid B, Schamel WW. Blue native
polyacrylamide gel electrophoresis (BN-PAGE) for the identification and analysis of
multiprotein complexes. Sci STKE. 2006;2006(345):pl4.

336. Fiala GJ, Schamel WW, Blumenthal B. Blue native polyacrylamide gel electrophoresis
(BN-PAGE) for analysis of multiprotein complexes from cellular lysates. J Vis Exp.
2011(48).

337. Turano C, Coppari S, Altieri F, Ferraro A. Proteins of the PDI family: unpredicted non-ER
locations and functions. J Cell Physiol. 2002;193(2):154-63.

338. Antoniou AN, Powis SJ. Pathogen evasion strategies for the major histocompatibility
complex class I assembly pathway. Immunology. 2008;124(1):1-12.

339. Domnick A, Winter C, Sušac L, Hennecke L, Hensen M, Zitzmann N, Trowitzsch S, Thomas
C, Tampé R. Molecular basis of MHC I quality control in the peptide loading complex. Nat
Commun. 2022 Aug 10;13(1):4701. doi: 10.1038/s41467-022-32384-z. PMID: 35948544;
PMCID: PMC9365787.

340. Park B, Lee S, Kim E, Cho K, Riddell SR, Cho S, Ahn K. Redox regulation facilitates optimal
peptide selection by MHC class I during antigen processing. Cell. 2006 Oct 20;127(2):369-
82. doi: 10.1016/j.cell.2006.08.041. PMID: 17055437.

341.Barbouche R, Miquelis R, Jones IM, Fenouillet E. Protein-disulfide isomerase-mediated
reduction of two disulfide bonds of HIV envelope glycoprotein 120 occurs post-CXCR4 
binding and is required for fusion. J Biol Chem. 2003;278(5):3131-6. 

342. Fenouillet E, Barbouche R, Courageot J, Miquelis R. The catalytic activity of protein
disulfide isomerase is involved in human immunodeficiency virus envelope-mediated
membrane fusion after CD4 cell binding. J Infect Dis. 2001;183(5):744-52.

343. Abell BA, Brown DT. Sindbis virus membrane fusion is mediated by reduction of
glycoprotein disulfide bridges at the cell surface. J Virol. 1993;67(9):5496-501.



165 

344. Gilbert J, Ou W, Silver J, Benjamin T. Downregulation of protein disulfide isomerase
inhibits infection by the mouse polyomavirus. J Virol. 2006;80(21):10868-70.

345. Jain S, McGinnes LW, Morrison TG. Thiol/disulfide exchange is required for membrane
fusion directed by the Newcastle disease virus fusion protein. J Virol. 2007;81(5):2328-
39.

346. Kim Y, Chang KO. Protein disulfide isomerases as potential therapeutic targets for
influenza A and B viruses. Virus Res. 2018;247:26-33.

347. Chamberlain N, Korwin-Mihavics BR, Nakada EM, Bruno SR, Heppner DE, Chapman DG,
Hoffman SM, van der Vliet A, Suratt BT, Dienz O, Alcorn JF, Anathy V. Lung epithelial
protein disulfide isomerase A3 (PDIA3) plays an important role in influenza infection,
inflammation, and airway mechanics. Redox Biol. 2019 Apr;22:101129. doi:
10.1016/j.redox.2019.101129. Epub 2019 Jan 29. PMID: 30735910; PMCID:
PMC6365984.

348. Chamberlain N, Ruban M, Mark ZF, Bruno SR, Kumar A, Chandrasekaran R, Souza De Lima
D, Antos D, Nakada EM, Alcorn JF, Anathy V. Protein Disulfide Isomerase A3 Regulates
Influenza Neuraminidase Activity and Influenza Burden in the Lung. Int J Mol Sci. 2022
Jan 19;23(3):1078. doi: 10.3390/ijms23031078. PMID: 35162999; PMCID: PMC8834910.

349. Abromaitis S, Stephens RS. Attachment and entry of Chlamydia have distinct
requirements for host protein disulfide isomerase. PLoS Pathog. 2009;5(4):e1000357.

350. Conant CG, Stephens RS. Chlamydia attachment to mammalian cells requires protein
disulfide isomerase. Cell Microbiol. 2007;9(1):222-32.

351. Davis CH, Raulston JE, Wyrick PB. Protein disulfide isomerase, a component of the
estrogen receptor complex, is associated with Chlamydia trachomatis serovar E attached
to human endometrial epithelial cells. Infect Immun. 2002;70(7):3413-8.

352. Pacello F, D'Orazio M, Battistoni A. An ERp57-mediated disulphide exchange promotes
the interaction between Burkholderia cenocepacia and epithelial respiratory cells. Sci
Rep. 2016;6:21140.

353. Ribeiro CMP, Gentzsch M. Impact of Airway Inflammation on the Efficacy of CFTR
Modulators. Cells. 2021;10(11).

354. Ribeiro CM, Paradiso AM, Schwab U, Perez-Vilar J, Jones L, O'neal W, Boucher RC. Chronic
airway infection/inflammation induces a Ca2+i-dependent hyperinflammatory response
in human cystic fibrosis airway epithelia. J Biol Chem. 2005 May 6;280(18):17798-806.
doi: 10.1074/jbc.M410618200. Epub 2005 Mar 3. PMID: 15746099.

355. Tsai B, Rodighiero C, Lencer WI, Rapoport TA. Protein disulfide isomerase acts as a redox-
dependent chaperone to unfold cholera toxin. Cell. 2001;104(6):937-48.

356. Lumb RA, Bulleid NJ. Is protein disulfide isomerase a redox-dependent molecular
chaperone? EMBO J. 2002;21(24):6763-70.

357. Cho K, Cho S, Lee SO, Oh C, Kang K, Ryoo J, Lee S, Kang S, Ahn K. Redox-regulated peptide
transfer from the transporter associated with antigen processing to major
histocompatibility complex class I molecules by protein disulfide isomerase. Antioxid
Redox Signal. 2011 Aug 1;15(3):621-33. doi: 10.1089/ars.2010.3756. Epub 2011 May 11.
PMID: 21299467.

358. Kanemura S, Matsusaki M, Inaba K, Okumura M. PDI Family Members as Guides for Client
Folding and Assembly. Int J Mol Sci. 2020;21(24).

359. Urade R, Oda T, Ito H, Moriyama T, Utsumi S, Kito M. Functions of characteristic Cys-Gly-
His-Cys (CGHC) and Gln-Glu-Asp-Leu (QEDL) motifs of microsomal ER-60 protease. J
Biochem. 1997;122(4):834-42.



166 
 

360. Powell LE, Foster PA. Protein disulphide isomerase inhibition as a potential cancer 
therapeutic strategy. Cancer Med. 2021;10(8):2812-25. 

361. Matsusaki M, Kanemura S, Kinoshita M, Lee YH, Inaba K, Okumura M. The Protein 
Disulfide Isomerase Family: from proteostasis to pathogenesis. Biochim Biophys Acta 
Gen Subj. 2020;1864(2):129338. 

362. Chichiarelli S, Altieri F, Paglia G, Rubini E, Minacori M, Eufemi M. ERp57/PDIA3: new 
insight. Cell Mol Biol Lett. 2022;27(1):12. 

363. Liu CC, Leclair P, Pedari F, Vieira H, Monajemi M, Sly LM, Reid GS, Lim CJ. Integrins and 
ERp57 Coordinate to Regulate Cell Surface Calreticulin in Immunogenic Cell Death. Front 
Oncol. 2019 May 28;9:411. doi: 10.3389/fonc.2019.00411. PMID: 31192123; PMCID: 
PMC6546883. 

364. Barbieri JT, Sun J. Pseudomonas aeruginosa ExoS and ExoT. Rev Physiol Biochem 
Pharmacol. 2004;152:79-92. 

365. Stertman L, Palm AE, Zarnegar B, Carow B, Lunderius Andersson C, Magnusson SE, 
Carnrot C, Shinde V, Smith G, Glenn G, Fries L, Lövgren Bengtsson K. The Matrix-M™ 
adjuvant: A critical component of vaccines for the 21st century. Hum Vaccin 
Immunother. 2023 Dec 31;19(1):2189885. doi: 10.1080/21645515.2023.2189885. 
Epub 2023 Apr 27. PMID: 37113023; PMCID: PMC10158541. 

366. Christensen D. Vaccine adjuvants: Why and how. Hum Vaccin Immunother. 
2016;12(10):2709-11. 

367. Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat Med. 
2013;19(12):1597-608. 

368. Sarkar I, Garg R, van Drunen Littel-van den Hurk S. Selection of adjuvants for vaccines 
targeting specific pathogens. Expert Rev Vaccines. 2019;18(5):505-21. 

369. Apostólico JS, Lunardelli VAS, Coirada FC, Boscardin SB, Rosa DS. Adjuvants: 
Classification,Modus Operandi, and Licensing. J Immunol Res. 2016;2016:1459394. 

370. Guimarães LE, Baker B, Perricone C, Shoenfeld Y. Vaccines, adjuvants and autoimmunity. 
2015;100:190-209. 

371. Jazani NH, Parsania S, Sohrabpour M, Mazloomi E, Karimzad M, Shahabi S. Naloxone and 
alum synergistically augment adjuvant activities of each other in a mouse vaccine model 
of Salmonella Typhimurium infection. Immunobiology. 2011;216(6):744-51. 

372. Vetter V, Denizer G, Friedland LR, Krishnan J, Shapiro M. Understanding modern-day 
vaccines: what you need to know. Ann Med. 2018;50(2):110-20. 

373. Hamaoka S, Naito Y, Katoh H, Shimizu M, Kinoshita M, Akiyama K, Kainuma A, Moriyama 
K, Ishii KJ, Sawa T. Efficacy comparison of adjuvants in PcrV vaccine against Pseudomonas 
aeruginosa pneumonia. Microbiol Immunol. 2017 Feb;61(2):64-74. doi: 10.1111/1348-
0421.12467. PMID: 28370521. 

374. Bahey-El-Din M, Mohamed SA, Sheweita SA, Haroun M, Zaghloul TI. Recombinant N-
terminal outer membrane porin (OprF) of Pseudomonas aeruginosa is a promising 
vaccine candidate against both P. aeruginosa and some strains of Acinetobacter 
baumannii. Int J Med Microbiol. 2020;310(3):151415. 

375. Ryu JI, Park SA, Wui SR, Ko A, Han JE, Choi JA, Song MK, Kim KS, Cho YJ, Lee NG. A De-O-
acylated Lipooligosaccharide-Based Adjuvant System Promotes Antibody and Th1-Type 
Immune Responses to H1N1 Pandemic Influenza Vaccine in Mice. Biomed Res Int. 
2016;2016:3713656. doi: 10.1155/2016/3713656. Epub 2016 Nov 7. PMID: 27891512; 
PMCID: PMC5116492.  



167 
 

376. Oberemok VV, Laikova KV, Yurchenko KA, Marochkin NA, Fomochkina, II, Kubyshkin AA-
O. SARS-CoV-2 will constantly sweep its tracks: a vaccine containing CpG motifs in 'lasso' 
for the multi-faced virus. 2020(1420-908X (Electronic)). 

377. Naito Y, Hamaoka S, Kinoshita M, Kainuma A, Shimizu M, Katoh H, Moriyama K, Ishii KJ, 
Sawa T. The protective effects of nasal PcrV-CpG oligonucleotide vaccination against 
Pseudomonas aeruginosa pneumonia. Microbiol Immunol. 2018 Dec;62(12):774-785. 
doi: 10.1111/1348-0421.12658. PMID: 30378708. 

378. Del Giudice G, Rappuoli R, Didierlaurent AM. Correlates of adjuvanticity: A review on 
adjuvants in licensed vaccines. Semin Immunol. 2018;39:14-21. 

379. Ko EJ, Kang SM. Immunology and efficacy of MF59-adjuvanted vaccines. Hum Vaccin 
Immunother. 2018;14(12):3041-5. 

380. Yang J, Lee KM, Park S, Cho Y, Lee E, Park JH, Shin OS, Son J, Yoon SS, Yu JW. Bacterial 
Secretant from Pseudomonas aeruginosa Dampens Inflammasome Activation in a 
Quorum Sensing-Dependent Manner. Front Immunol. 2017 Mar 27;8:333. doi: 
10.3389/fimmu.2017.00333. PMID: 28396663; PMCID: PMC5366846.  

381. Żelechowska P, Różalska S, Wiktorska M, Brzezińska-Błaszczyk E, Agier J. Curdlan 
stimulates tissue mast cells to synthesize pro-inflammatory mediators, generate ROS, 
and migrate via Dectin-1 receptor. Cell Immunol. 2020;351:104079. 

382. Goodridge HS, Wolf AJ, Underhill DM. Beta-glucan recognition by the innate immune 
system. Immunol Rev. 2009;230(1):38-50. 

383. Benmohamed F, Medina M, Wu YZ, Maschalidi S, Jouvion G, Guillemot L, Chignard M, 
Manoury B, Touqui L. Toll-like receptor 9 deficiency protects mice against Pseudomonas 
aeruginosa lung infection. PLoS One. 2014 Mar 4;9(3):e90466. doi: 
10.1371/journal.pone.0090466. PMID: 24595157; PMCID: PMC3942450. 

384. Clements JD, Norton EB. The Mucosal Vaccine Adjuvant LT(R192G/L211A) or dmLT. 
mSphere. 2018;3(4). 

385. Arnold H, Bumann D, Felies M, Gewecke B, Sörensen M, Gessner JE, Freihorst J, von 
Specht BU, Baumann U. Enhanced immunogenicity in the murine airway mucosa with an 
attenuated Salmonella live vaccine expressing OprF-OprI from Pseudomonas 
aeruginosa. Infect Immun. 2004 Nov;72(11):6546-53. doi: 10.1128/IAI.72.11.6546-
6553.2004. PMID: 15501786; PMCID: PMC523058.  

386. Toth A, Schödel F, Duchêne M, Massarrat K, Blum B, Schmitt A, Domdey H, von Specht 
BU. Protection of immunosuppressed mice against translocation of Pseudomonas 
aeruginosa from the gut by oral immunization with recombinant Pseudomonas 
aeruginosa outer membrane protein I expressing Salmonella dublin. Vaccine. 1994 
Oct;12(13):1215-21. doi: 10.1016/0264-410x(94)90246-1. PMID: 7839727.387. 

387.     Bumann D, Behre C, Behre K, Herz S, Gewecke B, Gessner JE, von Specht BU, Baumann 
U. Systemic, nasal and oral live vaccines against Pseudomonas aeruginosa: a clinical trial 
of immunogenicity in lower airways of human volunteers. Vaccine. 2010 Jan 8;28(3):707-
13. doi: 10.1016/j.vaccine.2009.10.080. Epub 2009 Nov 1. PMID: 19887136. 

388. Zhang M, Sun C, Gu J, Yan X, Wang B, Cui Z, Sun X, Tong C, Feng X, Lei L, Han W. Salmonella 
Typhimurium strain expressing OprF-OprI protects mice against fatal infection by 
Pseudomonas aeruginosa. Microbiol Immunol. 2015 Sep;59(9):533-44. doi: 
10.1111/1348-0421.12291. PMID: 26249788. 

389. Robinson CM, Kobe BN, Schmitt DM, Phair B, Gilson T, Jung JY, Roberts L, Liao J, 
Camerlengo C, Chang B, Davis M, Figurski L, Sindeldecker D, Horzempa J. Genetic 
engineering of Francisella tularensis LVS for use as a novel live vaccine platform against 



168 
 

Pseudomonas aeruginosa infections. Bioengineered. 2015;6(2):82-8. doi: 
10.1080/21655979.2015.1011033. PMID: 25617059; PMCID: PMC4601302.  

390. Ryu JI, Wui SR, Ko A, Lee YJ, Do H, Kim HJ, Rhee IM, Park SA, Kim KS, Cho YJ, Lee NG. 
Increased Immunogenicity and Protective Efficacy of a P. aeruginosa Vaccine in Mice 
Using an Alum and De-O-Acylated Lipooligosaccharide Adjuvant System. J Microbiol 
Biotechnol. 2017 Aug 28;27(8):1539-1548. doi: 10.4014/jmb.1706.06009. PMID: 
28621112. 

391. Sharma A, Krause A, Worgall S. Recent developments for Pseudomonas vaccines. Hum 
Vaccin. 2011;7(10):999-1011. 

392. Aguilera-Herce J, García-Quintanilla M, Romero-Flores R, McConnell MJ, Ramos-Morales 
F. A Live Salmonella Vaccine Delivering PcrV through the Type III Secretion 
System Protects against Pseudomonas aeruginosa. mSphere. 2019;4(2):e00116-19. 

393. Hennessy EJ, Parker AE, O'Neill LA. Targeting Toll-like receptors: emerging therapeutics? 
Nat Rev Drug Discov. 2010;9(4):293-307. 

394. Facchini FA, Minotti A, Luraghi A, Romerio A, Gotri N, Matamoros-Recio A, Iannucci A, 
Palmer C, Wang G, Ingram R, Martin-Santamaria S, Pirianov G, De Andrea M, Valvano 
MA, Peri F. Synthetic Glycolipids as Molecular Vaccine Adjuvants: Mechanism of Action 
in Human Cells and In Vivo Activity. J Med Chem. 2021 Aug 26;64(16):12261-12272. doi: 
10.1021/acs.jmedchem.1c00896. Epub 2021 Aug 12. PMID: 34382796; PMCID: 
PMC8404200. 

395. Pifferi C, Fuentes R, Fernández-Tejada A. Natural and synthetic carbohydrate-based 
vaccine adjuvants and their mechanisms of action. Nat Rev Chem. 2021;5(3):197-216. 

396. Garçon N, Chomez P, Van Mechelen M. GlaxoSmithKline Adjuvant Systems in vaccines: 
concepts, achievements and perspectives. Expert Rev Vaccines. 2007;6(5):723-39. 

397. Bohannon JK, Hernandez A, Enkhbaatar P, Adams WL, Sherwood ER. The immunobiology 
of toll-like receptor 4 agonists: from endotoxin tolerance to immunoadjuvants. Shock. 
2013;40(6):451-62. 

398. Kundi M. New hepatitis B vaccine formulated with an improved adjuvant system. Expert 
Rev Vaccines. 2007;6(2):133-40. 

399. Coccia M, Collignon C, Hervé C, Chalon A, Welsby I, Detienne S, van Helden MJ, Dutta S, 
Genito CJ, Waters NC, Deun KV, Smilde AK, Berg RAVD, Franco D, Bourguignon P, Morel 
S, Garçon N, Lambrecht BN, Goriely S, Most RV, Didierlaurent AM. Cellular and molecular 
synergy in AS01-adjuvanted vaccines results in an early IFNγ response promoting vaccine 
immunogenicity. NPJ Vaccines. 2017 Sep 8;2:25. doi: 10.1038/s41541-017-0027-3. 
Erratum in: NPJ Vaccines. 2018 Mar 21;3:13. PMID: 29263880; PMCID: PMC5627273. 

400. Martin LBB, Kikuchi S, Rejzek M, Owen C, Reed J, Orme A, Misra RC, El-Demerdash A, Hill 
L, Hodgson H, Liu Y, Keasling JD, Field RA, Truman AW, Osbourn A. Complete biosynthesis 
of the potent vaccine adjuvant QS-21. Nat Chem Biol. 2024 Apr;20(4):493-502. doi: 
10.1038/s41589-023-01538-5. Epub 2024 Jan 26. PMID: 38278997; PMCID: 
PMC10972754. 

401. Romerio A, Gotri N, Franco AR, Artusa V, Shaik MM, Pasco ST, Atxabal U, Matamoros-
Recio A, Mínguez-Toral M, Zalamea JD, Franconetti A, Abrescia NGA, Jimenez-Barbero J, 
Anguita J, Martín-Santamaría S, Peri F. New Glucosamine-Based TLR4 Agonists: Design, 
Synthesis, Mechanism of Action, and In Vivo Activity as Vaccine Adjuvants. J Med Chem. 
2023 Feb 23;66(4):3010-3029. doi: 10.1021/acs.jmedchem.2c01998. Epub 2023 Feb 2. 
PMID: 36728697; PMCID: PMC9969399. 



169 

402. Romerio A, Franco AR, Shadrick M, Shaik MM, Artusa V, Italia A, Lami F, Demchenko AV,
Peri F. Overcoming Challenges in Chemical Glycosylation to Achieve Innovative Vaccine
Adjuvants Possessing Enhanced TLR4 Activity. ACS Omega. 2023 Sep 18;8(39):36412-
36417. doi: 10.1021/acsomega.3c05363. PMID: 37810727; PMCID: PMC10552098.

403. Gandhapudi SK, Chilton PM, Mitchell TC. TRIF is required for TLR4 mediated adjuvant
effects on T cell clonal expansion. PLoS One. 2013;8(2):e56855.

404. Baumann U, Mansouri E, von Specht BU. Recombinant OprF-OprI as a vaccine against
Pseudomonas aeruginosa infections. Vaccine. 2004;22(7):840-7.

405. Hassan R, El-Naggar W, Abd El-Aziz AM, Shaaban M, Kenawy HI, Ali YM. Immunization
with outer membrane proteins (OprF and OprI) and flagellin B protects mice from
pulmonary infection with mucoid and nonmucoid Pseudomonas aeruginosa. J Microbiol
Immunol Infect. 2018;51(3):312-20.

406. Yu X, Wang Y, Xia Y, Zhang L, Yang Q, Lei J. A DNA vaccine encoding VP22 of herpes simplex
virus type I (HSV-1) and OprF confers enhanced protection from Pseudomonas
aeruginosa in mice. Vaccine. 2016;34(37):4399-405.

407. Peluso L, de Luca C, Bozza S, Leonardi A, Giovannini G, Lavorgna A, De Rosa G, Mascolo
M, Ortega De Luna L, Catania MR, Romani L, Rossano F. Protection against Pseudomonas
aeruginosa lung infection in mice by recombinant OprF-pulsed dendritic cell
immunization. BMC Microbiol. 2010 Jan 13;10:9. doi: 10.1186/1471-2180-10-9. PMID:
20070893; PMCID: PMC2820439.

408. Weimer ET, Lu H, Kock ND, Wozniak DJ, Mizel SB. A fusion protein vaccine containing
OprF epitope 8, OprI, and type A and B flagellins promotes enhanced clearance of non-
mucoidPseudomonas aeruginosa. Infect Immun. 2009;77(6):2356-66.

409. Malyala P, Singh M. Endotoxin limits in formulations for preclinical research. J Pharm Sci.
2008;97(6):2041-4.

410. Lansbury L, Lim B, Baskaran V, Lim WS. Co-infections in people with COVID-19: a
systematic review and meta-analysis. J Infect. 2020;81(2):266-75.

411. Hammoudi Halat D, Ayoub Moubareck C. The Intriguing Carbapenemases of
Pseudomonas aeruginosa: Current Status, Genetic Profile, and Global Epidemiology. Yale
J Biol Med. 2022;95(4):507-15.

412. Micoli F, Bagnoli F, Rappuoli R, Serruto D. The role of vaccines in combatting antimicrobial
resistance. Nat Rev Microbiol. 2021;19(5):287-302.

413. Bindon CI, Hale G, Brüggemann M, Waldmann H. Human monoclonal IgG isotypes differ
in complement activating function at the level of C4 as well as C1q. J Exp Med.
1988;168(1):127-42.

414. Cerquetti MC, Sordelli DO, Bellanti JA, Hooke AM. Lung defenses against Pseudomonas
aeruginosa in C5-deficient mice with different genetic backgrounds. Infect Immun.
1986;52(3):853-7.

415. Larsen GL, Mitchell BC, Harper TB, Henson PM. The pulmonary response of C5 sufficient
and deficient mice to Pseudomonas aeruginosa. Am Rev Respir Dis. 1982;126(2):306-11.

416. Mishra M, Ressler A, Schlesinger LS, Wozniak DJ. Identification of OprF as a complement
component C3 binding acceptor molecule on the surface of Pseudomonas aeruginosa.
Infect Immun. 2015;83(8):3006-14.

417. Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes: from structure to
effector functions. Front Immunol. 2014;5:520.



170 

418. Jäger AV, Arias P, Tribulatti MV, Brocco MA, Pepe MV, Kierbel A. The inflammatory
response induced by Pseudomonas aeruginosa in macrophages enhances apoptotic cell
removal. Sci Rep. 2021;11(1):2393.

419. Bhandari V, Suresh A. Next-Generation Approaches Needed to Tackle Antimicrobial
Resistance for the Development of Novel Therapies Against the Deadly Pathogens. Front
Pharmacol. 2022;13:838092.

420. Lobanovska M, Pilla G. Penicillin's Discovery and Antibiotic Resistance: Lessons for the
Future? Yale J Biol Med. 2017;90(1):135-45.

421. Adedeji WA. The treasure called antibiotics. Ann Ib Postgrad Med. 2016;14(2):56-7.
422. CDC. What Exactly Is Antibiotic Resistance? Atlanta, GA, United States: Centers for

Disease Control and Prevention2020.
423. Programme UNE. Bracing for Superbugs: Strengthening environmental action in the One

Health response to antimicrobial resistance. 2023.
424. Zumla A, Rao M, Wallis RS, Kaufmann SH, Rustomjee R, Mwaba P, Vilaplana C, Yeboah-

Manu D, Chakaya J, Ippolito G, Azhar E, Hoelscher M, Maeurer M; Host-Directed
Therapies Network consortium. Host-directed therapies for infectious diseases: current
status, recent progress, and future prospects. Lancet Infect Dis. 2016 Apr;16(4):e47-63.
doi: 10.1016/S1473-3099(16)00078-5. PMID: 27036359; PMCID: PMC7164794.

425. Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R. Host-directed therapies for
bacterial and viral infections. Nat Rev Drug Discov. 2018;17(1):35-56.

426. Kilinç G, Saris A, Ottenhoff THM, Haks MC. Host-directed therapy to combat
mycobacterial infections. Immunol Rev. 2021;301(1):62-83.

427. Jorth P, Staudinger BJ, Wu X, Hisert KB, Hayden H, Garudathri J, Harding CL, Radey MC,
Rezayat A, Bautista G, Berrington WR, Goddard AF, Zheng C, Angermeyer A, Brittnacher
MJ, Kitzman J, Shendure J, Fligner CL, Mittler J, Aitken ML, Manoil C, Bruce JE, Yahr TL,
Singh PK. Regional Isolation Drives Bacterial Diversification within Cystic Fibrosis Lungs.
Cell Host Microbe. 2015 Sep 9;18(3):307-19. doi: 10.1016/j.chom.2015.07.006. Epub
2015 Aug 20. PMID: 26299432; PMCID: PMC4589543.

428. Winstanley C, O'Brien S, Brockhurst MA. Pseudomonas aeruginosa Evolutionary
Adaptation and Diversification in Cystic Fibrosis Chronic Lung Infections. Trends
Microbiol. 2016 May;24(5):327-337. doi: 10.1016/j.tim.2016.01.008. Epub 2016 Mar 3.
PMID: 26946977; PMCID: PMC4854172.

429. Diaz Caballero J, Clark ST, Coburn B, Zhang Y, Wang PW, Donaldson SL, Tullis DE, Yau YC,
Waters VJ, Hwang DM, Guttman DS. Selective Sweeps and Parallel Pathoadaptation Drive
Pseudomonas aeruginosa Evolution in the Cystic Fibrosis Lung. mBio. 2015 Sep
1;6(5):e00981-15. doi: 10.1128/mBio.00981-15. PMID: 26330513; PMCID:
PMC4556809.

430. Lieberman TD, Flett KB, Yelin I, Martin TR, McAdam AJ, Priebe GP, Kishony R. Genetic
variation of a bacterial pathogen within individuals with cystic fibrosis provides a record
of selective pressures. Nat Genet. 2014 Jan;46(1):82-7. doi: 10.1038/ng.2848. Epub 2013
Dec 8. PMID: 24316980; PMCID: PMC3979468.

431. Cao P, Fleming D, Moustafa DA, Dolan SK, Szymanik KH, Redman WK, Ramos A, Diggle
FL, Sullivan CS, Goldberg JB, Rumbaugh KP, Whiteley M. A Pseudomonas aeruginosa
small RNA regulates chronic and acute infection. Nature. 2023 Jun;618(7964):358-364.
doi: 10.1038/s41586-023-06111-7. Epub 2023 May 24. PMID: 37225987; PMCID:
PMC10247376.



171 

432. Zhao K, Li W, Li J, Ma T, Wang K, Yuan Y, Li JS, Xie R, Huang T, Zhang Y, Zhou Y, Huang N,
Wu W, Wang Z, Zhang J, Yue B, Zhou Z, Li J, Wei YQ, Zhang X, Zhou X. TesG is a type I
secretion effector of Pseudomonas aeruginosa that suppresses the host immune
response during chronic infection. Nat Microbiol. 2019 Mar;4(3):459-469. doi:
10.1038/s41564-018-0322-4. Epub 2019 Jan 7. PMID: 30617346.. Nat Microbiol.
2019;4(3):459-69.

433. Filloux A, Davies JC. Chronic infection by controlling inflammation. Nat Microbiol.
2019;4(3):378-9.

434. Campodónico VL, Llosa NJ, Grout M, Döring G, Maira-Litrán T, Pier GB. Evaluation of
flagella and flagellin of Pseudomonas aeruginosa as vaccines. Infect Immun.
2010;78(2):746-55.

435. Ghafoor A, Hay ID, Rehm BH. Role of exopolysaccharides in Pseudomonas aeruginosa
biofilm formation and architecture. Appl Environ Microbiol. 2011;77(15):5238-46.

436. Cystic Fibrosis Foundation. Cystic Fibrosis Foundation 2022 November Drug
Development Pipeline. [Internet] Available from: Drug Development Pipeline | CFF
Clinical Trials Tool.

437. Fitzgerald KA, Kagan JC. Toll-like Receptors and the Control of Immunity. Cell.
2020;180(6):1044-66.

438. O'Neill LA, Golenbock D, Bowie AG. The history of Toll-like receptors - redefining innate
immunity. Nat Rev Immunol. 2013;13(6):453-60. 

439. Chlebowska-Tuz J, Sokolowska O, Gaj P, Lazniewski M, Firczuk M, Borowiec K, Sas-
Nowosielska H, Bajor M, Malinowska A, Muchowicz A, Ramji K, Stawinski P, Sobczak M,
Pilch Z, Rodziewicz-Lurzynska A, Zajac M, Giannopoulos K, Juszczynski P, Basak GW, 
Plewczynski D, Ploski R, Golab J, Nowis D. Inhibition of protein disulfide isomerase 
induces differentiation of acute myeloid leukemia cells. Haematologica. 2018 
Nov;103(11):1843-1852. doi: 10.3324/haematol.2018.190231. Epub 2018 Jul 12. PMID: 
30002127; PMCID: PMC6278960. 

440. Xu S, Butkevich AN, Yamada R, Zhou Y, Debnath B, Duncan R, Zandi E, Petasis NA, Neamati
N. Discovery of an orally active small-molecule irreversible inhibitor of protein disulfide
isomerase for ovarian cancer treatment. Proc Natl Acad Sci U S A. 2012 Oct
2;109(40):16348-53. doi: 10.1073/pnas.1205226109. Epub 2012 Sep 17. PMID:
22988091; PMCID: PMC3479552.

441. Vatolin S, Phillips JG, Jha BK, Govindgari S, Hu J, Grabowski D, Parker Y, Lindner DJ, Zhong
F, Distelhorst CW, Smith MR, Cotta C, Xu Y, Chilakala S, Kuang RR, Tall S, Reu FJ. Novel
Protein Disulfide Isomerase Inhibitor with Anticancer Activity in Multiple Myeloma.
Cancer Res. 2016 Jun 1;76(11):3340-50. doi: 10.1158/0008-5472.CAN-15-3099. Epub
2016 Apr 6. PMID: 27197150.

442. Robinson RM, Reyes L, Duncan RM, Bian H, Reitz AB, Manevich Y, McClure JJ, Champion
MM, Chou CJ, Sharik ME, Chesi M, Bergsagel PL, Dolloff NG. Inhibitors of the protein
disulfide isomerase family for the treatment of multiple myeloma. Leukemia. 2019
Apr;33(4):1011-1022. doi: 10.1038/s41375-018-0263-1. Epub 2018 Oct 12. PMID:
30315229; PMCID: PMC7194280.

443. Khan MM, Simizu S, Lai NS, Kawatani M, Shimizu T, Osada H. Discovery of a small
molecule PDI inhibitor that inhibits reduction of HIV-1 envelope glycoprotein gp120. ACS
Chem Biol. 2011;6(3):245-51.



172 
 

444. Özcelik D, Seto A, Rakic B, Farzam A, Supek F, Pezacki JP. Gene Expression Profiling of 
Endoplasmic Reticulum Stress in Hepatitis C Virus-Containing Cells Treated with an 
Inhibitor of Protein Disulfide Isomerases. ACS Omega. 2018;3(12):17227-35. 

445. Hoffstrom BG, Kaplan A, Letso R, Schmid RS, Turmel GJ, Lo DC, Stockwell BR. Inhibitors 
of protein disulfide isomerase suppress apoptosis induced by misfolded proteins. Nat 
Chem Biol. 2010 Dec;6(12):900-6. doi: 10.1038/nchembio.467. Epub 2010 Oct 31. PMID: 
21079601; PMCID: PMC3018711. 

446. Kaplan A, Stockwell BR. Structural Elucidation of a Small Molecule Inhibitor of Protein 
Disulfide Isomerase. ACS Med Chem Lett. 2015;6(9):966-71. 

447. Bekendam RH, Bendapudi PK, Lin L, Nag PP, Pu J, Kennedy DR, Feldenzer A, Chiu J, Cook 
K, Furie B, Huang M, Hogg PJ, Flaumenhaft R. A substrate-driven allosteric switch that 
enhances PDI catalytic activity. Nat Commun. 2016;7:12579. 

448. Probe Reports from the NIH Molecular Libraries Program [Internet]. Bethesda (MD): 
National Center for Biotechnology Information (US); 2010-. Available from: 
https://www.ncbi.nlm.nih.gov/books/NBK47352/. 

449. Anathy V, Chamberlain N, Kumar A. Methods and use of protein disulfide isomerase 
inhibitory compounds. No. 63/024,945. USA. 2021. 

450. Anathy V, Chamberlain N, Kumar A. Method of treating severe acute respiratory 
syndrome (SARS) virus infection by administering a protein disulfide isomerase (PDI) 
inhibitor. No.11883395. USA. 2024. 

451. Kwok T, Zabler D, Urman S, Rohde M, Hartig R, Wessler S, Misselwitz R, Berger J, Sewald 
N, König W, Backert S. Helicobacter exploits integrin for type IV secretion and kinase 
activation. Nature. 2007 Oct 18;449(7164):862-6. doi: 10.1038/nature06187. PMID: 
17943123. 

452. Stones DH, Krachler AM. Against the tide: the role of bacterial adhesion in host 
colonization. Biochem Soc Trans. 2016;44(6):1571-80. 

453. Ford CA, Hurford IM, Cassat JE. Antivirulence Strategies for the Treatment of 
Staphylococcus aureus Infections: A Mini Review. Front Microbiol. 2020;11:632706. 

454. Wilson-Welder JH, Torres MP, Kipper MJ, Mallapragada SK, Wannemuehler MJ, 
Narasimhan B. Vaccine adjuvants: current challenges and future approaches. J Pharm 
Sci. 2009;98(4):1278-316. 

455. Woollard SM, Kanmogne GD. Maraviroc: a review of its use in HIV infection and beyond. 
Drug Des Devel Ther. 2015;9:5447-68. 

456. Martin-Blondel G, Brassat D, Bauer J, Lassmann H, Liblau RS. CCR5 blockade for 
neuroinflammatory diseases--beyond control of HIV. Nat Rev Neurol. 2016;12(2):95-105. 

457. Gilliam BL, Riedel DJ, Redfield RR. Clinical use of CCR5 inhibitors in HIV and beyond. J 
Transl Med. 2011;9 Suppl 1(Suppl 1):S9. 

458. Spicer EJ, Goldenthal EI, Ikeda T. A toxicological assessment of Curdlan. Food Chem 
Toxicol. 1999;37(4):455-79. 

459. Sen-Kilic E, Blackwood CB, Boehm DT, Witt WT, Malkowski AC, Bevere JR, Wong T, Hall J, 
Bradford S, Varney ME, Damron FH, Barbier, M. Intranasal Peptide-Based FpvA-KLH 
Conjugate Vaccine Protects Mice from Pseudomonas aeruginosa Acute Murine 
Pneumonia. Front Immunol. 2019;10:2497. 

460. Molavi F, Barzegar-Jalali M, Hamishehkar H. Polyester based polymeric nano and 
microparticles for pharmaceutical purposes: A review on formulation approaches. J 
Control Release. 2020;320:265-82. 



173 
 

461. Jia Q, Horwitz MA. Live attenuated tularemia vaccines for protection against respiratory 
challenge with virulent F. tularensis subsp. tularensis. Front Cell Infect Microbiol. 
2018;8:154. 

462. Stanaway JD, Atuhebwe PL, Luby SP, Crump JA. Assessing the Feasibility of Typhoid 
Elimination. Clin Infect Dis. 2020;71(Supplement_2):S179-S84. 

 

 

 

 

 

 

  



174 

Appendix A– Chapter 2 

Table 1A. Characteristics of two sets of P. aeruginosa isolates from an International Reference Panel. 

Abbreviations: CF, cystic fibrosis; Washington; LPS, lipopolysaccharide; PNG, poly-N- acetyl glucosamine. 

Strain Description LMG No Characteristics Reference 

AA2 Early CF, 

Germany 

27630 LPS and PGN studied; in vivo virulence (292-295). 

AA43 Late CF, 

Germany 

27631 LPS and PGN studied; in vivo virulence (292,295). 

AA44 Late CF, 

Germany 

27632 LPS and PGN studied; in vivo virulence (292,295). 

AMT0060-3 Early CF, 

Seattle, WA 

27637 Early isolate from033 
 the same patient as AMT 0060-1 and -2 were 
isolated 

(294) 

AMT0060-2 Late CF, 

Seattle, WA 

27635 Late isolate identifying hip mutants; late isolates 
showed high-level persister cells; mutation 
in mexZ repressor affecting MIC to Ofloxacin, 
Carbenicillin and Tobramycin 

(294) 

AMT0060-1 Late CF, 

Seattle, WA 

27636 Late isolate identifying hip mutants; late isolates 
showed high-level persister cells; mutation 
in mexZ repressor affecting MIC to Ofloxacin, 
Carbenicillin and Tobramycin 

(294)
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Figure 1A. Growth kinetics (CFU Vs. OD600) of P. aeruginosa sequential isolates from two different CF 
patients. The growth of each set of isolates is presented separately, except for AA2 which was previously 
characterised for growth. The “y” axis shows the CFU/mL at each OD600 (“X” axis), starting with an OD600: 
0.1, approximately. The equation of the curve is shown for each graph. For AA2 the equation of the curve 
was already calculated (y=8E+08x+4E+07) in previous experiments, so it is not presented in this figure. 
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Figure 2A. Cytotoxicity of P. aeruginosa AA43 to 16HBE14o- cells. The cytotoxicity of human cells was 
determined by the percentage of Lactose Dehydrogenase (“y” axis, LDH) of 16HBE14o- cells under 
exposure to different MOI (1,5 and 50) and times (1, 2, 4h) of P. aeruginosa cultures. The highest the LDH%, 
the highest was the cytotoxicity.  
 

 
 
Figure 3A. Determination of non-cytotoxic conditions for six CF P. aeruginosa isolates.  The cytotoxicity 
of human cells was determined by the percentage of Lactose Dehydrogenase (“y” axis, LDH) of 16HBE14o- 
cells under exposure to the different. P. aeruginosa isolates at MOI 5 and after 2h of stimulation. The 
highest the LDH%, the highest the cytotoxicity. The orange line highlights the difference between cells 
stimulated with bacteria relative to the control (non-infected). 
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Appendix B- Chapter 3 
 
  
 

 
 
Figure 1B. Optimisation of the identification of novel human proteins that interact with P. aeruginosa 
by 1D blots.  One-dimensional (1D) separation of membrane human proteins from 16HBE14o– cells (“1D-
gel”) by 2D-SDS-PAGE, and electrotransferred onto membrane blots (“1D Blot”) that were subsequently 
incubated with P. aeruginosa live cells (OD600: 0.6), or K.pneumoniae during 24h at 4°C on a rocker.  The 
membranes were rinsed five times with 20 ml of 0.05%, 0.1 or 0.2% (v/v) PBS-T, as indicated above each 
blot. Any attached bacteria were fixed with 4% paraformaldehyde, and subsequently incubated with an 
anti-Pseudomonas HRP Rabbit polyclonal antibody (1:1000) overnight at 4°C with gentle rotation on a 
rocker. The membrane was then washed, and chemiluminescence detection was carried out followed by 
using the VILBER imager. Denoted numbers to the right of the protein ladder in each picture indicate size 
in kilodaltons (kDa). 
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Figure 2B. Comparison of two different 2D blots for the identification of novel human proteins that 
interact with P. aeruginosa.  Red circles indicate the most similar spots between gels, and red arrows the 
matching spots between gels and blots. Denoted numbers to the right of the protein ladder in each picture 
indicate size in kilodaltons (kDa). Numbers denoted at the top of each picture indicate the isoelectric point. 
All images are of full-length 12% SDS-PAGE gels or 2D blots.  
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Figure3B. Mapping of spots matching between the PVDF membrane and the gel. The lines indicates the 
zones with similar molecular weight and pH. The red lines highlights were the pH 3 zone starts and the 
light blue pH 11. Orange circles highlight the most similar spots between the 2D blot and its parallel 
Coomassie blue-stained gel.  

Table 1B. Proteins with the highest intensity by LC-MS analysis of spots in the 2D blot approach. 

Uniprot T: Protein Names Gene Intensity 
blot 1 

Intensity 
blot 2 

P10809 60 kDa heat shock protein, mitochondrial HSPD1 34.6924 35.5442 

A0A7P0TA35 Protein disulfide-isomerase P4HB 32.7519 33.9849 

A0A7I2V2G2 75 kDa glucose-regulated protein HSPA9 33.7191 32.1009 

P30101 Protein disulfide-isomerase A3 PDIA3 27.4955 31.058 

Q15084 Protein disulfide-isomerase A6 PDIA6 26.1171 33.2061 

P27797 Calreticulin CALR 29.0051 31.1782 

P06576 ATP synthase subunit beta, mitochondrial ATP5F1B 23.9809 32.8071 

P11021 Endoplasmic reticulum chaperone BiP HSPA5 25.7779 29.4243 

Q02818 Nucleobindin-1 NUCB1 24.7738 27.1288 

P11142 Heat shock cognate 71 kDa protein HSPA8 29.6756 24.8603 

Q2L696 Nucb2 splice variant NUCB2 23.6021 30.1873 

Q8NBS9 Thioredoxin domain-containing protein 5 TXNDC5 23.764 30.7653 

P17066 Heat shock 70 kDa protein 6 HSPA6 27.1102 25.8275 

P14625 Endoplasmin HSP90B1 23.5229 27.5619 

H7BZJ3 Protein disulfide-isomerase A3 (Fragment) PDIA3 22.8856 28.7023 

P0DMV9 Heat shock 70 kDa protein 1B HSPA1B 28.9088 24.6336 

P50502 Hsc70-interacting protein ST13 23.0296 29.9127 

Q9BS26 Endoplasmic reticulum resident protein 44 ERP44 29.49 27.8464 

O14745 Na(+)/H(+) exchange regulatory cofactor NHE-
RF1 

SLC9A3R1 24.5609 28.8134 

P61978 Heterogeneous nuclear ribonucleoprotein K HNRNPK 26.6667 28.4524 

Q09028 Histone-binding protein RBBP4 RBBP4 24.7224 28.6102 

A0A7P0TA85 Basigin BSG 25.5653 27.895 

P54727 UV excision repair protein RAD23 homolog B RAD23B 22.5212 27.8261 
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Q96I99 Succinate--CoA ligase [GDP-forming] subunit 
beta, mitochondrial 

SUCLG2 24.9562 28.7329 

A0A140T930 HLA class I histocompatibility antigen, C alpha 
chain 

HLA-C 27.008 27.6214 

O75381 Peroxisomal membrane protein PEX14 PEX14 26.4808 27.184 

A0A7P0TAE9 Calnexin CANX 23.0493 23.3899 

G8JLB6 Heterogeneous nuclear ribonucleoprotein H HNRNPH1 20.6605 27.9216 

Q9Y266 Nuclear migration protein nudC NUDC 27.9028 26.3783 

Q92485 Acid sphingomyelinase-like phosphodiesterase 
3b 

SMPDL3B 24.015 26.1346 

Q6NZI2 Caveolae-associated protein 1 CAVIN1 23.8983 27.5732 

P20645 Cation-dependent mannose-6-phosphate 
receptor 

M6PR 24.1628 26.3331 

Q86U42 Polyadenylate-binding protein 2 PABPN1 23.2376 27.18 

P02765 Alpha-2-HS-glycoprotein AHSG 25.5112 23.8117 

Q02790 Peptidyl-prolyl cis-trans isomerase FKBP4 FKBP4 22.7499 25.4521 

O00592 Podocalyxin PODXL 21.0321 25.5625 

Q9H8Y8 Golgi reassembly-stacking protein 2 GORASP2 24.2069 22.7764 

Q9BTT6 Leucine-rich repeat-containing protein 1 LRRC1 22.5617 23.4372 

P31947 14-3-3 protein sigma SFN 26.2506 24.9199 

O60664 Perilipin-3 PLIN3 21.8348 26.5576 

A0A7I2V428 Nucleolin NCL 24.0436 23.7408 

H3BT57 Protein PML PML 23.2232 25.2924 

A0A0A0MS07 Immunoglobulin heavy constant gamma 1 
(Fragment) 

IGHG1 23.8584 24.0678 

Q12765 Secernin-1 SCRN1 21.8674 25.4256 

P19256 Lymphocyte function-associated antigen 3 CD58 23.3411 24.3183 

C9J0E4 Cystatin-A CSTA 23.8386 23.4795 

Q08380 Galectin-3-binding protein LGALS3BP 20.0925 23.0636 

P23229 Integrin alpha-6 ITGA6 22.7453 20.9965 

S6AU73 HLA class I histocompatibility antigen HLA-B 22.0979 21.5833 

A0A7P0P2U7 Ras GTPase-activating protein-binding protein 1 G3BP1 22.2624 20.7617 

P10599 Thioredoxin TXN 22.5356 21.3227 

A0A7P0MNE9 Trypsin-3 PRSS3 22.621 22.5405 

H0YCI3 Transcriptional coactivator YAP1 (Fragment) YAP1 23.0931 22.0548 

P54687 Branched-chain-amino-acid aminotransferase, 
cytosolic 

BCAT1 24.1378 22.6206 

Q9UJZ1 Stomatin-like protein 2, mitochondrial STOML2 22.1949 22.8159 

I3L159 Heme oxygenase (biliverdin-producing) 
(Fragment) 

HMOX2 21.6312 22.2859 



181 
 

 

Figure 4B. Interactions between al the proteins with highest intensity in LC-MS analysis of the spots 
from the 2D blots. The analysis was done using the STRING software. 
 
 
 
 
 

Table 4B. CFU counts from P. aeruginosa attachment to 16HBE14o- pretreated with 
different doses of the PDI inhibitor LOC14.  
 

Experiment DMSO LOC14 3 µM LOC14 6 µM LOC14 20 µM 

1 
2.04E+06 6.65E+05 1.20E+06   
1.68E+06 1.44E+06 1.07E+06   

2 
1.59E+06 6.65E+05 1.52E+06   
1.29E+06 1.44E+06 7.65E+05   

3 

8.13E+05 6.43E+05 4.08E+05 3.88E+05 
4.13E+05 1.10E+06 3.25E+05 5.40E+05 
1.98E+06 5.78E+05 1.05E+06 4.58E+05 

4 

9.58E+05     6.10E+05 
1.15E+06     4.55E+05 
1.00E+06     6.33E+05 

Average 1.29E+06 9.33E+05 9.05E+05 5.14E+05 
(-) control   3,58E+05 3,86E+05 7,77E+05 

Fold change   1,38 1,43 2,51 
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Table 5B. CFU counts from P. aeruginosa attachment to HEK293T cells transfected with 
a plasmid containing pdia1 or pdia3, or an empty plasmid. 
 

Experiment EMPTY PDIA3 P4HB 

1 
8,25E+05 1,96E+06 2,13E+06 
3,30E+05 1,78E+06 1,23E+06 
2,42E+05 9,73E+05 2,10E+06 

2 
1,98E+04 1,36E+06 1,30E+06 
1,08E+04 1,44E+06 1,00E+06 
5,85E+03 1,13E+06 1,60E+06 

Average 2,39E+05 1,44E+06 1,56E+06 
Change   1,20E+06 1,32E+06 
Fold change   6,02 6,53 
    

 

 
 
 
Table 6B. CFU counts from P. aeruginosa attachment to A549 cells and A549 pdia3-/-. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Experiment A549 A549 pdia3 -/- 
A549 pdia3 -/- + 

PDIA3 

1 

2,64E+06 1,08E+06 1,87E+06 

1,77E+06 1,03E+06 1,51E+06 

1,45E+06 1,08E+06 1,10E+06 

2 

1,47E+06 1,61E+06 1,51E+06 

9,10E+05 1,16E+06 1,84E+06 

2,32E+06 7,60E+05 1,85E+06 

Average 1,76E+06 1,12E+06 1,61E+06 

Fold Change   1,57 1,44 
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Appendix C- Chapter 4 

Table 1C. Examples of adjuvants used in P. aeruginosa vaccine candidates, the 

responses achieved against P. aeruginosa and their licensing status. 

Abbreviations; Ab: Antibody, Ag: Antigen, B: Both, DS: Delivery system, IMS: Immunostimulatory, IR: 

immune response, PA: Pseudomonas aeruginosa 

 

 

 

Adjuvant Class Mechanism 

of receptor 

IR against 

PA 

Use in humans Ref 

CpG ODN IMS TLR9 Ab, Th1, 

CD8+ T cells 

Human HBV vaccine (HEPLISAV-B).  (367, 376-

378) 

Aluminium salts B NALP3, 

ITAM, Ag 

delivery 

Ab, Th2 Several licensed vaccines (HAB, HBV, 

DTP, HiB).  

(270, 366, 

367, 369) 

Curdlan DS Dectin-1; DC 

activation 

directs the  

differentiatio

n of effector 

Th17 cells  

Ab, Th17 FDA approved (1996) for use as a 

stabilizer or texturizer in foods. No 

evidence of any toxicity  

(381, 458, 

459) 

PLGA DS Ag delivery Ab, Th17 Registered safe by the U.S. FDA for 

clinical use. 

(141, 460) 

dmLT B Stimulates IL-

17 secretion 

and increases 

the transport 

of secretory 

IgA (sIgA)  

Ab, Th1, 

Th17 

Phase I and II of ETEC and EVAX 

vaccines (no adverse events reported). 

(140, 384) 

AS04 B TLR4 Ab, Th2 Used as part of an HBV vaccine (Fendrix, 

GSK) and an HPV vaccine (Cervarix, 

GSK). 

(378) 

MF59 DS Immune cell 

recruitment 

Ab, Th2 Currently licensed as part of a flu vaccine 

(Fluad™, Seqirus)  

(369, 378, 

379) 

AdC7 vector DS Ag delivery 

to mucosal 

sites 

Ab, Th1 Preclinical studies in mice against P. 

aeruginosa, Ebola virus and malaria in 

mice models. 

(277, 460) 

CIA06 (alum+ 

dLos) 

IMS TLR4 agonist 

derived  

Ab, Th1, 

Th17, Th2 

Preclinical studies in mice on the H1N1 

pandemic influenza vaccine Greenflu-S®. 

(390) 

NLX +alum IMS Opioid 

receptor 

antagonists  

Ab, Th1, 

Th17, Th2 

Approved by the FDA as a prescription 

drug, used to reverse opioid-induced 

respiratory depression. 

(269) 

Live-attenuated (S. 

Typhimurium, F. 

tularensis LVS) 

DS Ag delivery 

to mucosal 

sites 

Ab, Th2, Th1 

(biased) 

Retains toxicity in humans and animals 

but since 2008, oral live-attenuated Ty21a 

(S. Typhi) vaccines have been 

recommended for typhoid control. 

(461, 462) 
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Table 2C. LPS quantification in rOprF sample 

EU/mL 
Absorbance 

Average 
Without 

blank 1 2 

1 1.055 1.028 1.042 0.698 

0.5 0.655 0.877 0.766 0.4225 

0.25 0.519 0.511 0.515 0.1715 

0.1 0.434 0.428 0.431 0.0875 

0 0.336 0.351 0.3435 0 EU/mL *dil factor EU/dose 

OprF 1:5 1.395 1.52 14.575 1.114 0.795 3,977 0,20 

Figure 1C. Standard curve for LPS quantification in rOprF sample using the PierceTM Chromogenic 
Endotoxin Quant Kit (Thermo Fisher). 
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Figure 2C. Gating strategy of the flow cytometry for the analysis of cellular responses from restimulated 
splenocytes. 
 
 

 
 
 
Figure 3C. Fluorescence Minus One (FMO) control for each of the markers used in the flow cytometry 
analysis. 
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Figure 4C. Timeline for a pilot study of a long-term P. aeruginosa AA43 infection model in C57BL/6J mice.  
 

 
 
Figure 5C. Optimisation of P. aeruginosa- embedded into 2% agarose beads AA43. The average of P. 
aeruginosa CFU in the beads was almost always around 4x106. The average size of the beads was between 
20-200 µm. 
 
 



187 

Figure 6C.  P. aeruginosa AA43 colonisation of different mice organs (CFU/g) in an agarose-beads model 

of P. aeruginosa infection in C57BL/6J mice. The control (50 µL of sterile 2.1% agarose beads) is not 
shown in the graph as the two mice were free of P. aeruginosa in all the studied organs. Two 
mice were humanely killed after two days of infection and two mice 6 days after a challenge with 
50µL of 2.1% agarose beads containing ˜5x106 P. aeruginosa AA43 CFU.  Each mouse is 
represented by a single dot in the graph. 


