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Abstract 

Cystic fibrosis, a genetic disorder, causes stick mucus stagnation in patients' airways, 

promoting bacterial colonization and biofilm formation. The primary pathogens, 

Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa), 

exhibit a sequential colonization pattern, with the former often preceding the latter. 

Notably, both species are frequently co-isolated from the same patients.  

Our objective was to establish a dual-species biofilm applicable to clinical isolates 

and to evaluate antibiotic activity in combination with enzymes or phages against 

biofilms.  

We demonstrated the stability of S. aureus and P. aeruginosa over time in biofilms 

developed by reference strains or clinical isolates if S. aureus is inoculated before P. 

aeruginosa. We observed a symbiotic relationship between co-isolated S. aureus and 

P. aeruginosa, which was attributable to reduced P. aeruginosa virulence and 

increased S. aureus tolerance.  

We then showed that these dual species antibiotics are particularly reluctant to 

antibiotic activity. We therefore tested the potential interest of combining them with 

enzymes acting on the constituents of the matrix of the biofilms or with phages. We 

found that DNase I (already administered to patients with CF to fluidify mucus) and 

alginate lyase significantly enhanced antibiotic activity against the dual-species 

biofilm compared to antibiotics alone but that they need to be used at high 

concentrations. We also found that a cocktail containing one phage active on S. 

aureus and one phage active on P. aeruginosa (phage ISP and phage PSP3) showed 

additive effect to antibiotics against dual species biofilm formed by reference strains. 
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Collectively, these results demonstrate that cross-adaptation in coisolated S. aureus 

and P. aeruginosa enhances bacterial survival in challenging environments. 

Additionally, enzymes or phages can serve as effective adjuvants, boosting antibiotic 

activity against biofilms in the context of cystic fibrosis, although further work is 

needed to optimize their conditions of use in order to maximize their activity. 
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Chapter I:  Introduction  

I.1. Cystic fibrosis- Inherited and Multisystem 

disease 

I.1.a. Global overview 

Cystic fibrosis (CF) is a monogenetically inherited disease that affects multiple 

organs, with lung damage being a major contributor to morbidity and mortality in 

CF patients. The disease is caused by variants in a gene that codes for a chloride 

channel, specifically the CF transmembrane conductance regulator (CFTR) proteins. 

These gene variants disrupt the synthesis and function of CFTR protein at the apical 

membrane of epithelial cells in various organs, leading to ion imbalance and 

dehydration of the epithelial cell surfaces. This dehydration results in the production 

of thick and difficult-to-evacuate mucus in the affected tissues [1, 2]. 

CF is the most prevalent lethal genetic recessive disease mainly affecting Caucasian 

individuals, with approximately 37,000 cases in North America (32,100 cases in the 

US), 54,043 in Europe (including 10,907 in the UK and 1,387 patients in Belgium) 

for the year 2021 [3, 4]. The remaining cases are distributed in Asia, Africa, Australia, 

and South America [5], totaling 105,000 people worldwide today [4]. Europe has the 

highest prevalence of CF, particularly in Northern, Northwest, and Central Europe. 

Of European countries, the highest birth rate is 1 to 1353 in Ireland, and the lowest, 

1 to 25000 birth in Finland [6].  

Today, 75% of individuals with CF are diagnosed by the age of 31.9 months or 

earlier, and 54% of the CF population is aged 18 or older. In terms of age distribution, 
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the ECFSPR 2021 Annual Data Report indicates that slightly more men (53.3%) are 

affected than women (47.7%).  

The therapeutic advancements achieved over the past few decades have substantially 

heightened the life expectancy of patients, transitioning from a risk of over 70% 

mortality at birth in the 1930s to a current survival rate surpassing 95%, with an 

estimated life expectancy of 53 years [7].  

Despite CF being a multi-systemic disease, the primary morbidity and mortality stem 

from lung function failure associated with bacterial infection. Even with 

interdisciplinary cooperation and treatment advancements, the situation did not 

significantly change. The lungs of CF patients are colonized by multiple bacteria due 

to the sticky and thick mucus in the airway, with Pseudomonas aeruginosa (P. 

aeruginosa) and Staphylococcus aureus (S. aureus) consistently being the most 

prevalent. According to the 2021 Cystic Fibrosis Foundation Patient Registry 

highlights, the collection of respiratory cultures for each bacterial species decreased 

compared to 2019. This decline could be associated with decreased in-person clinic 

attendance and the inability to produce sputum for some individuals, given that 2021 

marked the second year of the COVID-19 pandemic and the third year since 

elexacaftor/tezacaftor/ivacaftor became available for people with CF [4]. Notably, S. 

aureus and P. aeruginosa continue to dominate lung infections dramatically (Figure 

1). 
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Figure 1. Collections of respiratory microbial cultures in 2019 and 2021 (Image adopted from 

[4]) 

I.1.b. Historical overview 

Some symptom associated CF can be traced back to around 3000 B.C.E., with origins 

in a folklore ritual tradition involving the cross-licking of newborns and children to 

detect a salty taste [8]. However, the disease was not well understood until the late 

of 1930s when a large clinical and pathological study with 49 children with 

pancreatic fibrosis was conducted by Dorothy H Andersen, a pathologist in Babies’ 

and Children’s Hospital in New York. 
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In her work, she conducted a comprehensive, detailed, and clear pathophysiological 

study involving 49 autopsies of children, including 22 new cases from her hospital. 

She also analysed family occurrence (36 cases presenting family history), as well as 

race and geographic distribution (wide distribution) for this disease. In the 

microscopic examination of multiple organs, the significant affected organs included 

the lungs (with bronchitis, peribronchitis, and the bronchial lumen filled with 

purulent exudate), trachea (purulent tracheitis), liver (fatty liver), gallbladder 

(presence of mucus), and pancreas (cystic fibrosis). Moreover, in 25 cases, the cause 

of death was attributed to lung infection with a predominant presence of S. aureus. 

Following this comprehensive study, the disease was regarded as an independent 

entity thereafter. 

 It’s worth mentioning that Guido Fanconi, a Swiss professor of Pediatrics at the 

University Children’s Hospital in Zurich, published autopsy results of two children, 

where he described for the first time the association of congenital bronchiectasis, 

cyst formation, and fibromatosis of the pancreas [9].  Dorothy H. Andersen is often 

considered the first person to have discovered this disease. The possible reasons for 

this recognition disparity might stem from the fact that Andersen's paper was 

published in English, garnering more general recognition, while Guido Fanconi 

published his work in German, leading to lesser visibility. Additionally, Andersen's 

paper included a larger sample size (49 cases) compared to Fanconi's study (2 cases), 

providing a clearer and more comprehensive description of the pathophysiology of 

this disease [9]. 

In the late 1940s, Andersen and Hodges established, for the first time, that CF is a 

recessive genetic disease through clinical evidence [10]. During the decade, 

available antibiotics were used for cystic fibrosis and demonstrated an obvious 

beneficial effect in prolonging the survival of CF infants. In the 1950s, Andersen and 

Paul di Sant’Agnese recognized that elevated salt content in sweat could be 
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indicative of cystic fibrosis [11]. This pivotal discovery laid the groundwork for the 

subsequent development of the sweat test. Six years later, in 1959, Gibson and Cooke 

established the pilocarpine iontophoresis sweat test for diagnosing cystic fibrosis, a 

method still utilized in contemporary diagnostics. Pilocarpine, acting as an agonist 

of muscarinic acetylcholine receptors present in sweat glands, stimulates sweat 

production, thereby facilitating sample collection for the determination of its salt 

concentration [12]. Additionally, between 1957 and 1960, a comprehensive 

prophylactic therapy program significantly improved survival rate. This program 

included early diagnosis through sweat tests, physiotherapy, antibiotics, nebulized 

treatments with phenylephrine and propylene glycol, as well as the introduction of 

nocturnal mist tents.1970s, antibiotics treatment impressively improved the survival 

rate, which is first time reported patients with CF exceeded 18 years rather than only 

infant before this period [13]. At the same time, nutrition treatment also brought up 

big change, such as beef serum protein hydrolase. The 1980s marked significant 

progress in understanding the biomolecular basis of chloride and sodium ion 

transport deregulation [14]. A pivotal milestone was achieved with the cloning of the 

CFTR gene in 1989 [15]. The well-recognized and studied mechanism of this disease 

paved the way for later CFTR modulator treatments. 

I.1.c. Cystic Fibrosis Transmembrane 

Conductance Regulator  

I.1.c-1. Function of the CFTR protein and CFTR gene  

The CFTR protein, a glycoprotein consisting of 1480 amino acids, is a member of 

the adenosine triphosphate (ATP)-binding cassette (ABC) transporter superfamily, 

overseeing the transmembrane transport of small molecules. Its primary function is 

to serve as a chloride channel in the apical membrane of epithelial cells located in 
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multiple organs such as the lungs, upper respiratory tract, pancreas, liver, gallbladder, 

intestines, sweat glands, and reproductive tract. Structurally, it consists of two 

transmembrane domains allowing the passage of chloride ions, two cytosolic 

nucleotide-binding domains interacting with ATP, and a single regulatory R-domain 

that can be phosphorylated by protein kinase A (Figure 2). The opening of the 

channel enables the transport of chloride ions from intracellular to extracellular when 

the R-domain is phosphorylated and ATP binds to the nucleotide domain. Its closure 

can be triggered by ATP hydrolysis [16].  

 

 

 

Figure 2. schematic representation of CFTR protein, comprising two transmembrane 

domains (TMD1 and TMD2), two cytosolic nucleotide-binding domains (NBD1 and NBD2), 

and a regulatory R-domain. TMD1 connects to NBD1, and TMD2 connects to NBD2, 

creating two TMD-NBD complexes joined by the R-domain, primarily facilitating the 

transport of chloride ions (Cl-) (image from [16]). 
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The CFTR protein is also involved in the regulation of the epithelial sodium (Na+) 

channel (ENaC), which plays a central role in salt absorption, as well as bicarbonate 

(HCO3
-), influencing the pH in mucus. More recently, the chloride channel has been 

implicated in the transport of glutathione, thiocyanate, immune cells, and the 

metabolism of lipids [16]. However, the transport of chloride and the regulation of 

ENaC continue to play a dominant role in the pathology of CF.  

The gene encoding CFTR protein is situated on chromosome 7 (7q31.2) and spans 

approximately 189,000 base pairs of DNA [17]. Nearly 2100 variants in CFTR genes 

have been identified, and the list is continually growing [18]. These variants are 

broadly categorized into six classes based on the CFTR protein function (Figure 3) 

[19]. The F508del variant in class II, is the most frequent overworld. This variant 

corresponds to the loss of a phenylalanine amino acid at position 508 of the CFTR 

protein resulting from the deletion of three nucleotides (codon deletion) [20].  

Mutations in the CFTR gene, such as missense, nonsense, and frameshift mutations, 

disrupt CFTR protein synthesis, function, and stability located in the apical 

membrane of epithelial cells in multiple organs. The dysfunctional chloride channels 

restrict chloride exit from epithelial cells and reabsorb Na+, increasing the 

concentration of chloride and sodium inside cells. The higher concentration of these 

ions leads to passive water absorption from the respiratory epithelial surface through 

aquaporins and the paracellular pathway, resulting in the production of thick and 

sticky mucus in exocrine ducts. 

Moreover, the sticky and thick mucus traps inhaled pathogens and particles and 

impairs the cilia responsible for cleaning them, contributing to airway obstruction, 

bronchitis, and lung infections. These lung diseases remain a primary cause of 

morbidity and mortality. Additionally, owing to the widespread distribution of CFTR 

protein in multiple organs, cystic fibrosis is a multiple system disease. 
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Figure 3. Categorization of CFTR mutations according to CFTR protein function (image 

from [21]). 

I.1.d. Clinical manifestations  

The individually specific manifestations of cystic fibrosis and the rates of disease 

progression differ due to a range of protein dysfunctions caused by mutations in 

CFTR genes [19]. However, there are some classic manifestations in cystic fibrosis 

patients, including lung infections and recurrent sinusitis associated with the 

respiratory system, as well as steatorrhea and malnutrition resulting from pancreatic 

insufficiency [22].  Moreover, the damages to the lungs of patients with CF are those 

that will most threaten their quality of life. 

The initial manifestation for CF patients typically involves meconium ileus, resulting 

from stick mucus secreted by abnormal intestinal glands, abnormal concentrating 

processes in the proximal small intestine, and pancreatic enzyme insufficiency, 

occurring in approximately 20% of individuals with CF [23, 24]. Even prenatally, 
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foetuses with cystic fibrosis exhibit more pronounced echogenic bowel than normal 

foetuses, with the additional risk of intrauterine bowel perforation and meconium 

ileus [25].  

In addition to meconium ileus, nearly 85% of infants born with CF experience 

exocrine pancreatic insufficiency, marked by symptoms such as steatorrhea, 

flatulence, poor weight gain, and low absorption of fat-soluble vitamins (A, D, E, 

and K), leading to malnutrition [26]. Furthermore, there is a potential for impaired 

gallbladder function due to obstructed intrahepatic bile ducts, which may result in 

liver damage [27]. 

As age of infant, the persistent cough, wheezing and earlier respiratory infection 

frequently occur. Throughout the infancy and earlier childhood, the salt depletion 

electrolyte disturbances may also be present, including hypochloraemia, 

hypokalaemia, and metabolic alkalosis.  

As individuals with CF progress into adulthood, respiratory symptoms become more 

prominent, marked by chronic cough, heightened sputum production, and persistent 

lung infections that can result in bronchiectasis and respiratory failure. 

Gastrointestinal challenges persist, characterized by ongoing issues with 

malabsorption and digestive problems. Additionally, adults may encounter CF-

related diabetes, concerns regarding bone health, and related to reproductive health. 

95% of men with CF often experience congenital bilateral absence of the vas 

deferens, the duct responsible for transporting sperm from the epididymis to the 

prostate. This condition results in azoospermia, rendering men with CF infertile 

(though not sterile) [28]. In contrast, women are less affected, with up to 50% able 

to conceive children. However, they may face challenges due to thicker cervical 

mucus, which can impede sperm penetration and reduce the likelihood of 

fertilization [29]. 



 

 23 

 

I.1.e.  Microbiology of CF lung disease 

The microbiome of the CF lung is different from that of the healthy lung. In terms 

of bacteria, healthy lungs have lower bacterial abundance, higher diversity and the 

most common genera are Streptococcus, Veillonella and Prevotella. Conversely, CF 

lungs have abundant pathogens, less diversity, while S. aureus and P. aeruginosa are 

the most common pathogens [30-32]. 

Airway Pathogen Prevalence Overview 

Various abundant pathogens can be detected in the airways of CF patients through 

sputum or throat swab cultures. Among these pathogens, S. aureus and P. aeruginosa 

consistently emerge as the most predominant in microbial detection every year, 

based on a 16-year collection spanning from 1992 to 2022. The second highest is 

Haemophilus influenzae (H. influenzae), ranging between 10% and 20%. Other 

pathogens include nontuberculous mycobacteria (NTM) (10% to 13%) [33], 

Stenotrophomonas maltophilia (S. maltophilia) (approximately 10%), while 

Achromobacter xylosoxidans (A. xylosoxidans) ,and Burkholderia cepacian (B. 

cepacia) both fall below 10% (Figure 4).  

Pathogen Prevalence Over Time: 1992-2022 

In the evolution of prevalence over the years, S. aureus continued its upward trend 

until 2020, and the prevalence of MRSA in individuals with CF also increased from 

2000 to 2010, displaying signs of plateauing thereafter. In contrast, P. aeruginosa 

shows a consistent decrease over time. Multiple-drug resistant P. aeruginosa (MDR-

PA) has also consistently declined, with the most notable decrease observed among 

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

to 13.5% in 2022). The increase in S. aureus over time is believed to be linked to 
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improved microbiologic practices for the detection and reporting of Gram-positive 

organisms. Additionally, the observed decrease in P. aeruginosa is thought to be 

associated with the eradication of earlier infections and infection control measures. 

The prevalence of NTM, despite a decline post-2019 (13.9% in 2019, 10% in 2020 

and 2021, 10.3% in 2022), remains higher than levels from decades ago [34]. 

Additionally, S. maltophilia showed a slight increase before 2019, while the B. 

cepacia complex remained stable. Interestingly, all species in positive sputum 

cultures exhibited a decreasing trend after 2019, except for H. influenzae, which 

demonstrated a slight increase between 2021 and 2022, likely influenced by the 

prevalence of pathogens. 

 
Figure 4: Temporal evolution of respiratory microorganisms prevalence in CF patients' 

airways (Adapted from [35]). 

Age-Related Prevalence Trends  

Although S. aureus and P. aeruginosa are the most prevalent among all pathogens 

isolated from the airways of CF patients, their prevalence varies with the age of CF 

patients. S. aureus is most prevalent in children and adolescents, reaching its highest 
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prevalence in those younger than 15, constituting around 80% of all bacteria [35]. 

However, after the age of 15, S. aureus exhibits a decreasing trend over time. As for 

MRSA, the highest prevalence occurs between the ages of 10 and 20 (Figure 5).  

P. aeruginosa is predominantly present in patients who are older adults, with a 

prevalence close to 50% observed after the age of 35, and its occurrence increases 

over time starting from 10 years old. The rates of MDR-PA infection are highest 

among older adolescents and adults with CF, likely indicative of cumulative 

exposure to antibiotics. The rising prevalence of P. aeruginosa and the declining 

prevalence of S. aureus with age, beyond the impact of the immune system and 

antibiotics, could be linked to the interaction between S. aureus and P. aeruginosa. 

P. aeruginosa secretes virulence factors that can counter or eliminate S. aureus, 

while S. aureus, upon lysis, may serve as a nutrient source for P. aeruginosa. It's 

worth noting that S. aureus and P. aeruginosa are co-isolated from the same patients, 

comprising approximately 30% of the patient population. 

In addition to the highest prevalence of S. aureus in children, H. influenzae follows 

as the second most prevalent, reaching approximately 20% until the age of 10. After 

the age of 10, the prevalence of H. influenzae decreases over time and falls below 

10%. 

For NTM, its acquisition is strongly associated with age in individuals with CF [36]. 

Detection of NTM can be challenging and insufficient through a swab culture. 

Therefore, it is commonly identified in individuals with CF who can produce sputum.  
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Figure 5. Prevalence of respiratory microorganisms found in lungs of patients with CF (From 

[35]). 

I.1.f.  Treatment strategies 

The widespread distribution of the CFTR protein across various organs contributes 

to diverse clinical manifestations in individuals with CF. Addressing these 

manifestations requires tailored treatment strategies, including gastrointestinal care 

with pancreatic enzymes and nutritional supplements to manage malabsorption. 

Respiratory treatment incorporates improvement of mucociliary clearance to 

promote effective mucus movement, along with anti-inflammatory and anti-infective 

therapies aimed at addressing inflammation and combating respiratory infections. 

Additionally, emerging CFTR modulators are employed to restore the protein's ion 

transport function. In severe cases, lung transplantation may be considered. 

In addressing gastrointestinal problems, Pancreatic Enzyme Replacement Therapy 

(PERT) is essential for aiding digestion and managing pancreatic insufficiency. 

Alongside PERT, incorporating fat-soluble vitamins (A/D/E/K) and adopting high-
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calorie, high-fat diets become necessary to meet the heightened nutritional demands 

associated with CF. 

The restoration of lung mucociliary clearance can be achieved by targeting mucus. 

These strategies include mechanically removing mucus and reducing mucus 

viscoelasticity. Mechanical mucus removal methods encompass chest physiotherapy, 

oscillating devices, and breathing exercises [37]. Inhaled hypertonic saline, mannitol, 

and Dornase alfa can thin mucus by reducing its viscoelasticity [38-40]. It's worth 

noting that Dornase alfa thins mucus by degrading DNA in the mucus [38], while 

the other two facilitate direct rehydration on the surface of the airway. 

Alongside respiratory inflammation, individuals with CF frequently contend with 

other inflammatory conditions, such as pancreatitis and sinusitis, among others. 

Therefore, anti-inflammatory interventions are also crucial. Ibuprofen, 

recommended by the American Cystic Fibrosis Foundation, has been shown to 

mitigate the decline in lung function, particularly in younger patients [41, 42]. 

Another agent, the macrolide antibiotic azithromycin, operates by diminishing IL-4 

and IL-8, suppressing neutrophil activity, and reducing the production of tumor 

necrosis factor [43, 44].  

Anti-infective therapies 

Antibiotics can be employed in four distinct ways to address bacterial infections in 

patients with CF: prophylaxis to prevent infections, eradication of early infections, 

control of chronic infections, and treatment of exacerbations. 

Prophylaxis 

The use of prophylaxis for S. aureus is currently a subject of debate regarding 

whether preventing bacterial colonization can lead to improved clinical outcomes. 

The UK guidelines recommend, as of 2017, initiating anti-staphylococcus 
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prophylaxis with antibiotics characterized by a narrow spectrum of action, such as 

flucloxacillin and cephalexin, to reduce the risk of S. aureus infection [45, 46]. 

Contrary findings from separate studies in Germany and the United States could not 

demonstrate the efficacy of prophylaxis with oral cephalosporins. Although patients 

in these studies had a reduced number of sputum cultures positive for S. aureus, there 

was an elevated number of cultures positive for P. aeruginosa [47, 48]. This 

controversial issue prompted the UK's National Institute for Health Research to 

initiate a randomized trial in 2016, assessing the use of flucloxacillin as a 

prophylactic agent for children with CF. The study is currently ongoing, and updates 

on its progress can be accessed through the following website. 

http://www.cfstart.org.uk/. 

Eradication of early infection 

Eradication therapy typically focuses on early or acute infections, aiming to reduce 

or delay the onset of chronic infection. This treatment approach is characterized by 

its specificity, as it aggressively targets identified pathogens over a shorter duration 

to prevent the establishment of chronic infection. In cases where prophylaxis for 

Staphylococcus aureus is ineffective, guidelines recommend continuing 

flucloxacillin treatment and introducing a second anti-staphylococcal antibiotic, 

such as fusidic acid or rifampicin, for a duration of two to four weeks. In addition to 

floxacillin, cephalexin, a cephalosporin is often used to eradicate S. aureus infection 

[49].  

The early eradication of P. aeruginosa is crucial, as it becomes highly resistant to 

antibiotic treatment once it progresses into chronic infection, especially with the 

formation of biofilms. The CF Foundation in the United States recommends inhaled 

tobramycin (300 mg twice daily) for treating the initial or new growth of P. 

http://www.cfstart.org.uk/
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aeruginosa from an airway culture [50] whereas in the UK and Europe, the primary 

therapy involves a regimen of nebulized colistin and oral ciprofloxacin as the first-

line treatment [51]. 

Chronic infection of control 

In contrast to eradication therapy, the management of chronic infections often entails 

prolonged or intermittent antibiotic treatment. For the chronic suppression of P. 

aeruginosa, antibiotics are primarily administered via inhalation. Recommended 

inhaled antibiotics include tobramycin, endorsed by US guidelines, aztreonam lysine, 

recommended as an alternative by both European and US guidelines, and 

colistimethate [52]. Colistimethate, widely utilized in Europe, is now available in 

dry powder form [52]. For chronic S. aureus infections, evidence supporting 

prolonged maintenance therapy is currently lacking. However, oral antibiotics such 

as Trimethoprim/Sulfamethoxazole (TMP/SMX) linezolid (both intravenous and 

oral formulations), and intravenous vancomycin are employed for managing 

exacerbations in cases of MRSA chronic infection [53]. 

Pulmonary exacerbation therapy 

A pulmonary exacerbation is characterized by an escalation in respiratory symptoms, 

such as increased cough, sputum production, and shortness of breath, along with an 

acute decrease in lung function [54].  Patients experiencing these symptoms 

indicative of a pulmonary exacerbation should have prompt access to a specialized 

centre. Treatment typically includes antibiotics, physiotherapy, and dietary 

adjustments. Antibiotics may be administered orally, via inhalation, and/or 

intravenously. For P. aeruginosa infections, a combination of two or more 

antibiotics is recommended, with a standard duration of 14 days of intravenous 

therapy, although optimal antibiotic selection and treatment duration are still under 

investigation. Intravenous antibiotic therapy can be administered either at home or 
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in the hospital, with hospital-based treatment being the standard of care for most 

patients. Physiotherapy primarily focuses on airway clearance technique. Regular 

review by a specialist physiotherapist is essential to tailor airway clearance and 

optimize aerosol regimens as needed. Dietary adjustments are crucial, as patients 

often experience a reduced appetite and require increased caloric intake during a 

pulmonary exacerbation due to higher metabolic demands.  

CFTR modulator therapies 

CFTR modulators are compounds that interact with malfunctioning CFTR proteins, 

aiming to partially reinstate their functionality [55]. The restoration of CFTR protein 

function involves two mechanisms. One mechanism increases the probability of the 

protein channel being open, allowing the passage of chloride or bicarbonate. CFTR 

modulators using this mechanism, known as potentiators, incorporate ivacaftor. The 

other mechanism improves the quantity of channels at the cell surface by assisting 

the protein in folding properly, enabling transport to the cell surface. Molecules with 

this function, known as correctors, include lumacaftor, tezacaftor, and elexacafrtor. 

Ivacaftor, the first developed, is now approved for patients aged 4 months and older. 

The promising results of Ivacaftor have spurred the development of other CFTR 

modulators. Current regimens of CFTR modulators include: (1) individual therapy 

with Ivacaftor; (2) lumacaftor and Ivacaftor combination; (3) tezacaftor and ivacaftor 

combination; (4) ivacaftor, tezacaftor, and elexacaftor combination [56]. 

CFTR modulator therapy has shown improved health outcomes with effective use, 

like increased lung function and reduced need for intravenous antibiotics.  

Additionally, the latter therapy (elexacaftor/tezacaftor/ivacaftor [ETI]) has been 

associated with a reduction in the frequency of detection of S. aureus and P. 

aeruginosa from samples of sputum and throat swabs [57]. However, it remains 
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uncertain whether this is associated with the reduced production of sputum as a result 

of this new therapy and the need to rather collect throat swabs yielding lower 

detection in culture-based analyses, or whether it indeed indicates reductions in 

pathogen abundance in the lower airways [57]. Of note, CFTR modulator therapy 

also comes with some adverse reactions, such as headache, upper respiratory tract 

infection, abdominal pain, diarrhea, etc [58]. 

Lung transplantation 

As the lung disease progresses towards the end stage, a lung transplant may be 

considered. Typically, a double lung transplant is preferred, as leaving the other, 

more affected lung in place increases the risk of infection and damage. It's important 

to note that not everyone is eligible for a lung transplant. 

I.2. S. aureus & P. aeruginosa-from planktonic 

cells to biofilm 

I.2.a. Staphylococcus aureus 

I.2.a-1. Commensalism and Pathogenicity 

Overview 

S. aureus is a Gram-positive, cocci-shaped bacterium with a diameter ranging from 

0.5 to 1 µm. As a facultative bacterium, it possesses the ability to lyse red blood cells 

and is characterized by being coagulase-positive and catalase-positive, 

distinguishing it from coagulase-negative staphylococci like Staphylococcus 

epidermidis. 
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This versatile microorganism serves both as a commensal and a potential pathogen. 

Approximately 30% of the human population carries this bacterium, commonly 

found in the skin, nasal passages, and mucous membranes of both humans and 

animals. When these tissues experience breaks, S. aureus can transition into a 

pathogenic state, leading to infection and disease. In addition to residing in human 

and animal hosts, healthcare settings, contaminated surfaces, medical equipment, 

and healthcare facilities can serve as reservoirs for S. aureus.  

As a member of the "ESKAPE" pathogens, S. aureus is recognized for its ability to 

evade conventional treatment measures. These pathogens, including Enterococcus 

faecium, Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and 

Enterobacter species, are notorious for developing significant antibiotic resistance 

and withstanding immune attacks, primarily through diverse mechanisms, including 

genetic mutations. S. aureus, as a pathogen, is implicated in various infections, 

including device-related infections (catheters, prosthetic heart valves, joint 

replacements, etc.), osteomyelitis, infective endocarditis, skin and soft tissue 

infections, pneumonia, toxic shock syndrome, and is a significant cause of infections 

in young people with CF. 

I.2.a-2. Virulence factors  

S. aureus itself not only triggers inflammation, compromising health, but also 

releases virulent factors that directly target organs, tissues, and cells, thereby 

contributing to its pathogenicity. Key virulence factors involve proteins covalently 

anchored to the cell wall peptidoglycan, playing critical roles in adhesion to host 

cells, evasion of the host immune response, and the production of exotoxins. 
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Adhesins 

Adhesins play a pivotal role in initiating the colonization process. Classical adhesins, 

known as microbial surface component recognizing adhesive matrix molecules 

(MSCRAMMs), include clumping factor (Clf) A and B proteins, fibronectin-binding 

proteins A and B (FnbpA and FnbpB), collagen-binding protein, and bone 

sialoprotein-binding protein. ClfA exhibits the capability to adhere to immobilized 

fibrinogen, contributing to immune evasion by binding soluble fibrinogen, while 

ClfB adheres to desquamated epithelial cells. FnBPA/B and bone sialoprotein 

facilitate adhesion to the extracellular matrix (ECM), whereas collagen adhesion 

occurs in collagen-rich tissues, thereby enhancing the processes of colonization and 

infection [59]. In addition to the MSCRAMMs, S. aureus surface proteins G (SasG) 

and X (SasX) also serve as adhesins [60]. 

Escape the host immunity 

S. aureus employs a variety of strategies to evade host immunity effectively. These 

mechanisms include developing resistance to phagocytosis and neutrophil (PMN) 

killing, thwarting opsonization, and secreting proteins that form pores in the host cell 

membrane, leading to cell leakage and death. This primarily impacts immune cells 

such as neutrophils and other cell types, including epithelial cells. The 

polysaccharide capsule and staphyloxanthin play pivotal roles in resisting 

phagocytosis and neutralizing reactive oxygen species (ROS) produced by 

phagocytes [61, 62]. 

Staphylococcal protein A (SpA), a significant virulence factor in pneumonia, 

enhances immune evasion by binding to immunoglobulins, thereby preventing 

opsonization [63]. Furthermore, the extracellular fibrinogen binding protein (Efb) 

potently blocks phagocytic uptake by creating a fibrinogen shield around the bacteria. 

This shield is formed through simultaneous binding to complement C3b and 
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fibrinogen at the bacterial surface [64]. Additionally, S. aureus produces proteins 

such as alpha hemolysin and Panton-Valentine leucocidin (PVL), inducing pore 

formation in the plasma membrane, leading to cytolysis [65].  Complementing these 

strategies, the bacterium generates proteases, including staphopains A and B, V8 

protease, and aureolysin. These proteases interact with the immune system, cleaving 

surface proteins of neutrophils, plasma proteins, and antimicrobial peptides [66]. 

Collectively, these multifaceted approaches contribute to the effective evasion of the 

host's immune defences by S. aureus. 

Exotoxins 

At the core of S. aureus pathogenicity is the production of a diverse array of 

exotoxins, each playing a crucial role in the bacterium's virulence. Apart from 

evading host immunity mentioned, alpha-toxin (α-hemolysin), and PVL are also 

regarded as exotoxins.  Other exotoxins include beta-toxin (β-hemolysin), gamma-

toxin (γ-hemolysin), leukocidins and phenol-soluble modulins (PSMs) [67]. Notably, 

α-hemolysin, β-hemolysin, and PVL play pivotal roles in pneumonia and lung injury 

by exerting cytolytic activity on host cells. PVL, encoded by two co-transcribed 

genes located on a lysogenized bacteriophage, is also implicated in severe skin and 

soft tissue infections [68, 69]. Additionally, toxic shock syndrome toxin-1 (TSST-1), 

Staphylococcal Enterotoxins (SEA, SEB, SECn, SED, SEE, SEG, SHE, and SEI), 

and the exfoliative toxins (ETA and ETB) contribute to conditions such as toxic 

shock syndrome and staphylococcal scalded skin syndrome (SSSS), respectively 

[59]. 

Exopolysaccharide 

The main exopolysaccharide produced by S. aureus is poly-β-1,6-N-

acetylglucosamine (PNAG), which functions as the polysaccharide intercellular 

adhesin (PIA). PNAG (Figure 6), a positively charged polysaccharide, facilitates 
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intercellular adhesion among bacterial cells and plays a crucial role in the structural 

integrity of the biofilm matrix. Additionally, PNAG is implicated in evading the host 

immune response. 

 

Figure 6. The primary exopolysaccharide synthesized by S. aureus consists of poly‐β‐1,6‐N‐

acetylglucosamine (PNAG), with around one-fourth of it undergoing deacetylation, resulting 

in the generation of a free amino group. This amino group imparts a positive charge (depicted 

in blue) under acidic pH conditions (adapted from [70]). 

Among these virulence factors, the adhesion protein ClfB, exfoliative toxins (such 

as ETA, ETB), and enterotoxins (such as SED and SHE), showed increased 

expression in isolates from CF patients compared to healthy individuals [71]. 

However, the pathogenicity of S. aureus in CF patients does not solely depend on 

individual or a few virulence factors. Instead, it is primarily associated with the 

phylogenetic background (genetic lineage or evolutionary history of the bacteria) 

and its adaptation to CF patients (as described in I.2.a-4) [71]. 
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I.2.a-3. Quorum Sensing  

Quorum sensing (QS) is an intercellular communication system employed by 

bacteria. QS systems comprise an enzyme responsible for synthesizing the signal 

molecule, known as autoinducer, and a receptor that binds to this signal molecule. 

This binding event triggers the reprogramming of gene expression, including those 

responsible for autoinducer production, establishing a positive feedback loop [72]. 

As the bacterial population reaches a specific threshold, the concentration of 

autoinducers increases, activating the QS system. Consequently, this activation 

stimulates the expression of various virulence-related genes, allowing coordinated 

and synchronized actions within the bacterial population. 

S. aureus possesses two systems: the accessory gene regulator (agr) system and the 

LuxS/AI-2 system. The agr locus was first described by Hwei-Ling Peng and 

colleagues in 1988 [73, 74]. It is now a well-studied system in S. aureus and serves 

as a critical mechanism for quorum sensing. Conversely, the LuxS/AI-2 system 

requires further investigation, as there is no genomic evidence of established AI-2 

receptors in S. aureus [75, 76]. 

The Agr system comprises two adjacent transcripts (Figure 7), called RNAII and 

RNAIII, which are controlled by P2 and P3 promoters, respectively. The autoinducer 

peptide, comprising 7-9 amino acids in length, is synthesized by the ribosomal 

peptide AgrD, which is encoded by the agrD gene. AgrD, the precursor of AIP, is 

proteolytically processed by an integral membrane-bound peptidase AgrB encoded 

by agrB gene and is transported outside the cell by AgrB with the assistance of signal 

peptidase SpsB. Once the concentration of AIP reaches a threshold, the signal AIP 

is detected by the histidine kinase AgrC encoded by agrC, which undergoes 
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autophosphorylation. Then the phosphate is relayed to AgrA encoded by agrA, 

which, in turn, binds the P2 and P3 promoters, driving the expression of RNAII and 

RNAIII transcripts, respectively. Phosphorylated AgrA also binds the promoters for 

the phenol-soluble modulin (PSM) genes, inducing their expression. The system 

exhibits increased expression of additional toxins, including alpha-toxin (Hla) and 

gamma-hemolysin (Hlg). 

The LuxS/AI-2 system consists of the autoinducer 2 (AI‐2), a furanosyl borate 

diester. The role of the LuxS/AI-2 system as a quorum-sensing regulatory system in 

staphylococci remains debated due to the absence of a recognized receptor, with its 

primary function being associated with metabolic activity. Despite this, it has been 

established that AI-2 regulates capsule synthesis, biofilm formation (through the 

production of IcaR), antibiotic susceptibility, and virulence [77]. 
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Figure 7. Schematic of agr quorum-sensing system regulation. AgrD, after maturation, is 
transported into the extracellular environment by AgrB with the assistance of SpsB, releasing 
the autoinducing peptide (AIP). As the concentration of AIP reaches a critical level, it binds 
to AgrC, leading to the phosphorylation of AgrA. Phosphorylated AgrA then binds to the P2 
and P3 promoters, initiating the expression of RNAII and RNAIII transcripts, respectively. 
Additionally, phosphorylated AgrA interacts with the promoters of phenol-soluble modulin 
(PSM) genes, inducing their expression (image from [78]). 

I.2.a-4. Adaptation to cystic fibrosis lung 

In exceedingly challenging environments marked by factors such as thick mucus, 

antibiotic exposure, host immune response, and competition with other strains 
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(particularly P. aeruginosa), S. aureus is compelled to adapt within the CF lung 

milieu, ensuring its prolonged survival in vivo. This adaptation is characterized by 

alterations in both genes and phenotype. Compared to health individuals, S. aureus 

exhibits a higher mutation frequency when isolated from CF patients [79]. 

Dysfunction of agr-type genes is a typical representative example [80]. The overall 

number of expressible virulence genes significantly decreases over time [71]. The 

downregulation of virulence gene expression in S. aureus allows it to evade 

antibiotic treatment and immune system responses, as certain virulent factors act as 

receptors for immune cells. Notably, the deterioration of the lungs in CF patients is 

not directly associated with a decrease in the expression of virulence genes but is 

linked to this adaptive process [71].  

Genetic changes commonly result in alterations in phenotype, but phenotypic 

changes are not solely dependent on genes. Changes in gene expression and 

phenotypes occur in a time-dependent manner and accumulate [81, 82]. In addition 

to genetic factors, environmental stress can directly contribute to changes in 

phenotypes. Small colony variants (SCVs) represent the most distinctive 

characteristic of S. aureus isolated from CF patients. They exhibit slow growth rates, 

lower metabolic activity, intracellular persistence, increased resistance against 

antibiotics, and are associated with more severe lung disease. Furthermore, SCVs 

often appear in CF patients with chronic infection, especially in those who are 

significantly older and have poorer lung function compared to patients without SCVs 

[83, 84]. The presence of SCVs reflects the long-term adaptation of microorganisms 

to the host environment [85]. Most S. aureus SCVs in CF patients are thymidine-

auxotrophic, displaying resistance to trimethoprim-sulphomethoxazole treatment 

[79]. Beyond SCVs, phenotypic variations also include pigmentation (e.g., yellow, 

grey, and white), mucoid and nonmucoid traits, as well as haemolytic and non-

haemolytic characteristics (Figure 8). 
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Figure 8. Shared phenotypical diversity in CF isolates of S. aureus, encompassing size 
(normal [n] and small colony variants [SCV]), pigmentation (yellow [y], grey [g] and white 
[w], haemolysis (haemolytic [h] and non-haemolytic [nh]) and -toxin (negative [-] and 
positive [+]). Image from [86]. 
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I.2.b. P. aeruginosa 

I.2.b-1. Versatile Opportunistic Pathogen 

Pseudomonas aeruginosa, a rod-shaped, motile Gram-negative bacterium, typically 

measures between 0.5 to 0.8 μm in width and 1.5 to 3.0 μm in length. Demonstrating 

adaptability, this bacterium primarily utilizes aerobic respiration but can switch to 

anaerobic respiration using nitrate in low oxygen environments [87]. 

Widespread in nature, P. aeruginosa is commonly found in diverse environments 

such as soil, water, and plants. It also colonizes medical equipment, including 

catheters and endotracheal tubes. It is not a commensal microorganism, such as S. 

aureus, in the human body, but P. aeruginosa is recognized as an opportunistic 

pathogen. It can infect individuals with compromised immune systems (e.g., HIV, 

neutropenic patients), burn-wound patients, and those in intensive care units (ICUs) 

[88, 89]. 

Beyond hospital-acquired infections, P. aeruginosa is a significant pathogen in 

chronic lung infections among adult cystic fibrosis patients. With its large genome 

(5.5 - 7.4 Mbp), extensive array of virulence factors, and metabolic flexibility, it can 

quickly adapt to external stress conditions, including antimicrobial treatments and 

changes in nutrient availability. This adaptability enables P. aeruginosa to not only 

survive but thrive in a wide range of environments [89-91]. 

Notably, P. aeruginosa is also classified as one of the "ESKAPE" pathogens, akin 

to S. aureus. 
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I.2.b-2. Virulence factors  

P. aeruginosa harbors a diverse array of virulence factors that play pivotal roles in 

facilitating bacterial adhesion, colonization, invasion, inhibition of the host immune 

response, and depletion of host nutrients. These virulence factors can be categorized 

into two main groups: surface structure virulence factors, including flagella, type IV 

pili, lipopolysaccharide (LPS), and the type 1-6 secretion systems; and secreted 

virulence factors, primarily associated with QS products and factors secreted by 

various secretion systems (Figure 9). 

 

Figure 9: Surface structure virulence factors (polar flagellum, pilus, LPS, and T3SS) and 

secretion virulence factors (main QS products and factors secreted by T2SS and T3SS) 

(adapted from [92]). 
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Surface Structure Virulence Factors 

Flagellum 

The flagellum is a complex apparatus assembled from more than 20 different 

proteins and is located on the bacterial cell surface [93]. P. aeruginosa possesses a 

single polar flagellum, playing a crucial role in controlling swimming, swarming 

motilities, and chemotaxis. Swimming motility involves the movement of individual 

cells in liquid, while swarming motility refers to the collective movement of bacteria 

in semi-solid liquid [94]. While the flagellum itself is not directly toxic to host cells, 

it serves as a delivery system for virulence factors to host cells and other species. 

Wild P. aeruginosa strains with flagella demonstrate increased virulence compared 

to mutants lacking flagella [95]. Additionally, the flagellum aids P. aeruginosa in 

adhesion and invasion of host immunity [96]. 

Type IV pili 

Type IV pili constitute another vital structure surface virulence factor for P. 

aeruginosa. These hair-like appendages, situated on the bacterial cell surface, govern 

twitching motility—an intricate form of bacterial movement characterized by the 

extension and retraction of type IV pili, driven by cytoplasmic ATPases. This type 

of movement allows the bacterium to crawl along surfaces. Meanwhile, type IV pili 

directly impact host cells through twitching motility, facilitating physical 

interactions and movement across host cell surfaces. This contributes to the 

bacterium's ability to adhere, breach barriers, and establish infection, ultimately 

enhancing overall virulence [97]. 

Lipopolysaccharide 

Lipopolysaccharide (LPS) is a glycolipid situated on the outer face of the outer 

membrane and integrated into the cell wall of P. aeruginosa. Comprising lipid A 
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(endotoxin), core oligosaccharides, and O-antigen [98], the variably penta-, hexa-, 

or hepta-acylated forms of lipid A exhibit differing potencies in activating host 

innate immunity through Toll-like receptor 4 (TLR4)-MD-2 complex binding [99]. 

Specifically, the TLR4-MD-2 complex recognizes and transmits robust 

proinflammatory signals (such as IL-8) in response to hexa-acylated LPS but not 

penta-acylated LPS [100]. The O-antigen is a primary target for protective immunity, 

shielding bacteria from phagocytosis and contributing to bacterial survival by 

delaying immune receptor recognition [101]. During chronic infection, LPS 

undergoes adaptive changes, such as specific modifications to lipid A, conferring 

resistance to host antimicrobials, or the loss of O‐antigen, promoting immune 

evasion [101-103]. 

Secretion systems 

The final set of surface structure factors is the secretion system. P.  aeruginosa 

possesses six secretion systems: Type I (T1SS), Type II (T2SS), Type III (T3SS), 

Type IV (T4SS), Type V(T5SS) and Type VI (T6SS), playing a crucial role in 

bacterial adhesion and virulence [104]. These molecular nanomachines can inject 

toxins and exoenzymes into both eukaryotic and prokaryotic cells or secrete them 

into the environment. Among them, T1SS, T6SS, and T5SS are involved in metal 

ion acquisition. For instance, the T1SS-secreted protein HasAp, a haemophore, binds 

heme from haemoglobin to capture iron ions, while T6SS is involved in a Cu2+-

scavenging pathway [105]. T4SS is associated with horizontal genetic transfer 

between diverse microorganisms and is potentially implicated in pathogenesis. 

Linked with T2SS, T4SS plays a role in the assembly and disassembly of pili, with 

fewer studies conducted compared to other secretion systems [106, 107]. It's worth 

noting that T2SS and T3SS are the most critical virulence appendages. T2SS secretes 

Elastase, degrading elastin, a major component of lung tissue critical for its elasticity. 
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It also cleaves surfactant protein D (SP-D), influencing bacterial aggregation, 

altering alveolar macrophage function, and regulating bacterial clearance [108]. 

Additionally, the needle of T3SS can inject toxin proteins, called effectors, directly 

into the cytosol of host cells, helping invade host immunity and cause infection [109, 

110]. 

Secreted virulence factors 

Secreted virulence factors contribute to impairing the function of body cells and 

tissues. These factors are primarily produced and by secretion systems (T1SS-T6SS) 

and QS systems, as well as other sources, mainly including exopolysaccharides, 

toxic proteins, enzymes, and organic small molecules. 

Exopolysaccharides 

P. aeruginosa produces three exopolysaccharides, namely alginate, polysaccharides 

synthesis locus (Psl), and pellicle (Pel). Alginate, the first reported polysaccharide, 

is composed of D-mannuronic acid residues interspersed with L-guluronic acid 

residues (Figure 10A). It forms a pseudocapsule that protects bacteria against 

phagocytosis and antibiotics, and it also decreases ROS damage by lowering PMN 

chemotaxis and inhibiting complement factors [111, 112]. Alginate is produced by 

mucoid P. aeruginosa, often isolated from chronically infected patients, and it serves 

as a main component of biofilms formed by mucoid strains. 

Non-mucoid P. aeruginosa produce two distinct polysaccharides: Psl, a neutrally 

charged polysaccharide, composed of a repeating pentamer containing D-mannose, 

L-rhamnose, and D-glucose residues (Figure 10B); and Pel, primarily composed of 

a linear polymer of α-1,4-N-acetylgalactosamine, with a significant presence of 

dimeric repeats consisting of galactosamine and N-acetylgalactosamine, and it is 

partially de-N-acetylated [113]. The drawn chemical structure of Pel is currently 
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unavailable. Like alginate, both Psl and Pel contribute to the formation of biofilms, 

but these biofilms are produced by non-mucoid P. aeruginosa. 

 

 

Figure 10. Chemical structures of alginate (A) and Psl (B) (adapted from [114]). 

Proteins 

Proteins abundantly secreted by the secretion system (T1SS-T6SS) act as significant 

virulence factors, playing crucial roles in nutrition acquisition, immune system 

invasion (e.g., biofilm formation), and cytotoxicity. Table 1 provides a summary of 

these virulence factors, encompassing proteases (Alkaline protease, Elastase A, 

Elastase B, and PrpL), phospholipases (PlcH and PlcN), lipases (Lipases), 
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metalloproteases (HasAP), exoenzymes (ExoS, ExoT, ExoY, and ExoU) and 

Exotoxin (Exotoxin A). 

Table 1: Protein-like virulence factors secreted by the secretion system 

Virulence 

factors 
functions 

Alkaline 

protease 

evasion of immune detection through the degradation of free 

flagellin monomers; inhibition of chemotaxis of neutrophils to 

block phagocytosis; degradation of host proteins, including 

interleukins (e.g., IL-6), and complement proteins [115, 116] 

HasAP Binding heme from haemoglobin; promotion of proliferation 

[104, 107] 

Elastase B Cleavage of various proteins (e.g., elastin) [117]; contribution 

to inflammation and facilitation of host immune escape by 

diminishing phagocytosis [118]. 

Elastase A Cleavage the glycyl-glycine and glycyl-alanine links in the 

pentaglycine bonds within the peptidoglycan of S. aureus, 

inducing its lysis [119, 120]; Cleavage of elastin, albeit less 

potent than LasB, and modification of elastin to increase its 

susceptibility to other elastases [117, 118]. 

 

Phospholipase C 

(PlcH, PlcN) 

Preferential hydrolysis of sphingomyelin and 

phosphatidylcholine, along with hydrolysis activity, can lead 

to tissue damage, inflammation, and interference with the 

oxidative burst of immune cells [121]. 
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PrpL protease Inhibiting the migration and survival of fibroblasts, 

keratinocytes, and endothelial cells; inducing persistent 

inflammation and a prolonged inflammatory state [122]. 

Lipases Motility, biofilm regulation, and rhamnolipid synthesis [123]. 

Exotoxin A Inhibition of protein synthesis leading to cell death and 

depressing host response to infection [102, 124]. 

ExoS, ExoT, 

ExoY and ExoU 

Toxin-mediated cytotoxicity involves altering host cell 

membrane integrity, which leads to cell death, as well as 

disrupting the actin cytoskeleton, impeding cell-cell adhesion, 

and triggering apoptosis in host cells [125]. 

 

Organic small molecules 

The QS system generates diverse secondary metabolites (small molecules) 

functioning as weaponry in competition with other species and capable of impacting 

host cells. These compounds demonstrate a positive correlation with lung 

exacerbation in CF patients [126]. A summary of these organic small molecules is 

presented in Table 2. 

Table 2: Organic small molecules produced by QS system. 

Virulence factors functions 

pyocyanin Generation of reactive oxygen species [102]; biofilm 

formation [127]; cytotoxicity to host cells or other species 

[128].  

Siderophores 

(pyoverdine and 

pyochelin) 

Chelation of iron, promotion of biofilm formation [129]; 

Pyoverdine translocates into host cells, binds to and extracts 
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iron, causing damage to host mitochondria, disrupting their 

function, and initiating mitochondrial dysfunction [130]. 

rhamnolipids Facilitation of biofilm dispersion to aid in bacterial 

recolonization [131]; exhibiting antimicrobial activity against 

other bacterial species, hemolytic activity towards host cells, 

modification of cell surface hydrophobicity, elevation of PQS 

signal solubility, and promotion of swarming motility [132-

134]. 

HQNO Inhibition of other species growth; biofilm formation [135]. 

2-heptyl-3-

hydroxy-4-

quinolone (PQS) 

Activation of oxidative stress response, regulating the release 

of virulence and host-modifying factors, and serving as a 

stress warning signal, prompting the larger population to 

actively avoid cell stress included by antibiotics and phage 

exposure [136]. 

Hydrogen 

cyanide 

Disruption cellular respiration [137, 138]. 

 

These virulence factors exhibit varying expression levels at different infection stages 

in CF patients. During the acute infection stage (early infection), P. aeruginosa 

pathogenicity in the lungs of CF patients is primarily associated with increased 

expression of virulence factors such as flagella, type II secretion, rhamnolipids, 

lipases, proteases, and pyoverdine [139]. However, during chronic infection, 

virulence factors often show a decreasing trend [140]. As described for S. aureus, P. 

aeruginosa pathogenicity in CF is not solely attributable to individual virulence 

factors but is instead influenced by multiple complex factors including virulence 
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factors expression, biofilm formation, small colony variants (SCVs). It is worth 

noting that increased expression of certain virulence factors, such as HCN, 

pyocyanin, ExoS, and alginate, often lead to severe clinical outcomes [141]. 

I.2.b-3. Quorum Sensing  

Toxins, exoenzymes, and components of the biofilm are regulated by the Quorum 

Sensing (QS) system [142-144]. P. aeruginosa utilizes four QS pathways: Las, Rhl, 

Pqs, and Iqs systems. The corresponding autoinducers for these pathways are N-(3-

oxododecanoyl)-L-homoserine lactone (OdDHL), N‐butanoyl‐L‐homoserine 

lactone (BHL), 2‐heptyl‐3‐hydroxy‐4‐quinolone (PQS), and 2‐(2‐hydroxyphenyl) ‐

thiazole‐4‐carbaldehyde (IQS), respectively [145] (Figure 11). 

These systems intricately intertwine, establishing a hierarchical relationship, with 

the Las system positioned at the apex of the signalling hierarchy. The OdHL 

produced by the LasI synthase binds to the LasR receptor, forming the lasR-OdHL 

complex. This complex stimulates lasI gene expression that controls the production 

of autoinducer, creating a positive feedback loop [146]. Concurrently, it activates the 

other three systems and regulates virulence factors such as LasA protease and LasB 

elastase [145]. The second Rhl system, besides its intrinsic positive feedback and 

activation through Las, is also upregulated by the Pqs and Iqs systems. Moreover, 

the third Pqs is also positively regulated by Iqs system [147]. 

In addition to its role in internal regulation, the QS system also governs the 

expression of secretion systems and other virulence factors, including the flagellum 

[148]. The Type I Secretion System (T1SS) is positively regulated by QS, 

exemplified by the dependence of the alkaline protease AprA on QS for secretion. 

The Xcp (extracellular protein) Type II Secretion System (T2SS) secretes QS-

regulated virulence factors such as elastase A and B (LasA and LasB), as well as the 
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exotoxin A (ExoA). Moreover, the Xcp T2SS itself is positively regulated by QS. 

However, among the QS systems, the Rhl system exerts a negative regulatory 

influence on the expression of the Type III Secretion System (T3SS) [149]. 

 

Figure 11: Schematic representation of the four QS systems in P. aeruginosa: Las (top left), 

Rhl (bottom left), Iqs (top right), and Pqs (bottom right). Each system produces specific 

autoinducer molecules: OdDHL for Las, BHL for Rhl, PQS for Pqs, and IQS for Iqs. Upon 

reaching a threshold concentration, these autoinducers bind to their corresponding receptors, 

forming receptor-autoinducer complexes (LasR-OdDHL, RhlR-BHL, PqsR-PQS, and IqsR-

IQS), which activate genetic pathways for autoinducer synthesis, establishing positive 

feedback loops within each QS system. The figure also illustrates the hierarchical 

arrangement of the QS systems, with Las positioned at the top. Regulatory interactions 
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between systems are indicated by arrows (stimulatory effects) and perpendicular lines 

(inhibitory effects)  (image adapted from [150]). 

I.2.b-4. Adaptation to cystic fibrosis lung 

Confronted with the thick and viscous mucus, where oxygen is restricted, along with 

the presence of other species, immune responses, and antibiotic stress, P. aeruginosa 

undergoes adaptations to thrive in the challenging environment of the airways in CF 

patients. These adaptations involve significant changes in both phenotypes, marked 

by the emergence of mucoid and small colony variant (SCV) phenotypes, or the loss 

of flagella and pili, and genotype, such as the occurrence of lasR mutations [151]. 

The excessive production of alginate in P. aeruginosa triggers a phenotype switch 

from nonmucoid to mucoid, potentially accompanied by the disappearance of 

pigment in certain strains [151]. The mucoid phenotype, characterized by abundant 

alginate, forms a physical barrier that shields the bacterium from immune cells, 

including neutrophils and alveolar macrophages. This barrier also hinders the 

penetration of antibiotics and immune molecules such as complement and 

immunoglobulins. Moreover, alginate will interact with positively charged 

antibiotics (such as aminoglycosides), contributing to an increased tolerance to these 

antimicrobial agents [152]. 

Another category of lung-adapted P. aeruginosa strains comprises Small Colony 

Variants (SCVs) – compact, self-aggregating isolates demonstrating heightened 

biofilm formation, robust surface attachment, and increased exopolysaccharide 

production [153]. The evolution of SCVs in the cystic fibrosis (CF) lung is linked to 

the overproduction of the ubiquitous bacterial signaling molecule cyclic-di-GMP, 

with increased levels of cyclic-di-GMP identified as responsible for the SCV 

phenotype in numerous CF lung isolates. This correlation is associated with 
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heightened resistance to antibiotics, compromised lung function, and prolonged 

persistence of infection. 

Additionally, a significant proportion of P. aeruginosa isolates display reduced 

motility due to the loss or defect of flagella and pili. This reduction in motility 

contributes to P. aeruginosa adhesion, colonization, and biofilm formation. 

Furthermore, isolates from CF patients often lack the O-antigen polysaccharide of 

lipopolysaccharide, allowing them to evade recolonization by immune cells. 

Unveiling a spectrum of adapted phenotypes, P. aeruginosa isolates from the lungs 

of CF patients showcase diverse genetic adaptations. In addition to mutations in 

genes associated with the aforementioned phenotypes, the most frequently mutated 

gene is mexZ—a negative regulator of mexX and mexY, components of the MexXY-

OprM multidrug-efflux pump [154].  

Mutations in the master regulator LasR result in the loss of function of exoproteases 

alkaline protease (AprA) and elastase B (LasB), which cleave C5a—a 74-amino acid 

residue polypeptide involved in recruiting neutrophils to the site of infection. 

However, an excessive amount of C5a impedes the generation of reactive oxygen 

species and the phagocytosis of bacteria by neutrophils [155]. The phenotypic and 

genotypic adaptations of P. aeruginosa to the lungs in CF patients contribute to 

recurrent and persistent infections, amplifying the challenges in treating lung 

infections in CF patients. 
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I.3. Biofilm 

I.3-a. Definition and Formation of Biofilms 

Biofilm is a predominant lifestyle of bacteria, where bacteria attach to biotic or 

abiotic surfaces or aggregate with each other. Simultaneously, they secrete 

extracellular polymeric substances (EPS), encase bacterial cells, and form a 

community of aggregates. In brief, a biofilm consists of bacterial aggregates 

embedded in self-produced matrix of EPS [156]. Matrix consists of proteins, DNA, 

polysaccharides, lipids, RNA, and other components. Among them, proteins, DNA, 

and polysaccharides are the most important [157]. 

Various bacterial species produce distinct matrix compositions. For example, PNAG 

is the primary polysaccharide component in S. aureus [158], while alginate, pel, or 

pls prevail in P. aeruginosa [159]. These matrix compositions play important role in 

biofilm formation. 

Biofilm formation involve three key events (Figure 12): 

Aggregation and Attachment 

Bacterial cells attach to biotic surfaces (e.g., host tissues) or abiotic surfaces (such 

as medical devices). Attachment can occur through various mechanisms, including 

initial physical forces like Van der Waals interactions, electrostatic forces, or 

hydrophobic forces [160]. Additionally, chemotaxis guides bacterial cells to specific 

locations [161]. The surface structures of bacteria, such as pili and fimbriae found in 

P. aeruginosa, contribute to this attachment process [162, 163]. Furthermore, 

bacteria secrete adhesion-like proteins, such as MSCRAMMs (Microbial Surface 
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Components Recognizing Adhesive Matrix Molecules), which play a crucial role in 

attaching to surfaces or facilitating auto-aggregation [164]. 

Growth and Accumulation 

During this stage, bacteria undergo multiplication, leading to the synthesis of an 

extensive matrix composed of various substances. The increased density of bacteria, 

coupled with the accumulation of matrix components, reinforces the attachment of 

microorganisms to the surface and promotes aggregation among them. Matrix 

polysaccharides play a crucial role in providing structural support. Additionally, 

extracellular DNA (eDNA) participates in horizontal gene transfer, contributing to 

both genetic diversity and the stability of the biofilm structure [165]. Proteins within 

the biofilm have diverse functions, including attachment, virulence, and metabolic 

activities [166]. Moreover, as bacterial density increases, the microenvironment 

within the biofilm becomes initially heterogeneous. For example, the deeper layers 

of the biofilm experience restricted oxygen availability and lower nutrient levels 

[167]. This heterogeneity further contributes to the complexity of the biofilm 

structure and the adaptation of bacteria to diverse conditions within the biofilm 

community. 

Disaggregation and Detachment 

Over time, biofilm structures can be influenced by various external and internal 

factors, resulting in the disaggregation and detachment of a portion of the biofilm.  

External factors encompass physical elements like shear, and environmental signals 

(such as nutrient availability, oxygen levels, nitric oxide, pH changes, and exposure 

to certain chemical substances), leading to biofilm sloughing and erosion [168]. 

Internal factors involve enzymes and surfactant components produced by bacteria. 

The generation and accumulation of various enzymes within the biofilm degrade 
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matrix compositions, inducing changes in the biofilm structure, such as DNase 

degrading eDNA and alginate lyase breaking down alginate. Surfactant production 

further promotes the process, as surfactants facilitate the release of bacteria from the 

biofilm. Examples include rhamnolipids produced by P. aeruginosa [169] and 

amphipathic proteins (PSM) produced by S. aureus [170]. The process of 

disaggregation and detachment facilitates bacterial colonization of new sites and the 

formation of new biofilms. 

 

Figure 12: Biofilm formation generally involves three events. (1) Aggregation and 

attachment: During this event, bacteria aggregate with each other (inner ring) or attach to 

biotic and abiotic surfaces (outer ring). (2) Growth and accumulation: In this stage, 

aggregated and attached bacterial colonies expand through growth and the recruitment of 

surrounding cells. (3) Disaggregation and detachment: During this event, bacteria can exit 

the biofilm as aggregates and as single cells, depending on the mechanism [171].  
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I.3-b.  Biofilm in CF patients 

Chronic infection in CF patients is associated with biofilm formation. The earliest 

visualization of biofilm from CF patients was conducted by Joseph S. Lam and his 

colleagues in 1980 using an electron microscope. They examined postmortem 

excisions from a P. aeruginosa-infected CF patient's alveoli and found that P. 

aeruginosa appeared in aggregates surrounded by a "very thick fibrous mass of 

exopolysaccharides" (Figure 13) [172].  
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Figure 13: Electron micrograph of a thin section of ruthenium red-alveolar material obtained 

by postmortem excision from a P. aeruginosa-infected CF patients. P. aeruginosa aggregates 

(B) encased by “fibrous mass of bacterial exopolysaccharide” (S). The bar indicates 0.1 µm 

[172]. 

In vivo P. aeruginosa biofilms were more clearly visualized using peptide nucleic 

acid-fluorescence in situ hybridization (PNA-FISH), revealing growth within mucus 

rather than attachment to epithelial cells (Figure 14) [173]. Furthermore, the S. 

aureus biofilm was also localized within the mucus rather than on epithelial cells 

(Figure 15)[174].
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Figure 14: Intraluminal P. aeruginosa biofilm (highlighted in red) surrounded by 

polymorphonuclear leukocytes (shown in blue), visualized using PNA-FISH and DAPI 

staining [173, 175]. 
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Figure 15: In vivo visualization of S. aureus biofilms. (A) Intraluminal S. aureus embedded 

in sputum (S) visualized by indirect immunofluorescence against protein A or teichoic acid, 

with no adhesion of S. aureus to the epithelium (E). Magnification: (A) x400; scale bar: 25 

µm. (B) Gram stain of sputum isolated from the bronchus of a patient with CF showing S. 

aureus aggregates. Magnification: x1,000; scale bar: 10 mm [174, 176] 

The aforementioned in vivo biofilm is visualized based on CF patients infected by 

single species either P. aeruginosa or S. aureus. Rudkjøbing et al. in 2014 examined 

multiple-species biofilms in CF patients, yet it appeared that these species 

aggregated separately (see Figure 16) [177]. Notably, their approach did not involve 

the simultaneous use of PNA probes specific to both P. aeruginosa and S. aureus, 

potentially limiting the visualization of dual-species aggregates. Up to date, there 

has been no examination of sputum or explanted lungs from patients with CF who 

are coinfected with both S. aureus and P. aeruginosa. 

However, some in vitro studies have initiated investigations into dual-species 

biofilms, prompted by the frequent co-isolation of both species from CF patients. 

The majority of these dual-species biofilms are grown in conventional media, 

revealing disparities in gene expression and antibiotic susceptibility between dual-

species and single-species biofilms [178]. A limited numbers of dual-species biofilm 

of S. aureus and P. aeruginosa were cultured using ASM, with these biofilms being 
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incubated for only 24 hours [179]. Currently, only one dual-species biofilm model, 

cultivated in ASM for a longer duration, has been reported by Rosana Monteiro and 

colleagues [180].  

 
Figure 16: PNA FISH visualization of bacterial aggregates in expectorated sputum of CF 

patients. In panels (a), (c), and (d), P. aeruginosa clusters (red) and other bacterial species 

aggregates (green) are shown; in panel (b), S. aureus cluster (red) and other species 

aggregates (green) are shown [177]. 

I.3-c. Consequences of biofilm formation 

The formation of biofilm is frequently linked to chronic infections and exerts a 

considerable impact on the evolution and treatment of such infections. The biofilm 
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serves as both a physical barrier to protect cells and employs chemical or genetic 

strategies to reduce susceptibility to antimicrobial agents. 

The physically protective function of biofilms includes resistance to external 

mechanical stress, such as shear stress from surface and fluid flow during biofilm 

formation, and protection against mechanical clearance forces. Simultaneously, this 

function prevents the penetration of antibiotics and immune signal molecules while 

impeding phagocytosis from host cells. The resistance to external mechanical stress 

is attributed to the inherent viscoelastic properties of biofilms, combining viscous 

(similar to a fluid’s resistance to flow) and elastic (similar to a solid’s resistance to 

deformation) behaviors [181].  The viscoelastic properties are associated with matrix 

composition and the cross-linking of matrix components [182]. Increased 

viscoelasticity impedes the diffusion of antibiotics and immune signal molecules 

within the biofilm. Matrix absorption also restricts antibiotic penetration [183]. The 

interaction between antibiotics and the matrix, such as eDNA or alginate that can 

bind to positive charges, can further limits their efficacy, as observed for 

aminoglycosides [184]. In addition, the biofilm large size obstructs phagocytosis 

[185], which hinders the immune system's ability to effectively remove bacteria. 

In addition to the restricted penetration of antibiotics and immune signal molecules 

caused by the EPS matrix, the transport of oxygen and nutrients within the biofilm, 

as well as the diffusion of metabolic by-products, is also hindered [184, 186]. 

Consequently, a concentration gradient of these molecules is observed within a 

biofilm. It is important to note that this gradient is not solely a result of restricted 

diffusion. For example, oxygen is primarily consumed in the upper layers of the 

biofilm by bacterial cells, creating more anaerobic niches in the deepest parts of the 

biofilm [167, 187]. Moreover, the accumulation of metabolic by-products in the 

inner biofilm contributes to a localized acidic environment, leading to a lower pH in 

the interior [188]. The limited or absent oxygen, the accumulation of toxic 
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metabolites, and the localized acidic conditions compels bacteria to adopt a dormant 

lifestyle with lower metabolic activity to withstand harsh conditions. This dormancy 

diminishes antibiotic susceptibility, given that most antibiotics target actively 

dividing cells. Persisters represent a subpopulation of dormant cells, constituting less 

than 1% of the total bacterial population in a biofilm. They can survive exposure to 

high concentrations of antibiotics by temporarily halting growth and resume normal 

division once antibiotics are removed [189]. 

The EPS matrix of biofilms also functions as a reservoir for enzymes capable of 

degrading antibiotics. These enzymes are predominantly situated in the outer layers 

of the biofilm, hindering antibiotics from reaching their cellular targets within the 

biofilm [190]. For instance, beta-lactamases produced by K. pneumoniae in biofilms 

have been shown to efficiently degrade ampicillin, preventing its penetration into 

biofilm cells [191]. Moreover, mature P. aeruginosa biofilms exhibit greater 

resistance to ceftazidime and meropenem compared to younger biofilms, likely 

attributed to an elevated presence of β-lactamases in the matrix [192]. 

Bacteria in biofilms also display differences in gene expression and gene transfer 

compared to planktonic cells and exhibit a greater mutation frequency [193-195]. 

This discrepancy in gene expression includes the overexpression of specific resistant 

genes in biofilms, such as those encoding efflux pumps, leading to reduced 

susceptibility to antimicrobials [196, 197]. Moreover, horizontal gene transfer is 

more prevalent in biofilms of both Gram-negative and Gram-positive species [198], 

promoting biofilm formation [199] and resulting in the acquisition of new resistance 

genes. These genes may undergo further selection due to exposure to sub-inhibitory 

antibiotic concentrations favored by the biofilm environment [200, 201]. 
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Interactions between S. aureus and P. aeruginosa within a biofilm 

Additional noteworthy factors contributing to increased tolerance to antibiotics and 

host immunity include bacterial interactions. These interactions are highly intricated 

and often depend on the bacterial habitat and specific strains involved [202]. In terms 

to S. aureus and P. aeruginosa, earlier studies suggested an antagonistic relationship 

between them, with P. aeruginosa often demonstrating a competitive advantage over 

S. aureus, sometimes even eradicating it. Notably, the prevalence of S. aureus is 

higher in younger patients with CF, while P. aeruginosa becomes dominant with 

increasing age. This pattern appears to support the idea of competition between S. 

aureus and P. aeruginosa, despite many cystic fibrosis patients are coinfected by 

both species. However, later studies have demonstrated successful in vitro 

coculturing of the two species. Their coexistence influences the secretion and 

transcription of certain virulence factors, leading to a more severe infection. 

Moreover, more recent evidence has identified that one bacterial strain often confers 

resistance or tolerance to another strain against the activity of antibiotics, increasing 

the difficulty of therapy. 

Various small molecules and exoenzymes produced by P. aeruginosa are not only 

toxic to human tissue cells but also impact co-residing S. aureus. Here, we present a 

few well-studied virulence factors against S. aureus. The LasA protease degrades 

pentaglycine in the cell wall of S. aureus, leading to S. aureus cell lysis and the 

release of iron ions [119, 203]. Simultaneously, P. aeruginosa captures these ions 

through secreted siderophores (pyoverdine and pyochelin) when iron is limited [204]. 

Another molecule, PQS, has been reported to also bind to iron, aiding P. aeruginosa 

in taking in iron from the environment [205]. Additionally, QS molecules inhibit S. 

aureus growth. Representative compounds such as HQNO, hydrogen cyanide, and 

pyocyanin inhibit S. aureus growth by interfering with its oxidative respiration and 

disrupting electron transfer [206]. Moreover, this disruption shifts S. aureus towards 



 

 65 

 

a fermentative pathway, presenting a phenotype of small colony variants (SCVs) 

[207].  

Conversely, certain virulence factors produced by S. aureus also influence P. 

aeruginosa. The autoinducer-2, a small diffusible quorum-sensing signal molecule 

produced by S. aureus, induces the upregulation of virulence genes in P. aeruginosa. 

These include extracellular protease (lasB), rhamnosyltransferase involved in 

rhamnolipid synthesis (rhlA), exotoxins (exoT, exoS, exoY), and phenazines (phzA1 

and pha2) [208]. Additionally, N-Acetyl glucosamine enhances the virulence of P. 

aeruginosa by promoting the production of PQS [209]. SpA, a cell-wall-associated 

extracellular adhesive protein of S. aureus, selectively binds to psl, thereby inhibiting 

the adhesion of P. aeruginosa. In the absence of psl, it binds to type IV and impedes 

the formation of P. aeruginosa biofilm [208]. A cocktail of small organic acid 

molecules produced by S. aureus, grown in the presence of a high concentration of 

glucose, can inhibit the growth of P. aeruginosa when exposed to the supernatant of 

S. aureus [210]. 

Both species strengthen cooperation when facing a hostile environment despite their 

inherent antagonism. For example, there is HAQ-mediated protection of S. aureus 

from the killing effect of tobramycin [211] and 2-heptyl-4-hydroxyquinoline N-

oxide (HQNO) induces multidrug tolerance in S. aureus through respiratory 

inhibition and a reduction in cellular ATP [212, 213]. In dual-species biofilms, 

polysaccharides like alginate produced by P. aeruginosa help S. aureus protect itself 

from antibiotic therapy [214, 215]. But some metabolite compounds produced by P. 

aeruginosa also increase the activity of antibiotics against S. aureus. For instance, 

rhamnolipids and LasA also enhance the killing of S. aureus by vancomycin and 

tobramycin, by promoting lysis and facilitating proton-motive force-independent 

tobramycin uptake, respectively [216, 217]. It's worth noting that S. aureus cells and 
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their supernatant can also induce the SCVs phenotype and antibiotic tolerance in CF-

adapted strains of P. aeruginosa [218]. 

Taken together, the interactions between S. aureus and P. aeruginosa also contribute 

to the tolerance of antimicrobial agents, facilitating recurrent, persistent, and 

chronically severe infections. 

I.3-d. Therapy of Biofilm-associated infection 

Biofilm is 100 to 1000 times more tolerant to antibiotics than planktonic cells. The 

treatment of biofilm is challenging due to multiple factors, as mentioned above, such 

as matrix EPS protection, a heterogeneous microenvironment within the biofilm, 

lower dividing cells, and interactions between different species. Among adjuvant 

strategies, enzymes or phages represent an ongoing, promising, and actively 

researched area. In addition to enzymes and phages, other therapies include 

mechanically removing biofilm, nanoparticle-metal treatment, photodynamic 

treatment, quorum sensing inhibitors, and nano-based antibiotic delivery. 

Enzyme therapy 

Polysaccharides, proteins, and eDNA are the focus as they constitute the primary 

matrix composition. Accordingly, proteases, glycoside hydrolase enzymes, and 

deoxyribonucleases are frequently utilized to degrade these three macromolecules, 

disrupting biofilm structure, and augmenting antibiotic efficacy against biofilm 

infections. Enzymes, with their specificity and minimized stress production for 

bacteria, contribute to lower resistance development. 
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Glycoside hydrolase enzymes 

The main polysaccharide produced by S. aureus, PNAG, can undergo hydrolysis by 

Dispersin B (DspB) and PgaB. DspB, a member of glycoside hydrolase family 20 

first isolated from Aggregatibacter actinomycetemcomitans, exhibits both endo- and 

exo-glycoside hydrolase activity, leading to the hydrolysis of PNAG in biofilm. 

When combined with rifampicin or vancomycin, DspB significantly reduces 

biomass and cell viability embedded in biofilm formed by S. aureus using tryptone 

soya broth medium [219]. Another glycoside hydrolase, PgaB, is a two-domain 

periplasmic protein featuring an N-terminal deacetylase domain and a C-terminal 

PNAG binding domain. Encoded by the pgaABCD operon in Escherichia coli and 

Bordetella species, PgaB can hydrolyze deacetylated PNAG (dPNAG) from S. 

aureus. It also disrupts PNAG-dependent biofilms formed by Bordetella pertussis, 

Staphylococcus carnosus, Staphylococcus epidermidis, and E. coli, enhancing 

bacterial killing by gentamicin [220]. However, there are currently no directly 

experimental studies against S. aureus biofilm. 

For the three polysaccharides (alginate, psl, and pel) produced by P. aeruginosa, the 

degradation requires three glycoside hydrolases: alginate lyase, Psl glycoside 

hydrolase (PslG), and pel glycoside hydrolase (PelA). Alginate lyase, responsible 

for degrading alginate, has been isolated from various organisms with different 

substrate specificities, including algae, marine mollusks, marine and terrestrial 

bacteria, viruses, and fungi. A purified marine alginate lyase enzyme (AlyP1400) 

can degrade P. aeruginosa biofilm, enhance the bactericidal activity of tobramycin, 

and modulate the expression of efflux antibiotic resistance-related genes (bdlA, 

mexF, mexY, and ndvB). PslG is a periplasmic glycoside hydrolase encoded by the 

Psl exopolysaccharide biosynthetic operon, belonging to glycoside hydrolase family 

39. After removing the N-terminal transmembrane domain, PslG can hydrolyze Psl 

polysaccharide produced by P. aeruginosa, enhancing the antibacterial effect of 
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colistin. Moreover, PslG is noncytotoxic and supports immune defense [221]. The 

last glycoside hydrolase, PelA, is also a periplasmic glycoside hydrolase encoded in 

the pel exopolysaccharide biosynthetic operons. After removing the N-terminal 

domain of PelA, the resulting PelAh was identified, resulting in significant biofilm 

dispersal within 24 hours. PelAh also increased the antibiotic efficacy of colistin and 

neutrophil killing [221]. 

Proteases 

A range of proteases can be applied to disperse biofilm and enhance the effectiveness 

of antibiotics when used in combination. Here, we focus on several well-established 

and extensively studied proteases, such as proteinase K, trypsin, pepsin, Peptidase 

M16, and other proteases secreted by S. aureus (including Aureolysin, V8 serine 

protease, Staphopain A and Staphopain B). 

Proteinase K is a broad-spectrum serine protease known for its remarkable pH 

tolerance and thermostability [222]. It specifically cleaves peptide bonds in 

proximity to carboxylic groups of aliphatic and aromatic amino acids. This enzyme 

has the ability to inhibit the formation of new biofilms and disperse preformed 

biofilms in various bacterial strains. Additionally, when combined with antibiotics, 

proteinase K demonstrates a synergistic effect in treating mature biofilms. For 

example, combining proteinase K with daptomycin or vancomycin for treating 

MASR biofilm showed a significant synergy effect [223]. 

Trypsin, a serine protease derived from the pancreas, displays specificity in cleaving 

peptide bonds on the carboxyl side of lysine and arginine residues. Its successful 

application has been observed in dispersing biofilms formed on teeth and wounds 

[224, 225]. Bovine trypsin has proven effective in degrading mature biofilms of 

various Gram-positive and Gram-negative bacterial species. Additionally, when 

combined with pepsin and carvacrol (a natural phenolic compound), trypsin 
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demonstrates enhanced efficacy in dispersing mature biofilms of P. aeruginosa 

[226]. 

Pepsin is a promiscuous endopeptidase characterized by a catalytic aspartate in its 

active site, facilitating preferential cleavage of Phe (phenylalanine) and Leu (leucine) 

residues [226]. The preformed P. aeruginosa can be effectively eradicated through 

co-administration of trypsin with pepsin [227]. 

Peptidase M16 is a metalloprotease secreted by Microbacterium sp. SKS10, 

displaying optimal activity at 60˚C and pH 12 [228]. Additionally, it exhibits 

remarkable stability, retaining its activity in the presence of various salts and organic 

solvents. Peptidase M16 effectively disperses mature S. aureus biofilms at 

concentrations lower than trypsin. Furthermore, it can be co-administered with 

kanamycin to augment antimicrobial efficacy [228]. 

Another set of proteases secreted by S. aureus includes Aureolysin (Aur), V8 serine 

protease (V8 or SspA), Staphopain A (ScpA) and Staphopain B (SspB). Aur, 

functioning as an extracellular metalloprotease [229], can effectively inhibit biofilm 

formation and disperse established biofilms in various S. aureus strains when 

purified [230]. SspA, an extracellular protease, plays a role in preventing the 

formation of S. epidermidis biofilms by degrading Bap, a surface-anchored protein 

[226]. Both ScpA and SspB are cysteine proteases, with purified ScpA 

demonstrating the ability to hinder S. aureus biofilm formation and disperse 

established biofilms [231].  

Deoxyribonucleases 

Enzymes currently involved in the degradation of eDNA comprise DNase I, 

Nuclease Xds (Xds), Nuclease Dns (Dns), streptodornase (Varidase), and NucB. 

DNase I, a widely used pancreatic endonuclease, can break down both single- and 
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double-stranded DNA into oligonucleotides with 5′ monophosphate and 3′ hydroxyl 

DNA ends [226]. The clinical application of recombinant human DNase I (rhDNase) 

has proven effective in CF patients, reducing the viscosity of purulent sputum [232]. 

It's worth noting that since the introduction of elexacaftor/tezacaftor/ivacaftor (ETI) 

therapy, it has been found that discontinuing rhDNase therapy does not result in a 

significant difference in lung function compared to continuing DNase I therapy for 

patients receiving ETI [233]. Additionally, a significant improvement in lung 

mucociliary clearance was observed after discontinuing DNase I use in patients 

undergoing ETI treatment [234]. Nucleases Xds and Dns, both produced by V. 

cholerae, demonstrate the ability to degrade circular and linearized DNA within 

biofilms, with the deletion of their genes resulting in increased biofilm formation 

[235]. Streptodornase, a mixture of four DNase enzymes from P. aeruginosa, 

actively disrupts preformed biofilms of P. aeruginosa and is employed against focal 

infections [226]. The metal-dependent nuclease NucB, derived from marine B. 

licheniformis, is notable for effectively degrading preformed biofilms of bacterial 

strains isolated from chronic rhinosinusitis infections [236, 237]. Investigation of the 

in vivo application of these enzymes, apart from DNase I, is currently limited. 

Phage therapy  

Phages are viruses that infect bacteria and possess typical viral characteristics, 

including relatively small genomes, replication occurring solely within host cells, 

extensive utilization of host machinery for their replication, and a high degree of 

specificity for host cells. 

Infection initiates with the attachment of the phage particle to its host cell through 

the specific recognition of a receptor on the host surface, followed by the delivery of 

phage nucleic acids into the infected cell. Once inside the bacterium, the phage 

assumes control of the bacterial cell, commandeering its cellular components, and 
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deactivating its defense mechanisms. Phage genes are expressed, and the phage 

genome undergoes replication, eventually being packed into self-assembled phage 

particles. The lytic infection cycle concludes with progeny phage particles emerging 

from the cell, typically involving cell lysis facilitated by phage proteins (Figure 17A) 

[238]. Phages display diversity in both morphology and genomes. Over 95% of the 

phages isolated to date possess linear, double-stranded DNA (dsDNA) genomes 

packed into a tailed proteinaceous capsid [238]. Other groups of phages may feature 

non-tailed capsids with dsDNA genomes or non-tailed capsids with single-stranded 

DNA (ssDNA) or RNA genomes (Figure 17B) [238]. 

Phages were extensively used to treat bacterial infections in humans and animals in 

the 1930s, well before penicillin became commercially available. However, phages 

fell out of favor in the West when penicillin was introduced to the market in the early 

1940s due to its broad-spectrum activity against bacteria compared to phages. The 

post-war hostility between the United States and the Soviet Union not only fuelled 

distrust of scientific advancements from the former Soviet Bloc but also perpetuated 

suspicions regarding the therapeutic use of phages for decades [239, 240]. 

Nevertheless, with the rise of antibiotic-resistant bacteria and a decline in the 

discovery of new antibiotics, phages have experienced a revival. An increasing 

number of successful phage therapies have been reported, marking a renewed 

interest in their potential medical applications. 

The antimicrobial mechanism of phages involves two main enzymes: depolymerases 

and lysins. Depolymerases, often displayed at the phage's tip as tail fibers, degrade 

capsular polysaccharides. Lysins, encoded either inside or on the virion's tail, cleave 

the peptidoglycan cell wall from the inside and outside, respectively [241]. Lysin-

induced host cell lysis prevents biofilm formation, while depolymerase's degradation 

of matrix EPS destroys biofilm structure. Additionally, phages can penetrate existing 
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biofilm, aiding in its destruction. Notably, phages can kill dormant cells within 

biofilm [242]. 

Biofilm therapeutic approaches using phages are classified into five groups (Figure 

17B): Bacteriophage therapy, including single phage and phage cocktail, endolysin 

or depolymerase combination therapy with other antimicrobial agents, and genetic 

medication. Phage cocktails have an advantage over single-phage treatments as 

bacteria easily develop resistance to phages. Currently, the most common therapy 

involves a phage cocktail in combination with other antimicrobial agents such as 

antibiotics. Phages have been applied to various in vitro studies of biofilm-related 

infections, including CF infection, urinary tract infection, orthopedic infection, and 

oral infection [243, 244]. 

 

 

Figure 17: Phage Life Cycle and Morphologies. (A) Overview of the phage life cycle; (B) 

Phage taxonomy categorized by morphology and genome composition, with a representative 

phage indicated in parentheses for each taxonomical group [238]. 
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Other therapy strategies 

Other strategies for combating biofilms include mechanical removal, nanoparticle-

metal therapy, photodynamic treatment, quorum sensing inhibitors, and antibiotics 

used with a Nano-Based Delivery approach. 

Mechanically removing 

Biofilm formed on biotic surfaces such as teeth, implanted devices, and industrial 

pipettes can be effectively treated through mechanical removal processes. This 

involves physically disrupting and eliminating the biofilm, commonly achieved 

through actions like scraping, brushing, or utilizing specialized tools tailored for this 

purpose. 

Nanoparticle-metal  

Metal oxygen nanoparticles can effectively penetrate biofilms, inhibiting bacterial 

growth through three well-established mechanisms. These include (1) inducing 

mechanical cell wall damage through electrostatic interaction, (2) generating 

reactive oxygen species (ROS) to induce oxidative stress, and (3) causing metal 

cation leakage, disrupting protein functioning and cell structure. Among metal oxide 

nanoparticles (NPs), Cuo and Zno nanoparticles have demonstrated robust 

antibacterial qualities and the most potent antibiofilm properties when compared to 

other nanoparticle-metals such as MgO and TiO2. However, a significant challenge 

in the therapeutic use of nanoparticles remains concerns related to systemic safety 

and potential long-term impacts on the body [245]. 

Photodynamic treatment 

Photodynamic treatment relies primarily on light, a photosensitizer, and oxygen. A 

photosensitizer can generate reactive oxygen species (ROS) when exposed to visible 
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or infrared light in the presence of oxygen. The produced ROS has the ability to 

oxidize cellular macromolecules such as lipids and proteins involved in membrane 

function, ultimately leading to bacterial death [246]. 

Quorum Sensing Inhibitor 

Quorum Sensing (QS) system regulates biofilm development in most of strains. For 

example, in Pseudomonas aeruginosa, QS products such as pyocyanin and HQNO 

actively contribute to promoting biofilm formation. Additionally, P. aeruginosa-

produced rhamnolipids, along with Staphylococcus aureus-produced PSM, act as 

surfactants, assisting in the facilitation of biofilm spread. Consequently, inhibiting 

the QS system emerges as a promising strategy to reduce biofilm formation. This 

involves mechanisms such as inhibiting signal molecule synthesis, enzymatic 

degradation of signal molecules, competing with signal molecule-receptor analogs, 

and obstructing autoinducer (AI)-receptor complex formation (e.g., by blocking AI-

receptor complex assembly). Various QS inhibitors (QSIs) are employed for this 

purpose, encompassing natural molecules (e.g., flavonoids, phenols, phenolic acids, 

saponins, coumarins, tannins, terpenoids, alkaloids, and polyacetylenes) [247]. 

Additionally, chemical synthesis of molecules, such as Norspermidine, which 

inhibits QS gene expression in P. aeruginosa (lasI, lasR, rhlI, rhlI, rhlR, and mvfR 

genes), is explored [248]. Inflammation agents like Aspirin, meloxicam, and 

piroxicam have shown efficacy in inhibiting P. aeruginosa QS signaling molecules 

and biofilm growth [248].  

Nano-Based Antibiotic Delivery 

Nano-Based Antibiotic Delivery overcomes antibiotic inactivity and interactions 

with extracellular polymeric substances (EPS), enabling antibiotics to reach deeper 

layers of biofilm. Nanoparticles possess the capability to penetrate biofilms, 

addressing this challenge [245]. This approach offers several advantages, including 
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improved stability, targeted delivery, controlled antibiotic release, and enhanced 

bioavailability. As an illustration, erythromycin, clindamycin, amoxicillin, and 

vancomycin demonstrated increased efficacy against E. coli and S. aureus when 

combined with Silver Nanoparticles (AgNPs) [249]. 

The treatment of biofilm infections needs to be tailored, as different infection sites 

require different therapeutic strategies. For instance, while biofilms on implanted 

devices can often be mechanically removed, this is not the case in CF lung infections. 

Specifically targeting biofilms in the context of patients with CF, these strategies 

incorporate the use of enzymes, phages, QS inhibitors as adjuvants to antibiotics, 

and enhanced antibiotic delivery. Additionally, compounds that reduce intracellular 

cyclic-di-GMP (c-di-GMP) levels and disrupt iron metabolism show promise in 

combating biofilms. C-di-GMP is involved in regulating genes expressed in the 

biofilm lifestyle, and lower levels result in reduced biofilm formation [250]. Nitric 

Oxide (NO) has been shown to reduce the level of c-di-GMP and increase 

susceptibility to antibiotics [251]. A clinical trial of high-dose (160 ppb) inhaled NO 

in CF patients is currently underway in the USA [252]. 

Furthermore, clinical trials of anti-pseudomonal bacteriophages in CF patients with 

chronic infections are ongoing in phase 1a/2b [252]. It's worth noting that currently, 

the most common strategies for treating biofilms in CF patients remain antibiotics 

or dual antibiotic combinations (such as colistin/tobramycin), despite their 

demonstrated lower efficacy. 
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Chapter II. Objectives  

The overall aim of this thesis was to establish an in vitro dual-species biofilm model 

of S. aureus and P. aeruginosa relevant to lung infections in CF patients and to use 

it to evaluate the potential therapeutic efficacy of antibiotics when combined with an 

adjuvant. 

Pathogens primarily exist as biofilms in the mucus of the airways of individuals with 

CF. The formation of biofilms in these airways leads to persistent, chronic, and 

recurrent lung infections in individuals with CF, contributing to severe respiratory 

disease. Despite advancements in treatment, respiratory disease resulting from 

bacterial infections continues to be the primary cause of morbidity and mortality in 

individuals with CF. This underscores the importance of seeking and optimizing 

anti-infective strategies to combat biofilm-infected airways in CF patients. To screen 

and select potential innovative strategies, the establishment of a versatile in vitro 

dual-species biofilm model, is of utmost importance and is considered a prerequisite. 

Antibiotic therapy is constrained due to the protective effect of the matrix, the 

accumulation of resistance-associated enzymes that deactivate antibiotics within the 

matrix, and the tolerance of bacterial cells to antibiotics due to altered metabolic 

activity. Additionally, stagnant mucus in vivo amplifies tolerance to antibiotics. 

Combining antibiotics with agents capable of destructuring the matrix is therefore 

an appealing strategy, as it could contribute to improve the access of antibiotics as 

well as of nutrients to bacterial cells, possibly improving antibiotic activity and 

reversing tolerance. 

 

 



 

 77 

 

In this context, three specific aims were pursued in this thesis (Figure 1): 

 

Figure 1. Schematic representation of the objectives of this thesis 

Design and Development of Dual-Species Biofilm Model (Chapter III, Paper 1): 

The first aim is to set up an in-vitro dual-species biofilm model using two dominant 

pathogens relevant to lung infection of CF patients, namely S. aureus and P. 

aeruginosa. Artificial Sputum Medium (ASM+) was employed for biofilm 

cultivation to closely replicate the habitat environment where bacteria grow and 

aggregate in vivo. This choice was based on ASM+'s similarity in constituents and 

viscoelastic properties to the sputum found in CF patients. Moreover, the 

colonization sequences of both species in individuals with CF were replicated by 

inoculating S. aureus before P. aeruginosa. Following the establishment of the 

biofilm model, the interaction between S. aureus and P. aeruginosa was investigated, 

particularly with coisolates pairs from the same patients, and the mechanisms 

involved in their interaction were explored. The interplay between these two species 

not only is associated with stability of the biofilm model but also contributes to the 

bacteria's tolerance to antibiotics. 
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Potentiation of Antibiotic Activity with Enzymes (Chapter III, Paper 2): 

The second objective is to enhance the activity of antibiotics by combining them 

with enzymes that degrade the EPS matrix. Our focus is on degrading eDNA and 

alginate polysaccharides, as both are dominant components of the matrix and are 

associated with the higher-viscoelastic properties of mucus in the airways of CF 

patients. Additionally, common isolates of P. aeruginosa from CF patients exhibit a 

mucoid phenotype and overproduce alginate. To address this, Deoxyribonuclease I 

(DNase I or dornase-) and alginate lyase, specifically targeting eDNA and alginate, 

were selected as adjuvants to antibiotics to improve their activity. It's worth noting 

that DNase I has been used to clear mucus in the airways of CF patients. Although 

alginate lyase has not yet been used for patients, in-vitro studies have identified its 

potential to decrease the viscoelasticity of mucus. 

Potentiation of Antibiotic Activity with Phages (Chapter III, paper 3): 

The last aim is to enhance antibiotic activity by combining them with phages. As 

previously discussed in the introduction, phages possess the ability to lyse host cells 

through the production of endolysins and digest matrix polysaccharides via the 

production of depolymerases. Additionally, they can target dormant cells within 

biofilms. Therefore, two phages, specifically targeting S. aureus (phage ISP) and P. 

aeruginosa (phage PSP3), were combined with one broad-spectrum antibiotic 

(ciprofloxacin, ceftazidime, meropenem, or tobramycin) to augment the 

effectiveness in treating dual-species biofilm. 

The main novelties of our work are thus 

1. the use of ASM+ to mimic the viscoelastic properties of the sputum of CF 

patients to develop a dual species biofilm model with co-isolates of S. aureus 
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and P. aeruginosa from the same patients. This approach allows to better 

mimic in vivo conditions than the previously published models.  

2. The evaluation of enzymes and phages in this more relevant model, and, for 

enzymes, the evaluation of the clinical relevance of the active concentrations. 

3. The evaluation of a combination of phages targeting respectively each of the 

two species, and the evaluation of a prescreening test of their activity on 

planktonic culture as a way to predict their activity on biofilms.  
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Chapter III. Results 

III.1. Dual-Species Biofilm Model and Bacterial 

Interactions 

Adapted from paper:  

Reciprocal adaptation of Staphylococcus aureus and Pseudomonas aeruginosa 

co-isolated from same patients with Cystic Fibrosis in a new model of dual 

species biofilm grown in artificial sputum medium 

Zhifen Wang,1 Emily Giedraitis,2 Christiane Knoop,3 Daniel J. Breiner,2 Vanessa V. 

Phelan,2 Françoise Van Bambeke. 1,* 
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Pharmaceutical Sciences, University of Colorado Anschutz Medical Campus, 
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3 Erasme Hospital, Université libre de Bruxelles, Brussels, Belgium 
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III.1.a. Abstract  

Co-infections by Staphylococcus aureus and Pseudomonas aeruginosa are frequent 

in patients with cystic fibrosis.  They represent a therapeutic challenge, notably due 

to the formation of mixed-species biofilms with heightened antibiotic tolerance. In 

vitro models have been developed to study interspecies interactions in biofilms, but 

few none culture clinical isolates showing characteristic phenotypes, including 

mucoid, pigmented, or SCV character in a culture medium representative of the 

sticky mucus found in the patients’ airways.  Here, we established a dual species 

biofilm model grown in artificial sputum medium, where S. aureus was inoculated 

before P. aeruginosa to facilitate the maintenance of both species over time. It was 

successfully applied to ten pairs of clinical isolates exhibiting different phenotypes.  

Cross-cultures involving strains from different pairs or a combination of one clinical 

isolate and a reference strain were less favourable than co-cultures of co-isolates 

from a single patient, suggesting that cross-adaptation takes place in vivo. 

Mechanistic investigations suggested that this cross-adaptation is unrelated to the 

quantities of exoproducts produced by P. aeruginosa, but rather is associated to a 

reduced motility in P. aeruginosa clinical isolates, and, on the S. aureus side, to an 

increased motility in the presence of P. aeruginosa rhamnolipids, an overexpression 

of the crtN gene involved in the synthesis of the anti-oxidant pigment staphyloxantin, 

or a downregulation of spa gene encoding protein A, which inhibits biofilm 

formation in P. aeruginosa.  This clinically-relevant model provides a useful tool for 

exploring interspecies interactions in the context of cystic fibrosis.  

Keywords: cystic fibrosis, dual species biofilm, Staphylococcus aureus, 

Pseudomonas aeruginosa, artificial sputum medium, motilit 
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Highlights 

• S. aureus and P. aeruginosa are often co-isolated in sputum from patients 

with CF. 

• A dual-species biofilm model in artificial sputum medium was set up. 

• Better survival was observed for co-cultures of co-isolates than for reference 

strains. 

• P. aeruginosa adaptation involves downregulation of QS genes and reduced 

motility. 

• S. aureus adaptation includes downregulation of spa, overexpression of crtN 

and spreading motility in the presence of rhamnolipids. 

III.1.b. Introduction 

Cystic Fibrosis (CF) is an autosomal genetic disease caused by mutations in the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene encoding the 

epithelial ion channel that normally transports chloride and bicarbonate [253]. 

Mutations in CFTR lead to the accumulation of thick mucus in airways of patients 

with CF [254], which is a beneficial niche for colonization by multiple bacteria. 

Among them, Staphylococcus aureus and Pseudomonas aeruginosa are the most 

prevalent [33]. S. aureus is predominant in children and adolescents (present in 80% 

of the patients) while P. aeruginosa is more prevalent in adults (present in 70% of 

the patients). It has therefore been suggested for a long time that P. aeruginosa can 

replace S. aureus during the course of the infection. This hypothesis was based on in 

vitro works having demonstrated competitive interactions between the two species 

[255-257]. Yet, both species are also isolated concomitantly in the sputum of 20-30% 

of the patients with CF [33].  A longitudinal study of 134 CF patients confirmed that 

both species can remain stable over years in sputum cultures, with even an increase 
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in the proportion of patients being co-infected over the 10 years period of the survey 

(from 30 to 50%) [258].  

In spite of this increasingly recognized importance of coinfections in multispecies 

biofilms, many studies still focus on single species biofilms of either S. aureus or P. 

aeruginosa (see for recent examples [259-262]).  However, it is well established that 

these two species commonly exist as aggregates embedded in a self-produced matrix, 

known as biofilms [263].  When polymicrobial, these infections are more virulent 

[264], associated with higher morbidity and mortality [265, 266], and complicate the 

antibiotic treatment [267]. Although a variety of in vitro models of dual species 

biofilms have been developed, they typically result in P. aeruginosa overgrowing S. 

aureus [268, 269], use reference strains rather than clinical isolates [255, 270, 271] 

and/or grow biofilms in conventional broth media [215, 255, 268].  Therefore, these 

conditions do not mimic the nutrient conditions or microbial genetic diversity 

prevailing in the lung of the patients with CF, both of which are well described to 

influence bacteria behavior [272-274]. 

In this context, the aim of this study was to develop a dual species biofilm model 

including S. aureus and P. aeruginosa grown in an artificial sputum medium 

previously shown to mimic the viscoelastic properties of the mucus of patients with 

CF [275]. We compared the growth, biofilm formation, aggregation, and chemical 

interactions of reference strains with clinical isolates collected in pairs from patients 

with CF. In brief, we show that biofilms were more stable when formed by co-

isolated pairs than by reference strains and we identify some of the factors that could 

contribute to this cross adaptation. 
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III.1.c. Materials and methods 

Laboratory strains and clinical isolates  

Laboratory strains P. aeruginosa PAO1 and S. aureus ATCC25923 were selected as 

reference strains to establish dual species biofilm. Ten pairs of S. aureus and P. 

aeruginosa were collected as routine samples and isolated concomitantly from 

bronchopulmonary-sputum of seven CF patients (Table 1).  

Artificial sputum medium 

Artificial sputum medium (ASM+) was prepared as reported by Diaz Iglesias et al. 

[275], with the following modifications: agar was bought from Sigma-Aldrich (St 

Louis, MO) rather than from Becton Dickinson (Franklin Lakes, NJ), and pH was 

adjusted to a range of 7.1-7.4 with 0.2 N of NaOH.  The prepared ASM+ were stored 

at 4°C for a fortnight and thoroughly homogenized by agitation before use.  It was 

used in a period of 2 months. 

Development of dual species biofilms 

S. aureus or P. aeruginosa were suspended in cation-adjusted Mueller Hinton Broth 

(MHB-Ca; Sigma-Aldrich) from overnight cultures on Trypticase soy agar (TSA; 

VWR) and adjusted to OD620nm of 0.5 (or 2.6 McFarland units). Subsequently, S. 

aureus was diluted 10-fold in MHB-Ca (final inoculum: approx. 2.1 x 107 CFU/mL), 

and P. aeruginosa, 20- (1.35 x 107 CFU/mL), 200- (1.35 x 106 CFU/mL), or 1000-

fold (2.7 x 105 CFU/mL) in MHB-Ca. For protocol #1 [276], S. aureus at 2.1 x 107 

CFU/mL and P. aeruginosa at each overmentioned dilution were mixed separately 

at an equal volume ratio, then 200 µL were inoculated in the wells of 96-well 

polystyrene plates (VWR) and incubated for 2 h to favor attachment, after which 

MHB-Ca was replaced by ASM+, and biofilms were further incubated for 24, 48, or 
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72h (Fig. 1E). In protocol #2 [255], S. aureus (approx. 2.1 x 107 CFU/mL) was 

inoculated as described for protocol #1 (200 µL per well) and incubated for 24 h. 

After which, 20 µL of P. aeruginosa at 1.35 x 107 or 2.7x106 CFU/mL was added to 

the pre-established S. aureus biofilm, and 180 µL of ASM+ was also added to reach 

a volume of 200 µL per well (Fig. 1E). ASM+ was renewed every 24 h up to 120 h 

(5 days), with parts of the wells harvested every 24 h.   

Quantification of biofilms 

Biofilms were quantified using bacterial counts and total biomass. For CFU counting, 

biofilms were washed once with sterile phosphate buffer saline (PBS) and 

mechanically disrupted using the tip of a disposable bacterial inoculation loop, then 

re-suspended in 200 µL PBS and sonicated for 30 s at 60% amplitude using a Q700 

sonicator (QSonica). Resuspended bacteria were diluted 10 to 106 times in PBS, and 

50 µL were plated on Mannitol Salt Agar (MSA) for S. aureus or Pseudomonas 

Isolation Agar (PIA) for P. aeruginosa. CFU were counted after 24 h for PAO1 or 

at least 48 h for all S. aureus and P. aeruginosa clinical isolates, depending on 

sufficient growth for accurate counting 

For estimation of the total biomass, washed biofilms were dried at 60˚C for at least 

24 h, and 0.5% (V/V) crystal violet (100%, Sigma-Aldrich) in water was added to 

96-well plates (200 µL/well)[275]. The plates were incubated for 10 min at room 

temperature, non-bound crystal violet was discarded by inversion of plates and the 

stained biofilm was rinsed with running water, after which bound crystal violet was 

re-solubilized in 200 µL of 66% (V/V) acetic acid and incubated 1 h in the dark. 

Biofilm biomass was quantified by measuring crystal violet absorbance at 570 nm 

in a SpectraMax M3 plate reader (Molecular Devices LLC). Wells containing ASM 

only were used as blanks, and the absorbance measured in these wells removed from 

all values.  
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Confocal laser scanning microscopy of spatial organization for S. aureus and 

P. aeruginosa within biofilms after DNA-FISH labelling 

Dual species biofilms were grown as described above on 12 mm coverslips placed 

in 24-well polystyrene plates for 72 h. After 72 h, biofilms were washed once in PBS 

and fixed with 4% formaldehyde in PBS for 1 h at room temperature. The fixed 

biofilms were incubated in pre-heated permeabilization reagent (1000 µL per well) 

(Tris-HCl 20 mM, EDTA 5 mM, lysozyme 1 mg/mL (Sigma-Aldrich), lysostaphin 

0.1 mg/mL (Sigma-Aldrich), pH 7.7) for 10 min at 37°C, after which hybridization 

buffer (Tris-HCl 20 mM, NaCl 900 mM, SDS 0.1 mg/L, formamide 20% V/V, pH 

7.7) without DNA-probe was added and incubated for 15 min at 46°C  [277].  Then, 

the biofilm was hybridized with S. aureus-specific DNA-FISH probe (5'-Cy5-TCC 

TCC ATA TCT CTG CGC-3’ [278]) and P. aeruginosa-specific DNA-FISH probe 

(5'-Atto 488-GGT AAC CGT CCC CCT TGC-3’ [279]) for 3 h at 47°C in darkness. 

Non-bound probes were removed by incubation in washing buffer (Tris-HCl 20 mM, 

EDTA 5 mM, SDS 0.1 mg/L, NaCl 450 mM, pH 7.7) for 15 min at 46˚C. Then, 

coverslips were mounted by inversion on a 100 mm glass coverslip with DAKA 

mounting oil. The stained dual species biofilms were observed in an inverted cell 

observation spinning disk microscope (Carl Zeiss) with an oil immersion 40x 

objective. P. aeruginosa targeted by PA-Atto 488 was detected in the green channel 

(excitation/emission, 488/533 nm), and S. aureus targeted by Sa-cy5, in the red 

channel (excitation/emission, 633/678 nm), and biofilms were analyzed using Z-

stacks scanning model. 3D- images of biofilms were obtained using the ZEN 2.6 

(blue edition) software.  

Quantitative reverse Transcription PCR analysis 

The relative expression of sigB, icaA, clfA, and spa genes of S. aureus VBB496, 

crtM, crtN, krtA and agrA of S. aureus UEQ310, and lasI, pvdS, pqsL and pqzH, 
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acoR and PA4148 of P. aeruginosa VBB496 was analyzed in different biofilms (see 

primers in Table S1). Mature biofilms were washed once in PBS after 72 h of 

incubation and recovered by vigorous pipetting. The recovered biofilms in the 

different wells were pooled in 2 mL of tubes and centrifuged at 10,000 g for 15 min 

at 4°C, after which the pellet was suspended in an appropriate volume of PBS, then 

transferred to a new tube and centrifuged at 10,000 g for 10 min. The pellet was 

treated with 300 µL of 3 mg/mL lysozyme in TE buffer (Tris-HCl 10 mM, EDTA 1 

mM (Thermofisher Scientific) at pH 8.0) for 30 min at room temperature. When S. 

aureus was present in the sample, a final concentration of 100 µg/mL lysostaphin 

(Sigma Aldrich) was added.  Total RNA was extracted from dual species biofilms 

using the Invitrap Spin Cell RNA mini kit (Invitek Molecular) according to the 

manufacturer’s instructions, followed by DNase (TURBO DNA-free kit, 

Thermofisher Scientific) treatment 30 min. cDNA synthesis was performed using 

the First Strand cDNA Synthesis kit (Roche, Basel, Switzerland) following the 

manufacturer’s instructions.  

The relative quantification of cDNA was performed by real-time PCR with detection 

by SYBR Green Supermix (Bio-Rad). Data were expressed as the relative fold 

change in gene expression determined via 2−ΔΔCT method [280] using gmk and 

16s-RNA as a housekeeping gene for S. aureus and P. aeruginosa, respectively. 

Metabolomics analysis of P. aeruginosa exoproducts 

Mono-culture and co-culture biofilms were cultured following the procedures 

outlined in protocol 2#, for 24 h, 48 h, and 72 h after P. aeruginosa inoculation. At 

each time point, biofilms were mechanically disrupted and homogenized by 

pipetting up and down with tips. The resulting suspensions were then transferred into 

96-well polypropylene plates (100 µL per well), supplemented with 10 μM nalidixic 

acid as an internal stand, and chemically disrupted using an equal volume of 1:1 
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ethyl acetate (EtOAc, VWR HiperSolv Chromanorm) and methanol (MeOH, Fisher 

Scientific Optima-grade), followed by 10 min of sonication in a water bath sonicator. 

All samples were dried overnight in a chemical hood and stored at -20°C until use. 

Samples were resuspended in resuspended in 100% MeOH containing 1 μM 

glycocholic acid (Calbiochem; 100.1% pure). Mass spectrometry data acquisition 

was performed using a Bruker Daltonics Maxis II HD quadrupole time of flight 

(qTOF) mass spectrometer equipped with a standard electrospray ionization (ESI) 

source as previously described [281]. Briefly, the mass spectrometer was tuned by 

infusion of tuning mix ESI-TOF (Agilent Technologies) at a 3-ml/min flow rate. For 

accurate mass measurements, a wick saturated with hexakis (1H,1H,2H-

difluoroethoxy) phosphazene ions (Apollo Scientific, m/z 622.1978) located within 

the source was used as a lock mass internal calibrant. Samples were introduced by 

an Agilent 1290 ultraperformance liquid chromatography (UPLC) system. Optima-

grade (Fisher Scientific) acetonitrile (ACN), formic acid (FA), and water were used 

for UPLC separation. Extracts were separated using a Phenomenex Kinetex 2.6-mm 

C18 column (2.1 mm by 50 mm) using a 9 min, linear water-ACN gradient (from 

98:2 to 2:98% water/ACN) containing 0.1% FA at a flow rate of 0.5 ml/min. The 

mass spectrometer was operated in data-dependent positive ion mode, automatically 

switching between full-scan MS and MS/MS acquisitions. Full-scan MS spectra (m/z 

50 to 1,500) were acquired in the TOF-MS, and the top five most intense ions in a 

particular scan were fragmented via collision-induced dissociation (CID) using the 

stepping function in the collision cell. Data for PA mix, a set of P. aeruginosa 

secondary metabolite external standards, were acquired under identical conditions. 

Bruker Daltonics CompassXport was used to apply lock mass calibration and convert 

the data from proprietary format to open-source format. MZmine (version 2.53) [282] 

was used to perform feature finding and the resulting feature table was normalized 

to the abundance of the internal standard (nalidixic acid). Identification of features 

in the molecular network as metabolites [283] was accomplished by comparing the 
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experimental data (exact mass, MS/MS fragmentation, and retention time) to (i) the 

data acquired for the PA Mix standards (level 1 annotation) or (ii) reported structural 

data [284, 285] for features with MS/MS spectral matches to the GNPS libraries [286] 

(level 2 annotation) using GNPS Dashboard [287]. Principal components analysis 

was performed using MetaboAnalyst 5.0 [288]. Comparison of relative abundance 

of select P. aeruginosa secondary metabolites between samples was performed using 

GraphPad Prism (version 9.3.1). 

Preparation of cell-free supernatants of biofilm cultures 

Single or dual species biofilms were cultivated following the conditions described in 

protocol #2 and incubated up to 72 h, after which supernatants were collected, mixed 

by vigorous pipetting and centrifuged at 12,000 g for 20 min at 4 °C.  The collected 

supernatants were then filtered (0.22 µm-pore-size filter (Merck Millipore)) and 

stored at -20°C until use. 

Effect of biofilm supernatants on S. aureus viability 

The effect of P. aeruginosa biofilm supernatant on S. aureus growth was assayed on 

agar plates. Twenty milliliters of Trypticase soy agar (TSA) were poured in a 90 mm 

deep Petri dishes (Sarstedt) and dried for 15 min. During this time, S. aureus 

suspension at 108 CFU/mL was prepared in MHB-Ca and diluted 10-fold in fresh 

liquid TSA below 60 °C. Five mL of this suspension was added and evenly spread 

on top of the dried TSA, followed by another 15-minute drying period. Paper discs 

pre-soaked in the P. aeruginosa biofilm supernatant were placed on the TSA plates, 

which were then incubated for 24 h at 37 °C. Growth inhibition circles were observed 

and photographed after 24 h. 
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Effect of exoproducts of P. aeruginosa on S. aureus viability and biofilm formation 

S. aureus at a concentration of approximately 107 CFU/mL was incubated for 2 h in 

MHB-Ca. Following incubation, the medium was removed and replaced with fresh 

ASM containing 50 µg/mL of pyocyanin or rhamnolipids (Sigma-Aldrich). Plates 

were incubated for 24 h, after which CFU and biomass were quantified. 

Impact of biofilm supernatants or of exoproducts on motility of P. aeruginosa or S. 

aureus  

P. aeruginosa swarming, swimming, and twitching motilities were assessed as 

previously described with slight modifications [289, 290]. When applicable, 250 µL 

of supernatant from S. aureus biofilm were transferred into Petri dishes and mixed 

with 24.75 mL of media (w/v: 0.8% nutrient broth N.2, 0.5% glucose and 0.5% agar 

for swarming; 0.1% tryptone, 0.05% yeast extract [Becton Dickinson], 0.5% NaCl, 

0.3% agar for swimming; 1.5% agar, lysogeny broth [Alfa Aesar] for twitching). 

Two microliters of an overnight culture of P. aeruginosa adjusted to an OD620nm of 

0.1 were then either spotted on swarming plates or stabbed onto swimming and 

twitching plates and incubated overnight. Motility was evaluated by measuring the 

diameter of growth after overnight incubation.  

Motility agar plates for S. aureus were prepared as described previously [291]. In 

brief, 15 g of Tryptone Soy Broth (VWR) and 1.7 g of agar (Becton Dickinson) were 

dissolved in 460 mL of distilled water and autoclaved.  Fourty milliliters of D-

Glucose solution at 112.5 mg/mL sterilized by filtration was then added, after which 

24.75 mL of media were transferred into 90 mm deep Petri dish with 0.25 mL of 

supernatant of P. aeruginosa biofilm or 1 µg/mL exogenous products of P. 

aeruginosa (pyocyanin, pyoverdine and rhamnolipids), and dried for 30 min. Next, 

2 µL of an overnight culture of S. aureus in MHB-Ca (diluted to an OD620 nm of 0.1) 
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was spotted on the plates center and motility was evaluated by measuring the 

diameter of growth after overnight incubation. 

III.1.d. Results 

Development of dual species biofilm model with reference strains  

We first used reference strains to establish a dual species biofilm model. In a first 

protocol (#1; Fig. 1E), S. aureus ATCC25923 (diluted 10 times from an OD620nm 0.5 

culture) and P. aeruginosa PAO1 at different inocula (Fig.1 A-D) were co-incubated. 

When diluted 20 or 200 times (Fig. 1A-B), PAO1 CFU remained stable over time 

(8.4-8.8 log10 CFU/mL). At a dilution of 1000 times (Fig. 1C), CFU counts were 

lower at 24 h (7.2 log10 CFU/mL) but bacteria grew over time, reaching an abundance 

close to that measured under the other conditions at 72 h (9.2 log10 CFU/mL).  S. 

aureus counts at 24 h were slightly higher when PAO1 was more diluted (5.7, 6.2, 

6.6 log10 CFU/mL, respectively). Notably, S. aureus CFU decreased over time and 

this effect was more rapid when PAO1 inoculum was higher (Fig. 1 B-C). Biofilm 

biomass remained similar at 48 and 72 h in all conditions (Fig. 1D).  
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Figure 1. Evolution over time of dual species biofilm growth according to protocol #1 (top) 

or protocol #2 (bottom).  For protocol #1, S. aureus ATCC259723 and P. aeruginosa PAO1 

(OD620nm 0.5) were inoculated simultaneously at a dilution ratio of 10:20, 10:200 or 10:1000 

in 96 wells plates, respectively and incubated together during 72h. For protocol #2, P. 

aeruginosa was added after 24 h, after which both strains were incubated together for an 

additional 96 h period.  a-c and f-g: CFU counts per mL of PBS in log scale; d and h: Biomass 

evaluated by OD570 nm of crystal violet; e: timeline of the protocols.  Values are means ± SEM 

from 3 or 4 independent experiments performed in triplicates. Statistical analysis (two-way 

ANOVA with Tukey’s multiple comparisons test): for CFUs: comparison over time for two 

strains:  values with different letters are different from one another (p<0.05). For biomass, 

comparison of different inoculum ratios of S. aureus and P. aeruginosa over time: **, p< 

0.01 using two-way ANOVA followed by Tukey’s multiple comparisons test.  
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To enhance the survival of S. aureus ATCC25923 in the presence of PAO1, S. aureus 

was inoculated first and cultured for 24 h before the addition of PAO1 diluted 200 

or 1000 times (protocol #2; Fig. 1E).  In these conditions, S. aureus ATCC25923 

was not outcompeted by PAO1 and remained stable over time, while PAO1 gained 

1 log10 CFU during the first 24 h and remained stable thereafter.  No remarkable 

differences were observed for biomass when comparing the two PAO1 inocula or 

the evolution over time, but variability was noticed among replicate samples.  

However, biomass was lower than in protocol #1. Lastly, when selectively collecting 

biofilm formed at the air-surface interface or at the bottom of the plate, we noticed 

that it was more abundant at the air-surface interface (Fig. S1). On these bases, 

protocol #2 with P. aeruginosa diluted 200 times was selected for further studies.  

Application of this model in clinical isolates 

Ten pairs of clinical co-isolated S. aureus and P. aeruginosa from patients with CF 

(Table 1) were examined for their capacity to form dual-species biofilms over time 

(Fig. 2). 
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Table 1. Identification of clinical isolates and phenotype of P. aeruginosa. 

Isolate 

ID 

Date of 

isolation 
Specific isolatesa 

Name of the corresponding 

pair 

857JBJ 08.04.2021 

Sa 857JBJ 

857JBJ Pa 857JBJ (pigmented non-

mucoid) 

UEQ307 25.03.2021 

Sa UEQ307 

UEQ307-3 Pa UEQ307-3 (pigmented 

non-mucoid) 

Pa UEQ307-4 (pigmented 

non-mucoid) 
UEQ307-4 

Pa UEQ307-5 (pigmented 

non-mucoid) 
UEQ307-5 

UEQ310 29.03.2021 

Sa UEQ310 

UEQ310 Pa UEQ310 (pigmented 

mucoid) 

VBB496 12.04.2021 

Sa VBB496 

VBB496 Pa VBB496 (non-pigmented 

mucoid) 

492IVJ 29.03.2021 

Sa 492IVJ 

492IVJ Pa 492IVJ (non-pigmented 

mucoid) 

UEQ301 15.03.2021 

Sa UEQ301 

Pa UEQ301 (non-pigmented 

mucoid) 

UEQ301 

UEQ306 25.03.2021 

Sa UEQ306 
UEQ306-2 

Pa UEQ306-2 (SCV) 

Pa UEQ306-3 (SCV) UEQ306-3 
a Sa: S. aureus; Pa : P. aeruginosa 
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P. aeruginosa CFU counts were stable over time (8.5-9 log10 CFU/mL) except for 

the mucoid non-pigmented strains VBB496 and 492IVJ, which gained respectively 

approx. 2 and 3.5 log10 CFU/mL between time 48 and 72 h (Fig. 2F and H). S. aureus 

857JBJ CFU decreased over time (Fig. 2A), but not to the extent observed for 

ATCC25923. All the other S. aureus remained stable over time. S. aureus CFU 

counts (8-8.5 log10 CFU/mL) were close from those of P. aeruginosa, except for 

UEQ307, UEQ310 and UEQ301, which were slightly less abundant during at least 

part of the incubation (Fig. 2B, E and G). Non-mucoid pigmented 857JBJ and 

pigmented mucoid UEQ310 produced more abundant biomass compared to other 

pairs. Biomass was stable over time for all biofilms except for UEQ310, which 

produced more biomass at 72-120 h (Fig. 2K).  These data suggest that this biofilm 

model can be applied to clinical isolates from CF patients with different phenotypes 

of P. aeruginosa. 
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Figure 2. Evolution over time of dual species biofilm growth for clinical co-isolates pairs 

cultivated according to protocol #2 (panels a-j: CFU/mL) and biomass (panel k: OD570 nm of 

crystal violet for the all biofilms compared to reference biofilms (PAO1-ATCC25923)). 

Phenotype of P. aeruginosa: a-d: pigmented non-mucoid; e: pigmented mucoid; f-h: non-

pigmented mucoid; i-j: SCVs. Values are means ± SEM from 3 or 4 independent experiments 

performed in more than triplicates. Statistical analysis for CFU and biomass over time (two-

way ANOVA with Tukey’s multiple comparisons test): values with different letters are 

significantly different from each other (p<0.05).  

Visualization of S. aureus and P. aeruginosa in dual species biofilm using DNA 

FISH 

We measured the spatial organization of S. aureus and P. aeruginosa in reference 

biofilm and biofilms formed by representative non-mucoid or mucoid co-isolated 

pairs using DNA-FISH (Fig. 3). As clinical pairs, we aimed at selecting one pair with 

P. aeruginosa slightly more abundant than S. aureus, and one pair with both species 
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equally represented, in order to evaluate if this difference could be ascribed to 

different distribution within the biofilm.  The mucoid UEQ310, with pigmented, 

mucoid P. aeruginosa, used in most of the next experiments, could not be included 

in this specific experiment, as the abundance of the biofilm it forms prevented 

adequate labeling. We therefore rather used here the non-mucoid UEQ307-3, which 

shows a similar growth pattern as UEQ310, with P. aeruginosa slightly more 

abundant than S. aureus all over the incubation period (see Fig. 2 B vs E).  The 

mucoid VBB496 pair was used as a representative pair for which both species were 

equally abundant. 

The reference strain S. aureus ATCC25923 and PAO1 auto-aggregated separately. 

This phenotype was replicated with the UEQ307-3 co-isolate pair. In contrast, both 

species co-aggregated together throughout the deepness of the biofilm formed by the 

VBB496 co-isolates, suggesting a better cross-adaptation in this pair.    

Figure 3. Fluorescence confocal microscopy of dual species biofilm after DNA FISH using 

P. aeruginosa-specific (green signal) and the S. aureus-specific probes (red signal). Scale bar 

(shown in top left panel): 30 µm. (a) reference strains; (b) co-isolates of S. aureus and non-

mucoid P. aeruginosa UEQ307-3; (c) co-isolates of S. aureus and non-pigmented mucoid P. 

aeruginosa VBB496.  First row: P. aeruginosa; Second row: S. aureus; Third row: overlay 
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Cross-strains cocultures 

To investigate the reciprocal adaptation of S. aureus and P. aeruginosa in dual 

species biofilms, we performed cross-strains cultures, i.e. co-culture of one reference 

strain with one clinical isolate from the other species or of clinical isolates of S. 

aureus and P. aeruginosa from different pairs. Based on the assumption that 

P. aeruginosa pigments are reported as toxic for S. aureus, UEQ310 and VBB496 

were selected as representative co-isolate pairs with mucoid- pigmented, and mucoid, 

non-pigmented P. aeruginosa, respectively [215, 292]. 
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Figure 4. Application of the biofilm model to cross strains cultures, e.g., one clinical isolate 

cocultured with one reference strain from other species (SaVBB496 + PAO1; PaVBB496 + 

SaATCC25923; SaUEQ310+PAO1 and PaUEQ310+SaATCC), or co-culture of clinical 

isolates of S. aureus and P. aeruginosa from different patients (SaVBB496 + PaUEQ310; 
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PaVBB496 + SaUEQ310). a-f: Evolution over time of CFU in cross strains cultures; g-i: 

comparisons of biomass for different dual species biofilms formed by cross strains, reference 

strains or co-isolated pairs. Statistical analysis (Two-way ANOVA followed by Tukey’s 

multiple comparisons test): Comparison between different culture at a given time point: data 

with different letters are significantly different from each other (p<0.05). 

Recovery of S. aureus remained steady over time in dual species biofilms across all 

combinations of cross-strains after 48h of co-culture (i.e. time 72 h) (Fig. 4A-F).  P. 

aeruginosa also remained stable and slightly more abundant than S. aureus over time, 

except for VBB496:  in co-culture with S. aureus ATCC25923, P. aeruginosa 

VBB496 decreased to the point of nearly disappearing at the end of the incubation 

period (Fig. 4A). Furthermore, P. aeruginosa VBB496 showed lower abundance in 

co-culture with S. aureus UEQ310 (Fig. 4F) than in co-culture with the co-isolated 

S. aureus VBB496 (Fig. 2F).   

Biomass (Fig. 4G-I) was more abundant in all biofilms formed by P. aeruginosa 

UEQ310, particularly when co-cultured with S. aureus UEQ310.  Conversely, 

biomass was the lowest in biofilms formed by P. aeruginosa VBB496 co-cultivated 

with S. aureus ATCC25923, likely due to the low viability of P. aeruginosa VBB496 

in these conditions (Fig. 4A). 

Fig. S2 illustrates the same dataset but comparing the abundance of each strain in 

the different co-cultures and in single species biofilms. It emphasizes that S. aureus 

CFU counts for ATCC25923 and UEQ310 were lower in the presence of PAO1 

compared to other conditions. Conversely, S. aureus VBB496 survived equally well 

in both monoculture and in co-culture with any P. aeruginosa. This suggests that the 

laboratory strain PAO1 is more competitive against S. aureus than clinical isolates 

of P. aeruginosa, while S. aureus VBB496 shows higher tolerance to P. aeruginosa 

toxicity than the other S. aureus. Conversely, P. aeruginosa VBB496 could only 

survive and proliferate when co-cultured with the co-isolated S. aureus, while the 
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other P. aeruginosa strains were unaffected by the presence of any S. aureus. Overall, 

these results suggest a cross-adaptation between co-isolates clinical strains.  

Relative expression of genes in clinical isolates VBB496 vs reference strains 

Since clinical isolates of P. aeruginosa demonstrated reduced virulence against S. 

aureus compared to PAO1, and clinical isolates of S. aureus exhibited enhanced 

tolerance to P. aeruginosa in comparison to the laboratory strain S. aureus 

ATCC25923, we investigated whether this bidirectional adaptation could be linked 

to changes in the expression of specific genes in P. aeruginosa, namely QS genes 

(lasI, pvdS, phzH and pqsL) and genes involved in the catabolism of acetoin (acoR 

and PA4148), a toxic metabolite produced by S. aureus [210] (Fig. 5A). In parallel, 

we examined genes in S. aureus encoding proteins involved in inhibition of 

P. aeruginosa biofilm formation (spa), and biofilm development of S. aureus (icaA, 

clfA, sarA) (Fig. 5B). All data were acquired using biofilm samples at 72 h. We 

focused on reference strains and on the clinical pair VBB496, based on the strong 

phenotype of P. aeruginosa VBB496 in cross-culture experiments.  
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Figure 5. Relative expression of genes of P. aeruginosa (a) or S. aureus (b-c) in biofilms at 

72h. Data are expressed as the ratio between the level of expression in (a) co-culture of P. 
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aeruginosa + S. aureus VBB496 and cross-culture of P. aeruginosa VBB496 + S. aureus 

ATCC25923; (b) co-culture of S. aureus + P. aeruginosa  VBB496 and cross-culture of S. 

aureus VBB496 + P. aeruginosa   PAO1 (c) co-culture of S. aureus+ P. aeruginosa  UEQ310 

and cross-culture of S. aureus UEQ310 + P. aeruginosa PAO1. Negative and positive values 

therefore highlight a downregulation or overexpression of the gene in co-culture vs. cross-

cultures, respectively. Data are mean ± SEM of up to 3 experiments in three replicates. A 

relative change of more than twofold in the expression level (limit highlighted by the dotted 

line) was considered significant. 

P. aeruginosa VBB496 QS genes were significantly downregulated when co-

cultured with co-isolated S. aureus VBB496 compared to reference ATCC25923. In 

S. aureus VBB496, spa was downregulated in co-culture with the co-isolated 

P. aeruginosa vs. PAO1. The expression of the other S. aureus genes was not 

significantly different in co-culture with PAVBB496 or PAO1. Thus, the reduced 

expression of QS-related genes in P. aeruginosa and of spa in S. aureus from the 

VBB496 pair suggests that the downregulation of metabolic processes unfavorable 

to the other species could be one of the reasons for the mutual adaptation of S. aureus 

and P. aeruginosa in co-culture.  

Metabolomic analysis of P. aeruginosa exoproducts 

To substantiate this hypothesis, we performed secondary metabolite profiling of the 

P. aeruginosa PAO1, UEQ310, and VBB496 mono-cultures as well as paired and 

cross strain co-cultures. Principal component analysis (PCA) revealed that the 

metabolomics of the mono- and co-cultures were highly similar at 24 h, but diverged 

at 48 h and 72 h by P. aeruginosa strain (Fig. 6A-C). Further evaluation of the data 

revealed that the secondary metabolites of P. aeruginosa dominated the 

metabolomics profile, driving the chemical similarity between the co-cultures to the 

mono-cultures.  The abundance of select functionally characterized P. aeruginosa 

secondary metabolites, including pyocyanin (PYO), phenazine-1-carboxylic acid 
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(PCA), 2-heptyl-4-quinolone (HHQ) and its C9 congener 2-nonyl-4-quinolone 

(NHQ), 2-heptyl-4-hydroxyquinoline N-oxide (HQNO) and its C9 congener 2-

nonyl-4-hydroxyquinoline N-oxide (NQNO), mono-RL (RC10C10), di-RL 

(RRC10C10), and pyochelin (PCH), were compared between samples (Fig. 6D, Fig. 

S3). The homoserine lactones (HSLs), 1-hydroxyphenazine (1-HP), phenazine-1-

carboxamide (PCN), Pseudomonas quinolone signal (PQS), and pyoverdine (PVD) 

were below the limit of detection of this analysis. 

Figure 6: analysis of the metabolome of P. aeruginosa in different biofilms. (a-c): Principal-
component analysis of untargeted metabolomics data of P. aeruginosa in single species 
biofilms or in the indicated dual species biofilms and collected 24 (a), 48 (b), or 72 (c) hours 
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after the addition of P. aeruginosa to growing S. aureus cultures. Individual samples are 
colored by P. aeruginosa strain – PAO1, blue; PaUEQ310, green; PaVBB496, red. Shapes 
indicate P. aeruginosa mono-cultures (circles) or co-culture with SaATCC25923 (triangle), 
SaUEQ310 (square), or SaVBB496 (diamond) and drawn with 95% confidence ellipses. Data 
points represent 9-12 replicates per sample. (d) heatmap representation of normalized Z-
scores for averages of select P. aeruginosa secondary metabolites across sample groups. 
PYO, pyocyanin; PCA, phenazine-1-carboxamide; HHQ, 2-heptyl-4-quinolone; NHQ, 2-
nonyl-4-quinolone; HQNO, 2-heptyl-4-hydroxyquinoline N-oxide; NQNO, 2-nonyl-4-
hydroxyquinoline N-oxide; RC10C10, mono-rhamnolipid; RRC10C10, di-rhamnolipid; 
PCH, pyochelin.  

In PAO1 monocultures, secondary metabolites were produced within 24 h of 

inoculation with relatively steady concentration through 72 h, except for a significant 

decrease in the levels of pyocyanin. UEQ310 monocultures produced secondary 

metabolites within 48 h of inoculation, maintaining similar levels through 72 h. No 

metabolites were detected from VBB496 mono-cultures. At 48 h, UEQ310 

monocultures produced higher concentrations of all secondary metabolites compared 

to PAO1, except for the RL molecular family. The most conspicuous difference in 

the P. aeruginosa secondary metabolite profiles were observed at 24 h in co-cultures 

with S. aureus VBB496, where both PAO1 and P. aeruginosa VBB496 produced 

higher concentrations of secondary metabolites at 24 h, with a marked decrease at 

48 h approaching mono-culture levels. No marked changes in the metabolome of P. 

aeruginosa UEQ310 was observed in co-culture with the co-isolated S. aureus.  

Relative expression of genes in S. aureus UEQ310 

Based on the observation that P. aeruginosa UEQ310 produced more metabolites 

than the other strains but does not impair the survival of S. aureus UEQ310, we 

wondered whether the co-isolated S. aureus showed some specific adaptation to 

these toxic products. We examined the expression of S. aureus genes involved in the 

synthesis of the anti-oxidant staphyloxantin (crtM, crtN), the oxidative stress 
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response (krtA), or biofilm formation (agrA) [293].  Only ctrN was markedly 

overexpressed at 72 h when S. aureus was co-cultured with P. aeruginosa UEQ310 

vs. PAO1 (Fig. 5C). 

Susceptibility of S. aureus to P. aeruginosa metabolites 

A common explanation for the eradication of S. aureus by P. aeruginosa in vitro 

study is the lethality of the QS product of P. aeruginosa against S. aureus, more 

specifically of pyocyanin, pyoverdine, rhamnolipids and HQNO [215, 292, 294-296].  

As the metabolite profiles of P. aeruginosa strains in monoculture or in co-culture 

overlapped in the PCA, we hypothesized that clinical isolates of S. aureus could be 

better adapted to P. aeruginosa exoproducts than the reference ATCC25923 strain. 

We first tested the inhibition of S. aureus growth by supernatants from PAO1 or P. 

aeruginosa UEQ310 (Fig. 7A). Clinical S. aureus isolates VBB496 and UEQ310 

were resistant to the supernatants of PAO1, which was not the case of S. aureus 

ATCC25923.  The supernatant of P. aeruginosa UEQ310 prevented to growth of all 

three S. aureus, in accordance with the fact it produces more exoproducts than PAO1.  

No difference was seen if using supernatants from monoculture or from dual-species 

biofilms.  We also determined the MIC of P. aeruginosa exoproducts on S. aureus 

(Fig. 7B). Pyocyanin was the only toxic molecule among those tested (pyocyanin, 

pyoverdine, rhamnolipids, HQNO), and its MIC was higher against S. aureus clinical 

isolates than ATCC25923.  

As differences in S. aureus survival were observed in dual-species biofilms, we then 

tested the effect of pyocyanin or rhamnolipids (known to disperse S. aureus biofilm 

[169]) on biofilm formation by the three S. aureus strains (Fig. 7C). Pyocyanin 

inhibited biofilm growth for ATCC25923 but not for clinical isolates, confirming 

that pyocyanin resistance is contributing to adaptation of clinical S. aureus to P. 

aeruginosa.   
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Figure 7. Effect of exoproducts of P. aeruginosa on S. aureus. a:  inhibition of growth in agar 

plates of S. aureus in the presence of supernatants of biofilms (from PAO1 single species 

(PAO1) or dual species with ATCC25923 (PAO1+ATCC), P. aeruginosa UEQ310 single 

species (UEQ310) or with co-isolated S. aureus (UEQ SA+PA)), spotted on paper disks. b: 

MICs of P. aeruginosa exoproducts against S. aureus strains. c: influence of pyocyanin (PYO) 

or rhamnolipids (RL, both added at 50 µg/mL) on biofilm formation by S. aureus. Biomass 

and CFU counts were analysed after 24 h of incubation.  Data are mean ± SEM of two 

independent experiments with at least 3 replicates for biomass, and the mean ± SD one 

experiment in two replicates for CFU. Statistical analysis: ns, not significant; **, p<0.01, 

using one-way ANOVA followed by Tukey's multiple comparisons test. 
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Bacterial motility 

Bacterial motility is important at the stage of biofilm formation but may also affect 

interspecies cross-adaptation. P. aeruginosa strains with low motility tend to be less 

virulent for S. aureus [95, 96], but their impact on S. aureus motility is ill 

characterized. We first evaluated the swarming, swimming, and twitching in PAO1 

and clinical isolates of P. aeruginosa (Fig. 8A and C). Clinical isolates showed 

reduced swimming and swarming capacity in comparison with PAO1 but similar 

twitching motility.  In the presence of supernatant of S. aureus biofilm culture, 

swarming and swimming were increased for PAO1 (Fig. 8C). We then studied S. 

aureus motility (Fig. 8B and D). In control conditions, none of the strains was motile 

(Fig. 8B) but all of them gained some degree of spreading motility [297] in the 

presence of supernatants of P. aeruginosa PAO1 or UEQ310 (Fig. 8D), probably 

related to the presence of rhamnolipids (Fig. 8B).  
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Figure 8. Motility of P. aeruginosa and S. aureus. For P. aeruginosa, swarming, swimming 

and twitching motilities are shown in control conditions (a), and diameters were measured in 

control conditions or in the presence of S. aureus ATCC25923 biofilm supernatant (Sasu) 

(c).  For S. aureus, motility is shown in control conditions and in the presence of 1 µg/mL 

rhamnolipids (b), and diameters were measured in control conditions (CT) or in the presence 

of supernatant of PAO1 or P. aeruginosa UEQ310 (PAO1su or PAUEQsu), 1 µg/mL 

pyoverdine (PYV), 1 µg/mL pyocyanin (PYO), or 1 µg/mL rhamnolipids (RH). Experiments 

were performed in three replicates in 3 independent experiments. A representative image was 

shown in panels (a) and (b). Statistical analyses (c-d): One-way ANOVA followed by 

Tukey's multiple comparisons test (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). 

III.1.e. Discussion  

To the best of our knowledge, this study is the first one to examine the cross-

adaptation of S. aureus and P. aeruginosa in biofilms grown in an artificial sputum 

medium mimicking the viscoelastic properties of the mucus found in patients with 

CF, and to compare in this setting reference strains with clinical isolates.  

As already reported in conventional culture media [256, 298-300] or in another CF-

relevant medium (synthetic cystic fibrosis sputum medium 2; SCFM2 [301]), we 

observed that P. aeruginosa outcompetes S. aureus when both species are inoculated 

at the same time in ASM+. This has been attributed to several factors, including the 

production of molecules toxic for S. aureus by P. aeruginosa [215, 255, 292, 294-

296] or the low concentrations of oxygen or glucose within the biofilm [301]. 

Conversely, both species can be maintained together over time if inoculating 

S. aureus first, as already reported in conventional media [178, 255, 269]. This 

observation aligns with the fact that S. aureus predominates in early biofilms [276] 

and that in vivo, S. aureus precedes P. aeruginosa in the colonization of the lungs 

[33].   
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Remarkably, this model proved applicable to various clinical isolates, irrespective of 

the P. aeruginosa phenotype (whether mucoid or not, pigmented or not, SCV). 

Notably, it performed even better than with reference strains: in most cases, the 

abundance of S. aureus surpassed that observed for ATCC25923. This strongly 

supports the notion that a form of cross-adaptation between both species may occur 

in vivo [272]. Cross-cultures experiments further substantiate this reciprocal 

adaptation and reveal important differences among the three pairs of strains we 

examined in detail, shedding light on some mechanisms of adaptation.  

Among the three P. aeruginosa strains included in cross-cultures, PAO1 is the most 

virulent, as it overgrows the three S. aureus. This toxicity is probably not associated 

with a high production of secondary metabolites, as P. aeruginosa UEQ310 produces 

larger amounts.  In addition, the presence of S. aureus did not change the 

metabolomic profile of P. aeruginosa after 48 h of biofilm formation, suggesting 

that after adapting to each other, physical interactions may be more important than 

chemical interplay.  We indeed rather noticed that PAO1 shows the highest motility 

among P. aeruginosa strains, which is not impaired by the supernatant of S. aureus 

culture. Motility of P. aeruginosa could be associated with toxicity for S. aureus by 

different mechanisms. First, motility can help P. aeruginosa to cover the available 

space rapidly and compete with other species for available nutrients, particularly at 

the early stages of culture [302]. More subtly, in the presence of S. aureus, 

P. aeruginosa can transition from collective to single-cell motility through the action 

of type IV pili, and dismantle S. aureus colonies [303]. This mechanism likely does 

not apply here, since twitching is not increased in the presence of supernatant of S. 

aureus culture. However, more globally, motility can drive P. aeruginosa in the 

vicinity of S. aureus, exposing the cocci to high local concentrations of toxic 

metabolites, like rhamnolipids or pyocyanin, can disrupt staphylococcal biofilms 

[169, 304]. 
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Conversely, P. aeruginosa VBB496 is almost unable to form biofilms, unless in 

coculture with its co-isolated S. aureus. Actually, most of the secondary metabolites 

known to be involved in biofilm growth (pyocyanin, rhamnolipids, QS molecules) 

or in toxicity towards S. aureus (pyocyanin, PCA) were undetectable for this strain, 

including in dual species biofilms with the co-isolated S. aureus. Genes involved in 

QS or pigment synthesis (lasI, pvdS, phzH, pqsL) are all downregulated, indicating 

that this isolate has a low tendency to form biofilm: biofilms are only formed in 

coculture with S. aureus VBB496, as this isolate markedly downregulates the 

expression of SpA. This protein inhibits biofilm formation and motility of 

P. aeruginosa by binding to exopolysaccharides or type IV pili [305]. Importantly 

also, confocal microscopy images show that both species are intimately intermixed 

in the VBB496 biofilm contrarily to the other strains, further confirming that they 

better survive when in close proximity.  

Lastly, P. aeruginosa UEQ310 produces the highest amounts of secondary 

metabolites, and as a consequence, the most abundant biofilm biomass. In spite of 

this, the co-isolated S. aureus survives well in its presence, possibly thanks to the 

overexpression of the diapophytoene desaturase (CrtN), an enzyme essential for 

carotenoid pigment synthesis. Staphyloxanthin is involved in the resistance of S. 

aureus to oxidative stress, which can be generated by the large amounts of pyocyanin 

produced by P. aeruginosa UEQ310. Indeed, pyocyanin interferes with the electron 

transfer chain in S. aureus and diverts them to produce reactive oxygen species can 

induce death [206]. 

This brings us to consider the other mechanisms by which clinical isolates of S. 

aureus better survive in the presence of P. aeruginosa than the reference strain. Both 

S. aureus VBB496 and UEQ310 are more resistant to pyocyanin than S. aureus 

ATCC25923 as witnessed by the larger MIC of this compound against these isolates. 

Although generally considered as non-motile, S. aureus can spread on soft agar when 
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the agr quorum sensing (QS) is activated, triggering the production of phenol soluble 

modulins that act as surfactants [297]. Here we show that S. aureus also react to other 

surfactants like P. aeruginosa rhamnolipids.  This rhamnolipid-triggered motility of 

S. aureus may thus represent an alternative mechanism to the previously described 

hitchhiking on swimming P. aeruginosa [306] and help S. aureus to join 

P. aeruginosa to form a robust at the air-liquid interface, rather than on the bottom 

of the plates.  This location mimics the site where S. aureus and P. aeruginosa grow 

in vivo, since S. aureus and P. aeruginosa inhabit the airway lumen in CF patients 

filled with sputum, rather than on epithelial surface [174, 307]. 

Remarkably also, the S. aureus that does not survive well in our collection is co-

isolated with a non-mucoid P. aeruginosa (857JBJ). Alginate, abundantly produced 

by mucoid isolates, has been shown to protect S. aureus from P. aeruginosa toxicity 

by downregulating pvdA, a gene required for the production of the iron-scavenging 

siderophore pyoverdine [215]. 

Our study has some limitations. First, we did not explore the full transcriptome of 

the isolates in coculture.  This analysis has been recently completed for dual species 

biofilms of reference strains grown in conventional broth, revealing essential 

metabolic changes [178]. Confirmation of these findings in a more relevant model 

as the one we propose here, has yet to be completed. Yet, this confirmation would 

constitute a separate and substantial undertaking. Rather, we based our study on a 

phenotypic approach to the interaction between species in this model, guided by the 

influence of culture supernatant of one species on the other, which suggested a role 

for soluble compounds. These phenotypic results directed us towards an analysis of 

the metabolites produced by P. aeruginosa, which could be extended to those 

produced by S. aureus in the future. Of note, the exact composition of the ASM 

medium has been shown to modulate metabolite productions or inter-species 

interaction, confirming the difficulty of this task [281, 308]. Second, the number of 
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clinical isolates studied remained limited, as our first primary aim was to access the 

applicability of the novel model we established to isolates with diverse, 

representative phenotypes.  Of note, in vitro studies based on agar competition assays 

suggest, in larger collections, that two thirds of co-isolates show coexistence 

interactions, while the remaining one third rather exhibit a competition phenotype, 

confirming the predominance of cross-adaptation in patients [266]. 

While the present work serves as an initial milestone, showcasing the viability of 

cultivating dual-species biofilms in a clinically relevant in vitro medium, it opens the 

door to a more in-depth analysis of the molecular interactions that govern the 

coexistence of these two species within the lungs of patients with cystic fibrosis.  

Conducting longitudinal studies in this model would also be highly instructive, as P. 

aeruginosa collected after several years of infection tend to lose their capacity to 

overgrow S. aureus [299], suggesting evolution from competition to coexistence 

over chronicity of the infection [263]. 
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III.1.h. Supplementary material 

Table S1: Primers used in this study 

Genes Forward Reverse 

Hybrid

ization 

temper

ature 

(˚C) a 

reference 

rpoD GGGCGAAGAAGGAAA

TGGTC 

CAGGTGGCGTAGGTG

GAGAA 

58 [309] 

lasI ATCGTACAAATTGGTC

GGCG 

CTTTGCGCTCCTTGAA

CACT 

58 This 

study 

pvdS CCAGGCATTCGTCGAT

AACC 

ATCCTGGACCACATCT

TCGG 

58 This 

study 

phzH CCTACACCGACCATG

AGCTG 

CTTGAGCAGCCACTTC

TCCT 

61 This 

study 

pqsL AGCTGGAGGTCTATC

ACGAC 

GCAGGGCATGAGGAT

GAAAT 

61 This 

study 

acoR GCGAGGATCTCTACTT

CCGC 

CTCACCGAGTTCGATG

CGTA 

56.5 [310] 

PA41

48 

GCGGATCGTCAACCT

GTCAT 

CGATCACGGCAAACTT

CGAG 

58 [310] 
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gmK TCAGGACCATCTGGA

GTAGGTAAA 

TTCACGCATTTGACGT

GTTG 

58 [277] 

sigB CTGATCGCGAACGAG

AAATCA 

GCCGTTCTTTGAAGTC

TGGA 

58 [277] 

icaA CGAGAAAAAGAATAT

GGCTG 

ACCATGTTGCGTAACC

ACCT 

58 [277] 

clfA ACGAGTGACACAGGA

TCAGA 

GTGAATTAGGCGGCA

CTACA 

58 [277] 

spA AGACGATCCTTCAGT

GAG CAA 

TGTTGTCTTCCTCTTTT

GGTG C 

56 This 

study 

sarA CAG CGA AAA CAA 

AGA GAA AG 

TCG TTG TTT GCT TCA 

GTG AT 

61 [255] 

crtM GGTGTTGCTGGTACA

GTAGGTGAAG 

GCAACGATTCACCAA

GTCTTCTTGCG 

58 [293] 

crtN CAGTGATTGGTGCAG

GTGTC 

CATACGCCCGCCTACA

TTAT 

58 [293] 

katA TAGACCAGTCCCAATT

GCACCACC 

TCGCTTTACAGTACTA

AATAGTTATTG 

58 [311] 

agrA TGATAATCCTTATGA

GGTGCTT 

CACTGTGACTCGTAA

CGAAAA 

58 [293] 

a PCR program: denaturation: 95°C for 3 min; 39 cycles (95°C for 10 sec, 30 sec at the 

hybridization temperature); melt curve (from 65 to 95°C by increment of 0.5°C for sec) 
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Fig. S1. Biofilm quantification at different locations for reference strains: top, surface air-

liquid (collected using inoculation loop); bottom, plate surface (collected after discarding 

ASM+ by inversion of the plate); total (collected after removing ASM+ by pipetting). CFU 

are also compared to single species biofilms. Values are means ± SEM from three 

independent experiments performed in more than triplicates. Statistical analysis: data points 

with different letters are significantly different from each other (p<0.05) when comparing 

different location at the same time point (two-way analysis of variance (ANOVA) followed 

by Tukey’s multiple comparisons test).  
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Fig. S2.  Comparison of the viability of single strain in different dual species biofilms or in 

mono species biofilm.  Values are recorded at times points ranging between 48 h and 120 h, 

i.e. 48 after inoculation of S. aureus and 24 h after inoculation of P. aeruginosa in dual 

species biofilms. Data for single species biofilms are aligned on the same time line. Values 

are means ± SEM from independent experiments performed in more than triplicates. 

Statistical analysis: data with different letters are significantly different from each other 

(p<0.05) when comparing 2 different biofilms at the same time point (Two-way ANOVA 

followed by Tukey’s multiple comparisons test). 
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P. aeruginosa secondary metabolites quantified from single species biofilms at 24-

48-72 h 

24 h 

 

48 h 
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72 h 
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B. P. aeruginosa secondary metabolites quantified from P. aeruginosa VBB496 

monocultures and cocultures with S. aureus VBB496 or ATCC25923 at 24, 48, 72 

h 

24 h 

 

48 h 
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72 h
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C.  P. aeruginosa secondary metabolites quantified from P. aeruginosa PAO1 or 

UEQ310 alone or cocultured with S. aureus UEQ310 at 24, 48, 72 h 

24 h 

 

48 h 
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72 h 

 

Fig. S3. Normalized relative abundance of P. aeruginosa secondary metabolites in (A) PAO1, 

UEQ310, and VBB496 monocultures at (1) 24, (2) 48, and (3) 72 h post-inoculation; (B) P. 

aeruginosa VBB496 monocultures and cocultures with S. aureus VBB496 or ATCC25923 

at (1) 24, (2) 48, (3) 72 h post-inoculation of P. aeruginosa; (C) P. aeruginosa PAO1 or 

UEQ310 alone or cocultured with S. aureus UEQ310 at (1) 24, (2) 48, (3) 72 h post-

inoculation of P. aeruginosa. Data points represent 9-12 replicates per sample with error bars 

representing SD. PYO, pyocyanin; PCA, phenazine-1-carboxamide; HHQ, 2-heptyl-4-

quinolone; NHQ, 2-nonyl-4-quinolone; HQNO, 2-heptyl-4-hydroxyquinoline N-oxide; 

NQNO, 2-nonyl-4-hydroxyquinoline N-oxide; RC10C10, mono-rhamnolipid; RRC10C10, 

di-rhamnolipid; PCH, pyochelin. 

 

  



 

 123 

 

III.2. Enzyme-antibiotics combination therapy 

Adapted from: 

Repurposing DNase I and alginate lyase to degrade the biofilm matrix of dual-

species biofilms of Staphylococcus aureus and Pseudomonas aeruginosa grown 

in artificial sputum medium: in-vitro assessment of their activity in 

combination with broad-spectrum antibiotics 
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III.2.a. Abstract: 

Background 

Biofilm-associated pulmonary infections pose therapeutic challenges in cystic 

fibrosis patients, especially when involving multiple bacterial species. Enzymatic 

degradation of the biofilm matrix may offer a potential solution to enhance antibiotic 

efficacy. This study investigated the repurposing of DNase I, commonly used for its 

mucolytic activity in cystic fibrosis, to target extracellular DNA within biofilms, as 

well as potential synergies with alginate lyase and broad-spectrum antibiotics in 

dual-species biofilms of Pseudomonas aeruginosa and Staphylococcus aureus.  

Keywords: dual-species biofilm, Pseudomonas aeruginosa, Staphylococcus aureus, 

DNase I, alginate lyase, meropenem, tobramycin, artificial sputum medium, cystic 

fibrosis 

Methods 

Dual-species biofilms were grown in artificial sputum medium using S. aureus and 

P. aeruginosa isolated by pairs from the same patients and exposed to various 

combinations of enzymes, meropenem, or tobramycin. Activity was assessed by 

measuring biofilm biomass and viable counts. Matrix degradation and decrease in 

bacterial load were visualized using confocal microscopy. Biofilm viscoelasticity 

was estimated by rheology. 

Results 

Nearly complete destruction of the biofilms was achieved only if combining the 

enzymatic cocktail with the two antibiotics, and if using supratherapeutic levels of 

DNase I and high concentrations of alginate lyase.  Biofilms containing non-
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pigmented mucoid P. aeruginosa required higher antibiotic concentrations, despite 

low viscoelasticity.  In contrast, for biofilms with pigmented mucoid P. aeruginosa, 

a correlation was observed between the efficacy of different treatments and the 

reduction they caused in elasticity and viscosity of the biofilm.  

Conclusions 

In this complex, highly drug-tolerant biofilm model, enzymes prove useful adjuvants 

to enhance antibiotic activity. However, the necessity for high enzyme 

concentrations emphasizes the need for thorough concentration-response evaluations 

and safety assessments before considering clinical applications. 

Highlights 

• Mixed-species biofilms pose a therapeutic challenge in cystic fibrosis. 

• Antibiotics alone fail to eradicate S. aureus/P. aeruginosa mixed biofilms in 

ASM. 

• Cocktail of alginate lyase, DNase I, meropenem, tobramycin is effective. 

• Yet, high (alginate lyase), supratherapeutic (DNase I) concentrations are 

required.    

• Further concentration-response and safety studies are needed. 
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III.2.b. Introduction 

Lung infections are a leading cause of morbidity and mortality in patients with cystic 

fibrosis (CF).  The sticky mucus that accumulates in their airways provides a 

favorable environment for microorganisms to form biofilms that lead to chronic 

infections [312]. Biofilms are bacterial aggregates encased in self-produced matrix 

mainly composed of extracellular DNA (eDNA), polysaccharides and proteins [186, 

313].  

In these structures, antibiotic efficacy is reduced not only by the facilitated spread of 

resistance mechanisms, but also by the increased tolerance of bacteria to these drugs 

[314]. Tolerance is due in part to the physical or chemical barrier opposed by the 

biofilms matrix to antibiotics [314]. For instance, the negatively-charged eDNA can 

bind cationic antibiotics like aminoglycosides and the acidic local environment can 

impair their uptake in bacteria by attenuating inner-membrane proton motive force 

[315, 316]. Alginate-rich biofilms are also more tolerant to cationic drugs due to 

charge interactions [314]. In addition, the limited access to oxygen and nutrients in 

biofilms slows down bacterial metabolism, making antibiotics acting on growing 

bacteria less effective [314].  

Among the bacterial species found in these niches, Staphylococcus aureus and 

Pseudomonas aeruginosa are the most frequent and are often co-isolated in the same 

patients [258]. The interactions between these two species in biofilms may contribute 

to a better survival as well as to increased tolerance to antibiotics. For example, the 

alginate produced by P. aeruginosa favors strong biofilm formation and protects S. 

aureus from P. aeruginosa toxicity [215]. Conversely, S. aureus protein A binds to 

Psl polysaccharides secreted by P. aeruginosa, facilitating aggregates formation and 

tolerance to tobramycin [317].  
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In this context, adjuvant strategies to break down the biofilm matrix may help 

antibiotics to recover activity [318].  Enzymes are particularly appealing in the 

context of CF. eDNA and, to a lower extent, alginate increase the viscoelasticity of  

the sputum [319, 320], preventing antibiotics from reaching bacterial cells [321]. 

Deoxyribonuclease I (DNase I or dornase-) and alginate lyase have been shown to 

decrease the viscoelasticity of the respiratory mucus of patients with CF in-vitro [320, 

322] and inhalation of DNase I has been a gold-standard mucolytic therapy in the 

management of the respiratory disease in CF for almost three decades. The newly-

introduced CFTR modulators prove successful to restore respiratory function in 

patients with class II or III mutations [56]. However, we do not know their effect on 

biofilms, especially in older patients with bronchiectasis. Moreover, not all patients 

can benefit from them because the treatment is too expensive, ineffective on their 

mutations, or because they experience adverse drug reactions, leaving thus room for 

the use of enzymes. 

The aim of this study was therefore to establish whether DNase I or alginate lyase 

could also prove useful to digest the biofilm matrix, since it is rich in eDNA and 

alginate, and therefore be possibly repurposed for this indication.  To this effect, we 

used an in-vitro dual-species biofilm model with pairs of S. aureus and P. aeruginosa 

co-isolated from the same patients with CF, grown in an artificial sputum medium 

mimicking the viscoelastic properties of the mucus of these patients.  Biofilms were 

exposed to these enzymes individually or mixed, and combined or not with two 

broad-spectrum antibiotics, namely meropenem and tobramycin, also used alone or 

in mixture. These antibiotics were selected because they are part of the arsenal used 

in patients with CF and are also considered as active against biofilms [314]. 

Additionally, the selection of antibiotics was based on the susceptibility of each pair 

of coisolates, as indicated by clinical records. Consequently, only a few antibiotics 



 

 128 

 

have the capability to target both S. aureus and P. aeruginosa simultaneously, with 

meropenem and tobramycin being among them. 

To the best of our knowledge, this study is the first to test these enzymes in 

combination against dual-species biofilms formed by clinical isolates. In brief, we 

show a strong synergy between antibiotics and enzymes to destroy the biofilms and 

kill the bacteria, if high enough concentrations of both enzymes and antibiotics are 

used.  

III.2.c. Materials and Methods  

Materials 

Two pairs of S. aureus and P. aeruginosa co-isolated from the same patients were 

used. P. aeruginosa showed a pigmented mucoid phenotype in the UEQ310 pair, 

and a non-pigmented mucoid phenotype in the VBB496 pair. Tryptic soy agar (TSA; 

VWR) and Mueller-Hinton broth (MHB-ca; Sigma-Aldrich) were used for routine 

cultures. Artificial sputum medium (ASM+; see [289] for detailed composition [agar 

originating now from Sigma-Aldrich rather than Becton-Dickinson]) was used for 

biofilm cultures. Mannitol Salt Agar (peptone 5 g/L, NaCl 75 g/L, D-mannitol 10 

g/L, agar 15 g/L) and Pseudomonas Isolation Agar (Sigma-Aldrich) were used for 

selective growth of S. aureus and P. aeruginosa, respectively.  Meropenem (potency, 

92%) and tobramycin (potency, 100%) were obtained from Hospira Benelux and 

Galephar. Alginate lyase and bovine pancreatic DNase I were purchased from 

Sigma-Aldrich. 

Antibiotics susceptibility testing  

Minimal inhibitory concentrations (MIC) were determined by microdilution in 

MHB-ca following CLSI guidelines.  
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Biofilm culture 

Dual-species biofilms were grown using a protocol adapted from [255]. Briefly, an 

overnight culture of S. aureus was adjusted to approximately 2.1x107 CFU/mL in 

MHB-ca, inoculated at 200 µL per well into 96-wells plates and incubated at 37°C 

for 2 h to allow bacteria attachment, after which MHB-ca was replaced with ASM+ 

and plates were incubated for an additional 24 h.  Medium was then removed and 20 

µL of P. aeruginosa (approximately 1.35 x 107 CFU/mL) in MHB-Ca were added to 

the 24-h S. aureus biofilm and diluted with 180 µL of ASM+ to achieve a 

concentration of around 1.35 x 106 CFU/mL. Incubation was continued during 72 h 

to obtain mature and stable biofilms (Fig. S1). The mucoid character of P. 

aeruginosa was checked at the end of the experiments and systematically maintained 

for VBB496 and for the vast majority of the colonies for UEQ310.  

Biofilm treatments 

Mature dual-species biofilms were incubated at 37°C with antibiotics, enzymes or 

combinations thereof in fresh ASM+ during 24 h, after which the medium was 

removed by pipetting.  Biofilms were washed once in phosphate-buffered saline 

(PBS), destroyed by scratching with disposable inoculation loops and resuspended 

in 200 L of PBS for each well. The resulting suspension was sonicated (Q700 

sonicator, Qsonica) at an amplitude of 60% for 30 s to release culturable bacteria, 

serially diluted, and 50 L aliquots were spread on selective media for S. aureus and 

P. aeruginosa. Other wells where biofilms were not disrupted were dried at 60°C for 

1 day, then stained with 0.5% crystal violet (Sigma-Aldrich) for 10 min [289]. The 

excess of dye was eliminated by running water and the dye bound to biofilms 

resolubilized in 66% of acetic acid (Sigma-Aldrich) and incubated at room 

temperature for 1 h in the dark. Absorbance was measured at 570 nm using a 

SpectraMax M3 spectrophotometer (Molecular Devices).  
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Biofilm imaging 

Biofilms were cultured on glass coverslips placed in 24-well polystyrene plates and 

stained with 300 µL of a mixture of 10 µM SYTO-60 and 2 µM of TOTO-1 in PBS 

(membrane-permeant fluorophore targeting double-stranded DNA used to detect 

cells, and membrane-impermeant probe fluorescent when bound to eDNA, 

respectively [323]; Thermo Fisher Scientific) in darkness. After 20 minutes, the 

liquid was removed, and the biofilms further stained with 300 µL of calcofluor white 

(1 g/L calcofluor White M2R and 0.5 g/L Evans Blue at a 1:1 ratio in a 10% KOH 

solution), successfully used to stain alginate [324]. After 1 min incubation in 

darkness, the liquid was removed, and biofilms washed twice in PBS. Coverslips 

were mounted by inversion on 100 mm glass coverslips and visualized on a cell 

observation spinning disk microscope (Carl-Zeiss) with an oil immersion 40-fold 

objective. SYTO-60, TOTO-1, and calcofluor white were detected in the red, green, 

and blue channels (excitation/emission: 633/678, 488/533 nm, 405/433 nm, 

respectively). The 3D images were obtained using ZEN 2.6 software with Z-stacks 

scanning mode. The method used for quantitative analysis is described in 

Supplementary Method S1. 

Rheology 

The viscoelastic properties of biofilms were determined using a rheometer MCR102 

(Anton-Paar) and a 50 mm stain cone plate with a 1◦ angle (CP50-1◦) [325]. Eight 

hundred microliters of biofilm at 37˚C were loaded on the rheometer and submitted 

to shear strains limited to the 0.01 to 1% range for which no destruction of the 

samples was observed (Fig. S2). Values were recorded with RheoCompassTM 

software (Anton-Paar).  
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Statistical analysis 

Statistical analyses were performed with GrahPad Software (version 9.1.1). 

III.2.d. Results  

Antibiotic susceptibility 

MIC of antibiotics are shown in Table 1, with tobramycin MIC above the 

susceptibility breakpoint for P. aeruginosa VBB496. In the next experiments, their 

concentrations were adjusted to multiples of the MIC of the less susceptible isolate 

from each pair.  

Table 1: MIC of antibiotics in MHB-ca (mg/L) 

Antibiotics a 

Co-isolated pair of S. aureus and P. aeruginosa. 

UEQ310 VBB496 

S. aureus P. aeruginosa S. aureus P. aeruginosa 

Meropenem 0.03 0.06 0.06 0.03 

Tobramycin 0.5 2 1 4 
a EUCAST susceptibility breakpoints (S): ≤ 2 mg/L for meropenem against P. aeruginosa 

and tobramycin against both strains (no breakpoint set for meropenem against S. aureus but 

both strains are MSSA and therefore considered as susceptible). 

Effect of individual antibiotics in combination with enzymes on dual-species 

biofilms 

Individual antibiotics at 10-fold MIC of the less susceptible strain in each pair 

(UEQ310: 0.6 mg/L meropenem; 20 mg/L tobramycin; VBB496: 0.6 mg/L 

meropenem; 40 mg/L tobramycin) were combined with alginate lyase (250 mg/L) or 

DNase I (40 mg/L) or a mixture of them to treat dual-species biofilms. Preliminary 
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experiments showed that 10-fold lower concentrations of both enzymes did not 

reduce biomass or CFU in biofilms (Fig. S3).  

For UEQ310 biofilm, DNase I alone or combined with alginate lyase significantly 

decreased biomass and markedly increased the effect of meropenem on biomass, but 

not that of tobramycin, which was already active alone (Fig. 1A). S. aureus and P. 

aeruginosa UEQ310 viability was not influenced by enzymes (Fig. 1B-C). 

Meropenem reduced S. aureus CFU of 2.1 log10 but was ineffective against P. 

aeruginosa while tobramycin reduced S. aureus and P. aeruginosa CFU counts of 

3.8 and 3.5 log10, respectively. The enzymes did not systematically improve 

antibiotic effects on CFU.  

For VBB496 biofilm, none of the treatments was capable of reducing biomass (Fig. 

1D) while treatments including tobramycin reduced only S. aureus counts (Fig.1 E-

F). Meropenem concentration was therefore increased to 100-fold MIC (6 mg/L) 

against VBB496, but no major improvement was noticed (Fig. S4). 
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Figure 1. Activity of alginate lyase (250 mg/L), DNase I (40 mg/L), meropenem or 

tobramycin against dual species biofilm of co-isolated S. aureus and P. aeruginosa UEQ310 

(A-C) or VBB496 (D-F). 72-h biofilms were exposed during 24 h to the different treatments.  

Antibiotic concentrations were set at 10-fold the highest MIC (0.6 mg/L for meropenem and 

20 mg/L for tobramycin against UEQ310 [A-C], and 0.6 mg/L for meropenem and 40 mg/L 

for tobramycin against VBB496 [D-F]). Abbreviations (from left to right): C(-): non-treated 

control; A: alginate lyase; D: DNase I; AD: alginate lyase and DNase I; M: meropenem; MA: 

meropenem and alginate lyase; MD: meropenem and DNase I; MAD: meropenem, alginate 

lyase and DNase I; T: tobramycin; TA: tobramycin and alginate lyase; TD: tobramycin and 

DNase I; TAD: tobramycin, alginate lyase and DNase I. Values are means ± SEM from at 

least 3 experiments performed in triplicates for biomass and means ± SD of at least three 

independent experiments for CFU counts. Statistical analyses: bars with different letters are 

statistically different from each other (p< 0.05; one-way ANOVA with Tukey post-hoc 

analysis).   
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Effect of combined antibiotics in combination with enzymes on dual-species 

biofilms 

Individual antibiotics being not highly effective, they were combined in the next 

experiments. Tobramycin was first used at 5-fold the highest MIC, and meropenem, 

at 5-fold the highest MIC against UEQ310 but 25-fold MIC against VBB496; 

enzymes maintained at the concentrations used before (Fig. S5). Biomass was 

reduced by all treatments containing DNase I and/or antibiotics for the UEQ310 

biofilm, and by antibiotics combined with any enzyme for the VBB496 biofilm. 

Bacterial counts of both species were significantly reduced by the antibiotic mixture 

for both dual-species biofilms, but combining them with enzymes did not bring 

further improvement.  Noteworthy, S. aureus counts in the UEQ310 biofilm were 

below the quantification limit when exposed to antibiotics combined or not with 

enzymes.   

Similar results were obtained when antibiotic concentrations were doubled (10-fold 

the highest MIC for tobramycin [both stains] and meropenem against UEQ310; 50-

fold MIC for meropenem against VBB496), except that the biomass was even more 

decreased when the UEQ310 biofilm was exposed to the antibiotic mix, combined 

or not with enzymes (Fig. S6).  

As VBB496 dual species biofilm was still not responsive to this treatment, antibiotic 

concentrations were further increased to 50-fold MIC against VBB496 (3 mg/L 

meropenem and 200 mg/L tobramycin) and to only 20-fold MIC against UEQ310 

(1.2 mg/L meropenem and 40 mg/L tobramycin). At the same time, DNase I 

concentration was raised to 400 mg/L but alginate lyase was kept at 250 mg/L.    
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Figure 2. Activity of alginate lyase (250 mg/L), DNase I (400 mg/L), meropenem or 

tobramycin against dual species biofilm of co-isolated S. aureus and P. aeruginosa UEQ310 

(A-C) or VBB496 (D-F). 72-h biofilms were exposed during 24 h to the different treatments.  

Antibiotic concentrations were set at 20-fold the highest MIC for UEQ310 (1.2 mg/L 

meropenem and 40 mg/L tobramycin [A-C]) and 50-fold the highest MIC for VBB496 (3 

mg/L meropenem and 200 mg/L tobramycin [D-F]). Abbreviations (from left to right): C(-): 

non-treated control; A: Alginate lyase; D: DNase I; AD: alginate lyase and DNase I; TM: 

tobramycin and meropenem; TMA: tobramycin, meropenem, and alginate lyase; TMD: 

tobramycin, meropenem and DNase I; TMAD: tobramycin, meropenem, alginate lyase and 

DNase I. Values are means ± SEM from at least 3 experiments performed in triplicates for 

biomass and means ± SD of at least three independent experiments for CFU counts. Statistical 

analyses: bars with different letters are statistically different from each other (p< 0.05; one-

way ANOVA with Tukey post-hoc analysis). The dotted line shows the limit of quantification. 

For UEQ310 biofilm, the activity was similar to that observed with 10-fold MIC of 

antibiotics and 40 mg/L DNase I (Fig. 2A-C). For VBB496 biofilm, a significant 

synergistic effect was observed between antibiotics and enzymes, resulting in (i) a 
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substantial reduction in biomass when the antibiotic mix was combined with the two 

enzymes, (ii) a decrease in the CFUs of P. aeruginosa that was more important when 

antibiotic mix was combined with DNase I alone or mixed with alginate lyase, and 

(iii) S. aureus counts falling below the limit of quantification (Fig. 2D-F).  For 

UEQ310, monospecies biofilms were subjected to the same treatments (Fig. S7).  

Reduction in P. aeruginosa biomass and counts were similar in monospecies and 

mixed species biofilms, while S. aureus biomass and counts were less affected in 

monospecies than in mixed species biofilm, illustrating that interspecies interactions 

modify their susceptibility to treatments.  P. aeruginosa VBB496 did not grow alone, 

preventing us from studying single species biofilms for this pair. 

Visualizing antibiotics-enzymes synergies using confocal laser microscopy 

Fig. 3 shows confocal microscopy images of biofilms exposed to antibiotics and 

enzymes in the conditions described in Fig. 2, with staining of bacteria (red; SYTO-

60), eDNA (green, TOTO-1) and polysaccharides (blue; calcofluor white).  

A strong reduction in TOTO-1 and calcofluor white signals was observed in 

UEQ310 biofilm exposed to enzymes, suggesting a degradation of the matrix. 

SYTO-60 signal was markedly reduced by antibiotics, indicating bacterial 

elimination. All three signals vanished in biofilms exposed to the enzymes-

antibiotics combination, demonstrating their combined and synergistic effects on the 

biofilm. Similar observations were made for VBB496, but the reduction in TOTO-1 

and SYTO-60 signals were less important. 
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Figure 3: Confocal microscopy images of dual species biofilms of UEQ310 (a) or VBB496 

(b) exposed to antibiotics, enzymes or their combination at the same concentrations as those 

described in Fig. 2 (A: Alginate lyase 250 mg/L; D: DNase I 400 mg/L; T: Tobramycin 40 

mg/L (for UEQ310) or 200 mg/L (for VBB496); M: meropenem 1.2 mg/L (for UEQ310) or 

3 mg/L (for VBB496). Polysaccharides were stained with calcofluor white (blue), eDNA 

with TOTO-1 (green), and cells with SYTO 60 (red). The right panel displays the total 

amount of significant fluorescence signal in the z-stack (calculus described in supplementary 

methods S1). Two independent experiments were performed, and different views within the 
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same biofilm were observed under a confocal microscope. Scale bar (on top left panel for 

each biofilm= 30 µm) 

Viscoelasticity of biofilms in correlation with treatment efficacy 

Biofilms are characterized by their elasticity (resistance to deformation) and 

viscosity (resistance to flow), which protect them against mechanical and chemical 

challenges during growth and maturation, contributing to the severity of infection 

[181]. Viscoelasticity was measured in biofilms treated as in Fig. 2. Elasticity and 

viscosity were higher in biofilms than in ASM+ (Fig. S2).   

Fig. 4 shows the correlation between the reduction in elastic modulus of the biofilms 

and the effect of the treatments on biomass or CFU counts. For UEQ310 biofilm, a 

clear correlation was observed, with the antibiotic mix combined with one or two 

enzymes bringing the elastic modulus back to ASM+ values. For the much less 

elastic VBB496 biofilm, no correlation was seen, but all treatments containing 

DNase I caused a decrease in elasticity associated with a decrease in biomass and 

CFUs only when antibiotics were present. A similar analysis was performed versus 

viscous modulus and came to similar conclusions for UEQ310 (Fig. S8). The viscous 

modulus of VBB4 96 was so low (very close to the ASM+ value) that no conclusion 

could be drawn. 
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Figure. 4. Correlation between the elastic modulus of biofilms in control or treated conditions 
and the effect of the treatments on biofilm biomass or CFU counts. The different agents were 
added at the same concentrations as those described in Fig. 2 (A: Alginate lyase 250 mg/L; 
D: DNase I 400 mg/L; T: Tobramycin 40 mg/L for UEQ310 and 200 mg/L for VBB496; M: 
meropenem 1.2 mg/L for UEQ310 and 3 mg/L for VBB496). 

III.2.e. Discussion 

This work demonstrates the efficacy of a combined approach using two broad-

spectrum antibiotics and a mixture of enzymes degrading eDNA and alginate, to 

disrupt biofilm matrix and kill embedded bacteria, in a complex, clinically-relevant, 

in-vitro model of dual-species S. aureus-P. aeruginosa biofilm growing in artificial 

sputum medium.  
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In this model, enzymes alone do not influence bacterial counts and do not 

consistently reduce biomass. Antibiotics alone prove ineffective in reducing biofilm 

biomass, and have modest effects on CFU counts, with tobramycin being more active 

than meropenem. Interestingly, the combination of enzymes and antibiotics cause a 

substantial reduction in biomass for the UEQ310 biofilm, but not for the VBB496 

biofilm. Given that the biomass of the UEQ310 biofilm is more abundant than that 

of VBB496 biofilm, it may better respond to the applied enzymatic treatments than 

the VBB496 biofilm.  

Remarkably, when the two antibiotics are combined with DNase I and/or alginate 

lyase, there is almost complete elimination of biofilm biomass, eradication of S. 

aureus, and a significant reduction in P. aeruginosa counts in both biofilms. 

Confocal microscopy supports these findings by demonstrating a substantial 

reduction in eDNA and polysaccharide content when the enzymatic cocktail is 

applied, a decrease in bacterial viability with the antibiotic cocktail for UEQ310, and 

a drastic reduction in both biomass constituents and viable cell counts when these 

treatments are combined. 

The UEQ310 biofilm displays higher elasticity and viscosity than the VBB496 

biofilm, probably because pyocyanin, produced in higher amounts by the pigmented 

UEQ310 P. aeruginosa, increases biofilm viscosity and surface hydrophobicity by 

binding to eDNA [326]. Interestingly, for this biofilm, a correlation is observed 

between the decrease in the biofilm viscoelasticity and the efficacy of the treatments 

applied. Among enzymes, only DNase I has an impact, in accordance to the fact that 

eDNA is the main contributor to the mucus viscoelasticity [321]. Intriguingly, the 

antibiotic cocktail also reduces biofilm viscoelasticity. This contrasts with a recent 

study showing that tobramycin, used at much higher concentrations than those 

utilized here, does not affect the viscoelasticity in a mono-species biofilm of 

P. aeruginosa grown in mucus [327]. Yet, clinical data indicate that the 
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rheological properties of mucopurulent mucus are altered due to infection and 

inflammation, and that the mucus elastic modulus is reduced when patients 

are treated by antibiotics, in relation with the resolution of their infection 

[328]. This supports our in-vitro observations, and suggests that the primary 

action of antibiotics, consisting in reducing bacterial counts, results in a 

subsequent reduction in the viscoelasticity of the biofilm. Conversely, the 

degradation of the matrix by the enzymes leads to a reduction in 

viscoelasticity, which helps antibiotics to exert their activity. 

The VBB496 biofilm displays low viscoelasticity, implying that additional factors 

may hinder drug activity. Indeed, although DNase I still contributes to slightly 

reduce the elastic modulus of this biofilm, this reduction is not associated with a 

reduction in biomass or CFU counts in the absence of antibiotics.  

Noteworthy, the impressive effects of the treatment combining two enzymes and two 

antibiotics are obtained with high concentrations. The highest concentrations of 

tobramycin and meropenem we used (200 mg/L and 3 mg/L, respectively) still fall 

in the range of concentrations measured in the sputum of patients receiving these 

drugs by inhalation (> 1000 mg/L [329] for tobramycin and 2.2 mg/L for a dose of 

500 mg of meropenem [330], inferior to the unitary dose used nowadays (1-2 g)).  

Concerning enzymes, low concentrations of DNase I (4 mg/L, close to the 

concentration measured in sputum of treated patients [325]) or alginate lyase (25 

mg/L) proved active on single species biofilms of S. aureus or P. aeruginosa [331, 

332]. This was not the case in our dual-species biofilm model, indicating the need 

for further exploring the potential benefits of these enzymes at higher concentrations 

in-vivo in more complex situations.  
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Some limitations of this study need to be acknowledged.  Firstly, the use of only two 

pairs of clinical isolates may not fully represent the diversity of clinical isolates, 

although they were deliberately selected for their different phenotypes to provide 

some coverage of this variability, as exemplified by the difference in biomass or in 

bacterial counts observed for both types between their biofilms. Secondly, a detailed 

analysis of the composition of the biofilm matrix was not performed.   This type of 

analysis is currently not feasible in clinical practice. Therefore, if matrix-degrading 

enzymes were considered for clinical use, their selection would be empirical.  

In conclusion, this study highlights that synergy between antibiotic combinations 

and matrix-degrading enzymes is a valuable approach for addressing challenging 

dual-species biofilm infections. The elevated enzyme concentrations required point 

towards the use of inhalation systems offering targeted drug deposition in predefined 

areas of the lung [333]. However, they may even though raise safety concerns that 

must be addressed before considering potential clinical applications. 
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III. 3.a. Abstract  

Staphylococcus aureus and Pseudomonas aeruginosa co-infections in patients with 

cystic fibrosis (CF) are associated with disease severity. Their treatment is 

complicated by biofilm formation in the sticky mucus obstructing the airways.  Using 

a dual species biofilm (P. aeruginosa/S. aureus) formed in artificial sputum medium, 

we investigated the activity of broad-spectrum antibiotics (meropenem, ceftazidime, 

ciprofloxacin, tobramycin) combined with a cocktail of two (bacterio)phages (PSP3 

and ISP) proven active via spot tests and double agar on P. aeruginosa PAO1 and S. 

aureus ATCC25923. At the highest tested concentrations (100 x MIC), antibiotics 

alone caused a 20-50% reduction in biomass and reduced S. aureus and P. 

aeruginosa CFU of 2.3 to 2.8 and 2.1 to 3.6 log10, respectively. Phages alone reduced 

biofilm biomass by 23% and reduced P. aeruginosa CFU of 2.1 log10, but did not 

affect S. aureus viability. Phages enhanced antibiotic effects on biomass and 

exhibited additive effects with antibiotics against P. aeruginosa, but not against 

S. aureus.  Following inhibition of bacterial respiration by phages in planktonic 

cultures rationalized these observations by demonstrating that PSP3 was effective at 

multiplicities of infection (MOI) as low as 10-4 plaque forming units (PFU)/CFU on 

P. aeruginosa, but ISP, at higher MOI (> 0.1 PFU/CFU) against S. aureus. Thus, 

prescreening inhibition of bacterial respiration by phages may assist in selecting 

those showing activity at sufficiently low titers to showcase anti-biofilm activity in 

this complex but clinically-relevant in vitro model of biofilm.  

Keywords: phages, antibiotics, cystic fibrosis, dual-species biofilm, Staphylococcus 

aureus, Pseudomonas aeruginosa 
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Highlights 

• Dual-species (S. aureus-P. aeruginosa) biofilms in CF are difficult to 

eradicate. 

• A dual-species model in artificial sputum medium was set up.  

• Combinations of broad-spectrum antibiotics and phages were tested.  

• Synergy was observed between antibiotics and phages to reduce biofilm 

biomass. 

• Synergy on CFU in biofilm was observed only for phages active at low 

PFU/CFU.  

III. 3.b. Introduction 

Cystic fibrosis (CF) affects over 150,000 people worldwide, mostly of Caucasian 

descent. It is caused by genetic mutations in the CFTR gene.  Altered CFTR channel 

leads to disruption in salts and water balance in mucosal epithelia, causing the 

thickening of mucus in the lungs. This sticky mucus fosters persistent bacterial 

infections, which remain the main cause of morbidity and mortality in patients with 

CF [334].  

Eradicating infections in cystic fibrosis is hindered by this protective mucus layer, 

shielding microbes from immunological and antibiotic pressures, and promoting 

biofilm formation [334]. Within these bacterial aggregates, cells become 

metabolically inactive and are protected by the self-produced extracellular matrix 

consisting of polysaccharides, extracellular DNA, and proteins, which results in 

antibiotic tolerance. The predominant pathogens, Staphylococcus aureus and 

Pseudomonas aeruginosa, co-infect more than 25% of the patients. S. aureus, highly 

prevalent in children and adolescents (50-80%) contributes to airway inflammation 

and reduced lung function, while P. aeruginosa, infecting 20-30% of children and 
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up to 80% of adults, is a major cause of respiratory failures and death  [334]. Given 

the scarcity of effective antibiotics against biofilms, there is an urgent need for new 

treatment strategies. 

In this context, bacteriophages have emerged as potential antibiotic potentiators and 

biofilm disruptors. As natural bacterial predators, bacteriophages have co-evolved 

with their hosts to coexist in various micro-environments. Over the last two decades 

bacteriophages garnered renewed interest and proven consistently safe. They have 

demonstrated lytic activity in the sputum from infected patients with CF [335], and 

synergetic interactions in combination with antibiotics, including in in-vitro models 

with CF isolates [243, 336, 337] or in a few patients with CF [338].   

In this study, we aim to assess a combination of antibiotics with a bacteriophage 

cocktail consisting of two phages targeting respectively S. aureus (phage ISP) and 

P. aeruginosa (phage PSP3)  on a unique dual-species biofilm model, growing in 

artificial sputum media (ASM+ [289]), reflecting a clinically-relevant environment. 

Selected for their broad host range [339, 340] and demonstrated activity against 

single-species biofilms [340, 341]. Additionally, Phage ISP has been approved for 

use in clinical settings [342, 343], and there is potential for Phage PSP to be utilized 

on patients in the future due to its therapeutic efficacy against P. aeruginosa single-

species biofilms and its strictly lysogenic character [340]. These phages are also 

combined with broad-spectrum antibiotics routinely used in patients with CF 

(ceftazidime, meropenem, ciprofloxacin, and tobramycin).   
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III. 3.c. Materials & Methods 

Bacteria, phages and antibiotics 

The reference strains S. aureus ATCC25923 and P. aeruginosa PAO1 were used. 

Phage isolation and propagation techniques were described elsewhere [340]. Phage 

PSP3 active on P. aeruginosa (de novo isolated at the Queen Astrid Military Hospital 

[340]) and Phage ISP active on S. aureus (Eliava Institute, Tbilisi, Georgia [339]) 

were selected as active on these strains. Ciprofloxacin, ceftazidime, meropenem and 

tobramycin (potency, 89%, 72%, 92% and 100%, respectively) were obtained from 

Bayer (Leverkusen, Germany), Panpharma (Luitré-Dompierre, France), Fresenius 

Kabi (Schelle, Belgium) and Galephar (Marche-en-Famenne, Belgium), respectively, 

and selected as representative broad-spectrum antibiotics active on both species.  

Dual-species biofilms 

Mature dual species biofilms were formed in artificial sputum medium (ASM+; see 

[289] for detailed composition) based on a previously published protocol [255]. In 

brief, S. aureus colonies from an overnight culture were suspended in Cation-

adjusted Mueller Hinton Broth (MHB-ca; Sigma-Aldrich), adjusted to a turbidity of 

2.6 McFarland units and diluted to achieve approx. 2.1 log107 CFU/mL. Two 

hundred µL of this suspension were inoculated in 96-well plates, which were 

incubated at 37 °C for 2 h to allow bacterial adhesion. MHB-ca was then replaced 

with ASM+ and plates were further incubated at 37 °C for 24 hours. Medium was 

removed and replaced by 20 µL of P. aeruginosa (from an overnight culture diluted 

in MHB-Ca to approx. 1.35 107 CFU/mL) and 180 µL ASM+. Biofilms were then 

grown at 37 °C for 48 h with refreshment of the medium after 24 h, in order to obtain 

a mature, stable dual-species biofilm.  
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Antibiotic and phage activity on planktonic bacteria  

 MICs were determined in MHB-Ca according to CLSI guidelines. Phage activity 

was determined by spot assay and double agar assay [340]. The effect of phages on 

bacterial growth was further determined in liquid culture using a 96-well plate reader 

system, specifically the OmniLog® system (Biolog, Hayward, CA). This involved 

monitoring changes in color intensity resulting from the reduction of a tetrazolium 

dye, which occurs during active bacterial growth when cellular respiration reduces 

the tetrazolium dye and produces a color change that is measured automatically [344]. 

A bacterial suspension in PBS was adjusted to an OD600nm of 0.5 and diluted 10-fold 

in lysogeny broth (LB) containing a 100-fold diluted tetrazolium dye (average 

inoculum, 107 CFU/mL). Individual phages were added at different Multiplicities of 

Infection (MOI; PFU/CFU ratio) and colour intensity was read every 15 minutes at 

37 °C and converted in relative respiration units, with data analysis performed with 

the Omnilog Data Analysis Software 1.7.  

Antibiotic and phage activity on dual species biofilms 

ASM+ medium from mature biofilms was removed and replaced by ASM+ 

containing individual antibiotics alone or combined with a cocktail containing PSP3 

and ISP each at 109 PFU/mL. After 24 h of incubation at 37 °C, the medium was 

removed, and biofilms were washed once with PBS.  To measure residual CFU, 

biofilms were disrupted by mechanical scratching, resuspended in 200 μL of PBS 

and sonicated (30 s at 60% amplitude; Q700; QSonica, Newton, CT) to release cells 

and disaggregate the biofilm structure. Aliquots were serially diluted and plated onto 

Mannitol Salt Agar (MSA; peptone 5 g/L, NaCl 75 g/L, D-mannitol 10 g/L, agar 15 

g/L) or Pseudomonas Isolation Agar (PIA; Sigma-Aldrich) to allow the selective 

counting of S. aureus and P. aeruginosa CFU, respectively.  Residual biomass was 

measured after crystal violet staining as previously described [289].  
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 Statistical analysis 

Statistical analyses were performed with GraphPad Software (version 10.1.2; 

GraphPad Software, San Diego, CA). 

III. 3.d. Results 

Antibiotic susceptibility testing 

Table 1 shows the MICs of antibiotics against S. aureus ATCC25923 and P. 

aeruginosa PAO1. In subsequent experiments, antibiotics were used at 1, 10 and 

100-fold the MIC of the less susceptible isolate in this pair.  

Activity of phages and antibiotics against dual species biofilms  

Figure 1 shows the activity of individual antibiotics alone or combined with the 

phage cocktail against 48 h dual-species biofilms.  

Considering first the treatment effects on biomass, ceftazidime was ineffective, 

while meropenem reduced it by approx. 20% (at concentrations ≥ 10-fold MIC), and 

tobramycin and ciprofloxacin, of approx. 50% (at concentrations ≥ 10- and 1-fold 

the MIC, respectively), with no improvement when their concentration was 

increased.  Phages alone caused a 23% reduction in biomass. Phage-antibiotic 

combinations were more active than antibiotics or phages alone, with a drop of at 

least 70% of the biomass observed when phages where combined with ciprofloxacin 

at 1-fold its MIC and with other antibiotics, at 10-fold their MIC.   

Considering then the treatment effects on bacterial counts, all antibiotics alone 

caused a concentration-dependent decrease in CFU, which was significant for 

concentrations ≥ 1-fold the MIC for ciprofloxacin but ≥ 10-fold the MIC for the other 

antibiotics, against both strains. At the highest concentration tested, reductions of 
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S. aureus and P. aeruginosa CFU reached -2.8 and -3.5 log10 for ciprofloxacin, -2.5 

and -3.6 log10 for tobramycin, -2.3 and -3.1 log10 for meropenem, and -2.3 and -2.1 

log10 for ceftazidime, respectively. Phages alone were inactive on S. aureus but 

reduced P. aeruginosa CFU of 2.1 log10. In combination with antibiotics, no 

improvement was observed against S. aureus (except with tobramycin at 10-fold the 

MIC), but a globally additive effect was observed against P. aeruginosa except with 

ciprofloxacin (at all concentrations) and tobramycin (at 100-fold the MIC), i.e. in 

conditions for which the antibiotic alone was already highly effective (decrease of 

3.5 log10).  

Inhibition by phages of bacterial respiration in planktonic cultures 

As the phage cocktail improved antibiotic activity against P. aeruginosa but not S. 

aureus, we further characterized their activity against planktonic bacteria. To this 

effect, we followed the respiration rate of each bacterial strain over time in the 

presence of phage ISP (S. aureus) or PSP3 (P. aeruginosa) (Figure 2). Phage ISP 

completely inhibited the respiration of S. aureus ATCC25923 at MOI > 0.1 

PFU/CFU. Its activity decreased progressively with dilution and vanished at MOI of 

10-5 PFU/CFU. Phage PSP3 totally prevented PAO1 respiration during 14 h at MOI 

≥ 10-4 PFU/CFU, after which bacteria recovered full metabolic activity, suggesting 

they developed resistance to the phage.   

 

 

 

 

 



 

 151 

 

Table 1: MIC of antibiotics in MHB-ca (mg/L) 

Antibioticsa S. aureus ATCC25923 P. aeruginosa PAO1 

Ciprofloxacin 8 0.25 

Ceftazidime 0.5 2 

Meropenem 0.03 1 

Tobramycin 0.5 1 
a EUCAST resistance breakpoints (R): > 8 mg/L for meropenem and ceftazidime against P. 

aeruginosa (no breakpoint set for beta-lactams against S. aureus but ATCC25923 is an 

MSSA and therefore considered as susceptible), > 0.5 and 1 mg/L for ciprofloxacin against 

S. aureus and P. aeruginosa, respectively, and > 2 mg/L against both species for tobramycin
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Figure 1: Activity of antibiotics and phages against 48 h dual species biofilms formed by 
reference strains S. aureus ATCC25923 and P. aeruginosa PAO1. Biofilms were incubated 
during 24 h in control conditions or with antibiotics at 1, 10 or 100 x MIC (ciprofloxacin 
[CIP], ceftazidime [CAZ], meropenem [MEM], or tobramycin [TOB], ISP and PSP3 phages 
each at 109 PFU/mL or their combinations. The successive rows show the reduction in 
biomass expressed in percentage of the crystal violet OD570nm measured for non-treated 
biofilms (top), the reduction in viable counts of S. aureus (middle) or P. aeruginosa (bottom), 
both expressed in log10 CFU from control. Control values were 1.4 ± 0.35 (biomass), 5.8 ± 
0.7 log10 CFU/mL for S. aureus and 8.7 ± 0.3 log10 CFU/mL for P. aeruginosa. Statistics: 
Two-way ANOVA analysis with Tukey post-test. Comparison between antibiotic 
concentrations: data points with different letters are statistically different from one another 
(p < 0.05; small letters: antibiotic alone; caps letters: antibiotic + phages). Comparison 
between antibiotic alone and antibiotic + phage at a given antibiotic concentration: ns, not 
significant; *, p < 0.05; **, p < 0.01; ***, p<0.001; ****, p < 0.0001. Data are mean ± SD 
(N≥3; n=8). 



 

 153 

 

0 4 8 12 16 20 24
0

100

200

300

Phage ISP and S. aureus ATCC25923

Time (h)

R
el

at
iv

e 
re

sp
ira

tio
n 

un
its

Phage alone
(no bacteria)

MOI 10-6

MOI 10
MOI 1
MOI 10-1

MOI 10-2
MOI 10-3
MOI 10-4
MOI 10-5

MOI 1000
MOI 100

Bacteria alone
(no phage)

0 4 8 12 16 20 24
0

100

200

300

400

Phage PSP3 and P. aeruginosa PAO1

Time (h)

R
el

at
iv

e 
re

sp
ira

tio
n 

un
its

 

Figure 2: Activity of phages against planktonic cultures of reference strains S. aureus 

ATCC25923 and P. aeruginosa PAO1. Bacteria (initial inoculum: 107 CFU/mL) were 

incubated during 24 h in control conditions or with phages at different MOI. A negative 

control (phages in the absence of bacteria) and a positive control (bacteria in the absence of 

phages) were also included. Colour intensity was measured every 15 minutes to follow the 

reduction of a tetrazolium dye by metabolic active bacteria. Data are mean ± SD (n=3). 
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III.3.e. Discussion 

Using a dual species biofilm cultivated in a highly viscous medium reminiscent of 

the conditions prevailing in the lungs of patients with CF [289], we found that 

antibiotics exhibit some degree of activity, particularly when used at elevated 

concentrations.  Interestingly, this activity is higher than that observed in the 

corresponding mono-species biofilms [275, 289], as previously described for broad-

spectrum antibiotics in a much simpler dual-species biofilm model [345].  When 

combined with a cocktail comprising one phage active on S. aureus and another one 

active on P. aeruginosa, antibiotic activity was further improved against biomass 

and against P. aeruginosa counts, but not against S. aureus counts. This lack of effect 

against S. aureus was unexpected, considering that the phage ISP was active on S. 

aureus ATCC25923 in double agar assay, and showed activity against single species 

biofilms grown in much less complex medium [341].  

One potential reason for decreased phage activity against biofilms may be attributed 

to the barrier effect of the mucoid environment in the artificial sputum medium. To 

the best of our knowledge, phage activity against dual-species biofilms in this 

medium has not been previously evaluated and the influence of mucus on phage 

activity is still a topic of debate [338]. While one study indicates that a phage cocktail 

remains active against P. aeruginosa in sputum samples from patients with CF [335], 

there are no data for S. aureus. The presence of mucus is suggested to enhance phage 

proximity to bacteria and persistence at the infection site [346], while intestinal 

mucus has been reported to impair phage killing capacity [347]. The influence of 

ASM+ on phage activity remains unexplored. However, it is noteworthy that phage 

activity against S. aureus is hindered in human plasma. This is attributed to the 

plasmas tendency to promote bacterial aggregation, consequently masking phage 

surface receptors, a phenomenon that may also occur in biofilms [348]. 
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Another factor contributing to reduced phage activity may arise from the biofilm 

lifestyle, known for conferring antibiotic tolerance due to decreased bacterial 

metabolism and to the protective matrix barrier. Phage activity against biofilms, 

particularly in dual-species biofilm models, is not well-characterized. Many studies 

primarily focus on P. aeruginosa using CF isolates, often cultivated in conventional 

bacterial culture media. Martin et al. observed enhanced reduction in biomass and 

bacterial counts with a combination of antibiotics and a four-phage cocktail [337]. 

In contrast, Fiscarelli et al. rather found stimulation of pseudomonal biofilms 

exposed to either sub-inhibitory concentrations of antibiotics or of several phages 

but significant reduction of biomass of biofilms treated by phages and tobramycin  

[243]. Chang et al. reported synergistic interactions between phage PEV20 and 

ciprofloxacin against P. aeruginosa biofilms while phages alone were not active 

[336]. Regarding staphylococci, studies mainly relate to implant-related biofilm 

infections, where the matrix effect impedes phage activity, particularly against S. 

epidermidis [349]. 

Few studies have examined S. aureus - P. aeruginosa dual-species biofilms, 

particularly in conditions resembling those found in patients with CF. Overall, these 

studies indicate that synergy between antibiotics and phages can occur, though not 

consistently, and is notably influenced by factors such as the concentrations of 

phages and antibiotics, their simultaneous or sequential administration, and the 

frequency of phage applications over time [350]. These studies also suggest that 

outcomes are generally less favourable against dual-species biofilms compared to 

mono-species biofilms of the same strains.  

Our phage cocktail achieved a 20-25% reduction in biofilm biomass and a 2 log10 

CFU reduction for PAO1 only, and these effects were markedly amplified when 

combined with antibiotics. Biomass reduction by phages is somehow surprising, 

considering that none of the two phages used produces depolymerases [339, 340], 
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i.e. enzymes hydrolyzing biofilm matrix polymers. A recent review compiling all 

existing data on phage activity against biofilms [351] suggests that increased burst 

size, phage inoculum, and infection time lead to more significant biomass reduction, 

which aligns with our findings. Conversely, CFU reduction is typically observed 

with phages possessing smaller genomes that can replicate more rapidly, a 

characteristic not met by our phages with genome sizes of 138,715 bp for ISP and 

66,308 bp for PSP3 [339, 340]. 

In this context, the assessment of phage activity against planktonic cultures by 

continuous monitoring of bacterial respiration provides valuable insights. Previous 

research indicates that disparity might be observed between phage activity measured 

by plaque assay and their efficacy on biofilms [337]. We noticed that ISP requires 

higher MOI to prevent S. aureus ATCC25923 growth in planktonic cultures 

compared to PSP3 against P. aeruginosa PAO1. Given that MOI were ranging from 

1000 to 10 PFU/CFU at the time of phage addition to biofilms (109 PFU added to 

biofilms containing ~106 and 108 CFU/mL of S. aureus and P. aeruginosa), our 

findings suggest that effective action on biofilms in ASM+ requires phages to exhibit 

efficacy at considerably lower MOI against planktonic bacteria, emphasizing the 

challenge of their low bioavailability in this complex biofilm model. This also 

suggests that the concept of tolerance in biofilms may extend to phages, not just 

antibiotics. Additionally, it is worth noting that the use of phage PSP3 at low titers 

and without simultaneous antibiotic quickly foster resistance development. 

Our study has some limitations. Firstly, we only used two strains and two phages. 

This stems from the complexity and labor-intensive nature of our biofilm model, 

making high-throughput screening impractical. This also explain why we did not test 

various conditions of treatment applications, despite their potential impact on the 

results. Notwithstanding these limits, our data suggests a future experimental 

strategy could involve prescreening their effect on bacterial growth in planktonic 
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cultures before biofilm testing. Lastly, we did not extensively examine the biofilm 

matrix composition or the phage's ability to penetrate biofilms, as these complex 

analyses would represent an independent undertaking beyond the scope of the 

present study.  

In a recent position paper [352], the taskforce of the Antibacterial Resistance 

Leadership Group (ARLG) in the US underscored a series of knowledge gaps in the 

field of phage therapy, including the lack of consensus on optimal evaluation 

methodologies to evaluate phages or phage-antibiotic combinations in order to 

predict their clinical efficacy, the needs to characterize their activity against biofilms, 

or the necessity to consider how the environment at the site of infection might 

influence their activity.  These considerations are crucial as we await data from well-

conducted clinical trials.  In this context, our study pioneers the evaluation of phage-

antibiotic combinations against relevant dual-species biofilms in an in-vitro model 

relevant of CF. The established model and evaluation process can now be applied to 

clinical isolates, and the identified pitfalls may guide further investigations to 

evaluate alternative phages or treatment protocols with optimized efficacy. 
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Chapter IV. Discussion & Perspectives 

IV.1. Main achievements of this work  

Biofilm poses a significant health threat, contributing to as much as 80% of 

infections. Cystic fibrosis chronic infection exemplifies a typical case of biofilm, 

presenting as a multispecies-biofilm infection. However, the key pathogens driving 

lung deterioration in this context are S. aureus and P. aeruginosa. Treating biofilm 

infections proves challenging due to their high tolerance to antibiotics, necessitating 

ongoing efforts to discover and optimize strategies for combatting such infections. 

The establishment of a robust in vitro biofilm model serves as the foundational and 

crucial first step in developing novel approaches to combat biofilm-related issues. In 

this thesis, we successfully attained our initial goals. Specifically, ① we developed 

a dual-species biofilm model that can be applicable to clinical isolates and used to 

screen novel therapy strategies. In addition, we investigated and revealed a cross-

adaptation phenomenon between S. aureus and co-isolated P. aeruginosa from the 

same patients. Notably, the mechanism driving this cross-adaptation differs from the 

conventional explanations involving the interaction between S. aureus and P. 

aeruginosa. ② We utilized enzymes as an adjuvant of antibiotics to successfully 

improve the efficacy of eradicating biofilms. ③ We employed phages as an adjuvant 

to antibiotics to increase the efficacy of biofilm therapy.  
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Figure 1: Schematic representation of main achievements of this thesis 

Development of dual species biofilm model 

The evaluation of the dual-species biofilm model in our conditions relies on several 

critical factors. Firstly, it depends on whether S. aureus and P. aeruginosa can form 

aggregates and produce EPS, marking the initial step. Secondly, successful 

coexistence of both species over an extended period is crucial, posing a significant 

challenge as laboratory S. aureus and P. aeruginosa often exhibit competitive 

behavior. Thirdly, it is essential for S. aureus and P. aeruginosa to remain stable 

over time. Lastly, and importantly, the model must be suitable for diverse clinical 

isolates from patients. Without a doubt, the model developed in this study meets all 

these conditions, except for the use of a unique phenotype of S. aureus. As the 

infection progresses, microorganisms adapt to the lung environment in patients with 

CF, exhibiting different genotypes and phenotypes. We have already confirmed that 

this model could be suitable for diverse P. aeruginosa based on its various 

phenotypes. Although we didn't test it for different phenotypes of S. aureus isolates, 

we believe that this model is also applicable to diverse isolates of S. aureus from 

patients with CF, such as mucoid S. aureus or SCVs. These S. aureus phenotypes 

are generally more advantageous for this pathogen survival in a hostile environment 

or when encountering competitive rivals like P. aeruginosa. 
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The highlight of this model is its reliance on the ASM+ medium, mimicking the 

average components found in the airways of patients with CF. Another crucial aspect 

is its ability to replicate the observed colonization order of S. aureus and P. 

aeruginosa in vivo, achieved through the inoculation of S. aureus before P. 

aeruginosa. Initially, we did not consider mimicking the colonization sequence of S. 

aureus and P. aeruginosa in the lungs of CF patients when constructing biofilms. 

This decision was based solely on the fact that S. aureus could not stably survive 

when both bacteria were cultured simultaneously, even with a minimal inoculum of 

P. aeruginosa. One possible explanation for the ability of S. aureus to remain stable 

over time when inoculated with S. aureus prior to P. aeruginosa is that a 24-hour 

incubation is adequate for the development of a biofilm, providing protection to S. 

aureus from the toxic metabolites produced by P. aeruginosa. The mechanism by 

which biofilms exhibit tolerance to antibiotics was discussed in the introduction to 

Chapter 1, and this mechanism also applies to preformed S. aureus biofilms exposed 

to toxic products from P. aeruginosa. 

Additionally, this model is not confined to our current study; it can be extended to 

encompass any strategies or agents used for combating biofilm relevant to lung 

infections in CF patients. For instance, other anti-biofilm strategies including 

nanoparticle-metal treatment, Quorum Sensing Inhibitors, and Nano-Based 

Antibiotic Delivery. Meanwhile, it can also be further used for exploration about 

interaction between species due to the gown condition ASM+ close to sputum of 

patients.  

It should be clarified that the ASM+ used in our study did not represent all types of 

mucus in CF patients. Previous studies in our laboratory have compared ASM+ with 

two groups of mucus samples classified according to their macroscopic appearance: 

purulent (uniformly green or yellow) and mucopurulent (a mixture of purulent and 

mucoid portions) [275]. Both purulent and mucopurulent mucus have distinct 
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viscoelastic properties. However, in both categories the elastic moduli were higher 

than the viscous moduli within the same range of shear strains [275]. Similarly, the 

artificial sputum medium has higher elasticity than viscosity, whereas ASM+ was 

closer to mucopurulent sputum and represents a portion of the mucus collected from 

CF patients [275]. The difference in mucus may enable biofilm to have a different 

response to antibiotic treatment. Thus, this model may not exactly cover all biofilm 

that infects patients with CF when screening anti-biofilm strategies or agents. Indeed, 

the replication of all mucus characteristics presents a significant challenge due to 

fluctuations observed between patients and even in the same patient over time. 

Moreover, with the introduction of new corrective therapies (such as CFTR 

modulators), mucus properties may undergo drastic changes. 

Investigation of reciprocal adaptation between co-isolated S. aureus and P. 

aeruginosa  

The initial observation of mutual adaptation was based on the similar CFUs between 

S. aureus and P. aeruginosa, as well as the spatial distribution of cross-aggregation 

between the two within the biofilm. Furthermore, this reciprocal relationship was 

further confirmed through experiments utilizing cross-strain cultures. The methods 

employed to evaluate cross-adaptation are practical and cost-effective, making them 

applicable to a broad spectrum of studies investigating bacterial interactions.  

The interaction between S. aureus and P. aeruginosa is complex and diverse. Earlier 

in-vitro coculture studies, utilizing laboratory strains of S. aureus and P. aeruginosa, 

revealed the eradication of S. aureus by P. aeruginosa, leading to an initial 

characterization of their interaction as a competitive relationship. The mechanisms 

underlying this competition have been thoroughly studied and understood. However, 

these two microorganisms often co-infect patients with conditions such as CF or 

other infections, like wounds. This has prompted a reassessment of the interaction 
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between S. aureus and P. aeruginosa, leading to a consensus that competition is not 

the exclusive relationship between them; they also coexist, even within in-vitro 

coculture settings. Furthermore, longitudinal studies following patients have 

concluded that the interaction between S. aureus and P. aeruginosa undergoes a 

transition from competition in the early stages of infection to coexistence or even 

bacterial cooperation in the later stages [258, 263]. Studies on the mechanisms of 

coexistence between these two bacteria have been growing over time. Most 

investigations have focused on P. aeruginosa, suggesting that its adaptation to the 

lungs of CF patients leads to decreased virulence, thereby favoring the survival and 

coexistence of S. aureus and P. aeruginosa [272]. For instance, P. aeruginosa 

decreases the production of toxic metabolites like pyocyanin, HQNO, and 

rhamnolipids, which promote the survival of S. aureus. 

A limited number of studies have focused on the bidirectional adaptation between 

these two bacteria. These limited studies currently emphasize trophic cooperation, 

specifically regarding carbon sources. For example, acetoin produced by S. aureus 

can be catabolized by P. aeruginosa as an alternative carbon source, and its 

accumulation is toxic to S. aureus. The catabolic ability of P. aeruginosa on acetoin 

was thought to favor the coexistence of S. aureus with P. aeruginosa. We also 

compared the expression of catabolic acetoin genes in biofilm formed by co-isolated 

S. aureus and P. aeruginosa pairs with reciprocal adaptation, as opposed to cross-

strain pairs without reciprocal adaptation. However, no difference was observed 

between the two groups, suggesting that acetoin may not be a determining factor 

contributing to reciprocal adaptation between S. aureus and P. aeruginosa in our 

experimental conditions. This could be attributed to the rich nutrients present within 

ASM+. Once again, it emphasizes that growth conditions are crucial for the 

interaction between bacteria. Different media may lead to variations in metabolic 

products and gene expression. 
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A notable example is the secretion of siderophores pyoverdine and pyochelin by P. 

aeruginosa when iron is limited in growth conditions, while the production of 

siderophores is lacking in a rich iron medium. It's worth noting that the production 

of pyoverdine and pyochelin is not beneficial to the survival of S. aureus when co-

cultured with P. aeruginosa. Thus, some mechanisms of interaction between S. 

aureus and P. aeruginosa, if not using a medium mimicking the in-vivo growth 

environment, may differ from the actual mechanisms involving cross-adaptation in 

the mucus within the airways of patients with CF. 

Under conditions mimicking the growth environment and using co-isolated S. aureus 

and P. aeruginosa from the same patients, we proposed that the reciprocal adaptation 

between S. aureus and P. aeruginosa was attributed to the downregulation of 

harmful genes to each other, and S. aureus increased resistance to toxic metabolites 

produced by P. aeruginosa. In parallel, we found that P. aeruginosa secondary 

metabolites didn't have a major impact on mutual adaptation, as S. aureus thrived in 

the presence of co-isolated P. aeruginosa that produced abundant QS metabolites. 

Instead, the thriving of S. aureus was associated with the overexpression of genes 

involved in response to oxidant conditions (crtN) when cocultured with P. 

aeruginosa overproducing QS. 

Still, the interaction between S. aureus and P. aeruginosa remains complex. Several 

seemingly minor factors may contribute to the reciprocal adaptation between the two. 

For example, the delayed production of QS secondary metabolites due to slow 

growth of P. aeruginosa can help S. aureus develop a defense mechanism. 

Additionally, P. aeruginosa with a mucoid phenotype has already been determined 

to have a reduced ability to compete with S. aureus due to the overproduction of 

alginate. The suggested mechanism indicates that alginate is involved in the 

downregulation of QS genes and the subsequent decrease in QS metabolites [214]. 

However, in our study, the mucoid phenotype in P. aeruginosa (UEQ310) did not 
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result in the inactivation of QS genes, and abundant QS metabolites were produced 

when co-cultured with co-isolated S. aureus. Therefore, additional mechanisms by 

which mucoid P. aeruginosa, overproducing alginate, contributes to the survival of 

S. aureus are yet to be determined. 

Once again, the interaction between S. aureus and P. aeruginosa is diverse, even in 

cases of coinfection in the same patients. Therefore, the reciprocal adaptation 

observed in our study does not account for the fact that all co-infected S. aureus and 

P. aeruginosa pairs exhibit the similar behaviors (reciprocal adaptation). In a poster 

presented at the European Society of Clinical Microbiology and Infectious Diseases 

(refer to the appendix for the poster [Chapter V]), we had the opportunity to 

showcase dual-species biofilms separately formed by different phenotypes of P. 

aeruginosa and corresponding co-isolated S. aureus from the same patients. Notably, 

in this study, the non-mucoid P. aeruginosa (857JBJ) exhibited a competitive 

advantage over S. aureus, despite both species originating from the same patient. 

These co-isolated pairs may not yet exhibit reciprocal adaptation and could be in an 

evolutionary stage that is only a matter of time. Reciprocal adaptation is possibly a 

final evolutionary outcome in dual-species interactions. 

In addition to nutritional factors influencing the interaction between S. aureus and P. 

aeruginosa, other microorganisms may play a role in the interplay between these 

two bacteria in co-infected patients with CF. These include bacteria such as H. 

influenzae, non-tuberculous mycobacteria, S. maltophilia, A. xylosoxidans, and B. 

cepacia, fungi such as Aspergillus fumigatus, Candida albicans, Scedosporium spp., 

Pneumocystis jirovecii, and Exophiala dermatitidis, as well as viruses. Most of these 

microorganisms interact with either S. aureus or P. aeruginosa. For instance, H. 

influenzae exposure significantly diminishes susceptibility to P. aeruginosa 

infection, likely by priming host innate immunity rather than through direct 

interspecies competition [353].  Interactions between S. aureus and NTM remain 
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unreported, but a limited study exists for P. aeruginosa and NTM. The two 

organisms can coexist in a dual-species biofilm, forming a "layered" structure with 

the P. aeruginosa biofilm atop the NTM biofilm, without P. aeruginosa directly 

inhibiting NTM [354]. Besides, P. aeruginosa has been reported to inhibit biofilm 

formation by A. fumigatus and kill its cells upon contact [355]. However, recent 

studies have shown a synergistic relationship where P. aeruginosa supports A. 

fumigatus growth beyond its immediate vicinity through volatile compounds usable 

by A. fumigatus as metabolites [354]. At present, little is known about viral-bacterial 

interactions in the CF respiratory tract and how viruses affect the interaction between 

S. aureus and P. aeruginosa. 

Additionally, the presence of immune cell debris like neutrophil may impact the 

relationship between S. aureus and P. aeruginosa by fostering biofilm formation. 

Therefore, it is advisable to take into account the disease context and the 

environmental conditions conducive to bacterial growth or aggregation when 

investigating the interactions among these microorganisms. 

Exploring the reciprocal adaptation between coisolated S. aureus and P. aeruginosa 

holds considerable significance, as heightened reciprocal adaptation could 

exacerbate the severity of infection and increase tolerance to antibiotic treatment. 

Our findings present an illustrative case: the co-isolated pair VBB496 demonstrated 

a comparable reciprocal adaptation, even in a commensal-like relationship where P. 

aeruginosa struggles to survive and form a biofilm when cultured alone. 

Furthermore, the biofilm formed by P. aeruginosa VBB496 in conjunction with co-

isolated S. aureus was not as robust and abundant as that of another pair (UEQ310). 

However, intriguingly, the VBB496 biofilm exhibited significant tolerance to 

antibiotic treatment compared to the robust biofilm of UEQ310. 
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While our study did not systematically examine how the interaction influences 

therapy efficacy, it remains crucial to comprehend the impact of the interplay 

between S. aureus and P. aeruginosa on treatment outcomes. This understanding is 

vital for developing innovative strategies against biofilm infections. Exploring 

methods to disrupt or unbalance reciprocal adaptation could pave the way for more 

effective interventions, offering novel approaches to combat biofilm formation and 

enhance treatment effectiveness. 

Potential of antimicrobials with an adjuvant 

Enzymes and phages were separately utilized as adjuvants to antibiotics for treating 

biofilms grown in ASM+, mimicking sputum of patients with CF. Enzyme-antibiotic 

combinations demonstrated synergistic efficacy against biofilms of clinical isolates. 

Additionally, phage-antibiotic combinations exhibited additive efficacy against 

reference biofilms. 

The treatment procedures were similar between enzyme-antibiotics and phage-

antibiotics combinations for treating biofilm. Specifically, antibiotics and adjuvants 

(phages or enzymes) were incubated in parallel without washing the biofilm, 

mimicking the real-life scenario where biofilm cannot be washed before treatment 

in vivo. Additionally, the biofilms of reference strains or one pair of clinical isolates 

primarily grew in ASM+ rather than on the inner surface of wells, making washing 

of the biofilm impractical and potentially disruptive to the biofilm structure. 

Furthermore, the absence of antagonisms between the enzyme or phages and the 

antibiotics underscores the rationale for using both strategies in parallel. However, 

it should also be considered in the future to sequentially incubate with the adjuvant 

first and then antibiotics, as this may potentially enhance efficacy. 

In the first strategy of enzyme-antibiotic combination, a significantly high 

concentration of DNase I and alginate lyase was required to achieve a dramatic 



 

 168 

 

reduction in biomass and CFUs of the biofilm. The elevated enzyme concentration 

may indicate an abundant substrate of DNA and alginate within the biofilms. 

However, it also potentially suggests constrained enzymatic activity at such high 

concentrations. On one hand, DNA is one of the constituents within ASM+ and 

therefore a part of DNase I would degrade the DNA within the medium. This results 

in less abundant DNase I available to target the DNA within the biofilm. 

Consequently, an abundant substrate of DNA in ASM+ and the biofilm necessitates 

a corresponding higher concentration of DNase I to effectively treat the biofilm. 

Notably, it is impossible to directly bypass the DNA constituents of ASM+ or mucus 

to target the biofilm. The only potential improvement may involve finding a method 

for enzyme delivery. 

On the other hand, the optimal activity of DNase I is obtained in the presence of 

magnesium ions. However, magnesium was also reported to increase biofilm 

formation [356], reason why didn't add magnesium ions during treatment with 

DNase I. Additionally, alginate lyase commonly exhibits optimal activity under 

acidic conditions. Clearly, the local conditions necessary for optimal enzyme activity 

were not met in our experiments. This could be another possible reason for the 

limited efficacy observed, which warrants further investigation in future studies. 

In the second approach involving the combination of phages and antibiotics, an 

additional effectiveness was observed in targeting the biofilm of reference strains, 

yet further investigation is required for clinical isolates. The biomass of dual-species 

biofilm and the culturable cells of one species (P. aeruginosa) were significantly 

reduced compared to treatment with either phages or antibiotics alone, but there was 

limited activity against the other species (S. aureus) within the dual-species biofilm. 

Besides the potential influence of ASM+ (as presented in paper 3) on the activity of 

phage ISP (targeting S. aureus), interactions between S. aureus and P. aeruginosa 

may decrease the activity of phage ISP against S. aureus, resulting in less additive 
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efficacy against this species. One mechanism of bacteriophage resistance involves 

bacteria preventing phage adsorption to receptors located on the bacterial cell 

membrane or cell wall through receptor alteration or masking. It has been reported 

that Staphylococcus aureus protein A (SpA) is capable of blocking phage adsorption 

to receptors [357]. However, it's worth noting that the reference strain P. aeruginosa 

PAO1 maintains an advantage over S. aureus, despite both species coexisting well 

over time. Therefore, it is highly likely that P. aeruginosa induces the production of 

more proteins similar to SpA to further increase bacterial resistance to phages. 

Additionally, polysaccharide production also potentially blocks phage adsorption, 

further decreasing phage activity against bacteria. 

An optimal therapeutic outcome for dual-species biofilms is the dramatic elimination 

of both species within the biofilm. In the strategy involving enzyme-antibiotic 

combinations, significant reductions were observed in both species compared to 

treatment with either enzymes or antibiotics alone. However, for the phage-antibiotic 

combination, a lesser improvement was noted against S. aureus within the biofilm 

compared to treatment with either phages or antibiotics alone. It is noteworthy that 

this strategy still exhibited additive activity against S. aureus when phages were 

combined with tobramycin at a 10-fold MIC. This underscores the importance of 

considering antibiotic selection and concentration screening for future applications. 

Therefore, the application of bacteriophages as potentiators of antibiotics remains 

promising for clinical isolates. 

IV.2. Limitation of this work 

Growth environment of biofilm 

Different growth conditions, reference strains, as well as experimental designs may 

generate varying impacts on the response of biofilm to antibiotics. Simultaneously, 
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these factors could influence the interaction between S. aureus and P. aeruginosa, 

potentially leading to diverse responses and further enabling biofilms to exhibit 

different sensitivity to antibiotic treatment. 

ASM+ mimics the viscoelasticity of mucopurulent sputum rather than purulent 

sputum, which allows it to represent a portion of the mucus collected from CF 

patients. Consequently, our model only depicted biofilms growing in partial mucus 

(mucopurulent mucus), while biofilms growing in purulent mucus were absent in 

this thesis. Despite ASM+ being similar to mucopurulent mucus, the growth 

environment of biofilm in vitro remains distinct from the real environment in vivo. 

On one hand, the in vitro culture environment for biofilm formation did not include 

other microorganisms such as H. influenzae, NTM, S. maltophilia, A. xylosoxidans, 

and B. cepacia. These microorganisms could compete for nutrition and space. In 

parallel, lung epithelial or immune cells such as neutrophils were also absent, 

whereas they likely influence biofilm formation and interactions between S. aureus 

and P. aeruginosa. On the other hand, while we considered the average composition 

and viscoelasticity of mucus present in the airways of CF patients for ASM+ to 

mimic partial mucus, we overlooked the oxygen and acidity levels during biofilm 

growth in vitro culture. Specifically, we did not take into account the oxygen and 

acidity levels of mucus occurring in the airways of CF patients when growing the 

biofilm in vitro. 

The mucus found in the airways of patients with CF typically presents a slightly 

acidic environment (pH=6.6-7.0)[358]. Such acidic conditions have been suggested 

to promote the formation of P. aeruginosa single-species biofilm and accelerate its 

resistance development, yet this effect can also be reversed by restoring the acidic 

environment to physiologically neutral conditions [359]. However, the ASM+ 

utilized in this study exhibits slightly higher pH values ranging from 7.1 to 7.4 

compared to the mucus of patients. This slight increase in pH in our medium 
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potentially influences the formation of dual-species biofilm and the biofilms' 

tolerance to antibiotics. 

Additionally, oxygen is present at a steep concentration gradient, often hypoxic or 

microaerobic, in the deeper mucus of patients with CF [360]. It's worth noting that 

the surface of the CF airway is consistently exposed to high oxygen concentrations 

[358], resulting in only the interior of the mucus being an anaerobic or microaerobic 

environment. Although our medium may potentially exhibit a limited oxygen 

concentration due to its thick and high viscoelastic properties, we did not measure 

the oxygen level within ASM+. 

The low level of oxygen has been found to reduce the sensitivity of the biofilm to 

antibiotics such as tobramycin, ciprofloxacin, carbenicillin, ceftazidime, 

chloramphenicol, and tetracycline [361]. Additionally, aside from directly increasing 

tolerance to antibiotics, these microenvironments with acidic and anaerobic or 

microaerobic characteristics also affect the interaction between S. aureus and P. 

aeruginosa, further diminishing the response to antibiotics. For instance, anaerobic 

conditions have been identified as promoting the coexistence of S. aureus and P. 

aeruginosa, potentially influencing disease progression [301, 362]. 

In vivo localization of dual-species biofilms 

25-30% of CF patients are co-infected with S. aureus and P. aeruginosa [33], and 

numerous in vitro dual-species biofilms of these pathogens have been established, 

primarily grown in conventional media [178, 363]. In our study, S. aureus and P. 

aeruginosa, co-isolated from the same patients, co-aggregated throughout the 

biofilm architecture, as confirmed by confocal laser microscopy. However, to date, 

there is no available evidence demonstrating simultaneous biofilm formation by S. 

aureus and P. aeruginosa at the same lung site in CF patients. One study indicated 

the presence of multiple biofilms in explanted CF lung tissue, where these species 
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typically aggregated separately in vivo [177]. When examining sputum samples, it 

remains challenging to directly observe the localization of S. aureus and co-infected 

P. aeruginosa because it is not possible in such samples to know if co-isolates 

species where originating from the same location in the lungs. Visualizing the 

localization of both species in explanted lungs, remains the only available option to 

ascertain if S. aureus and P. aeruginosa form biofilms in the same area in CF patients. 

Experimental design and technique  

Our reference model only confirmed its applicability to biofilms formed by different 

strains of S. aureus and P. aeruginosa. In these biofilms cultured in ASM+ 

mimicking the mucus environment found in patients, both species remain stable over 

time and produce abundant biomass. However, it's important to note that clinical 

isolates of both S. aureus and P. aeruginosa display diversity within patients with 

CF. Therefore, this reference model cannot fully replace the complexity of biofilms 

formed in vivo when optimizing and determining novel therapy strategies against 

such infections. For example, while the reference model demonstrated improved 

therapeutic efficacy with a phage-antibiotic combination, it was not effective against 

biofilms formed by two pairs of clinical isolates (UEQ310 and VBB496). 

In our investigations of the interaction between S. aureus and P. aeruginosa within 

biofilms, we encountered limitations in the techniques available to us. We did not 

explore the various matrix compositions and their proportions within the biofilms 

due to these limitations. Additionally, we did not measure the heterogeneous 

microenvironment within the biofilm, including variations in acid and oxygen 

concentration. However, these differences in oxygen and pH levels, as well as the 

composition of the biofilm matrix, have the potential to influence the interaction 

between S. aureus and P. aeruginosa, thereby potentially impacting treatment 

efficacy in parallel. 
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Moreover, a comprehensive experimental design was challenging, particularly 

concerning mechanisms of cross adaptation between S. aureus and P. aeruginosa, as 

our initial focus was on developing a biofilm model. This primarily stems from 

several aspects. On one hand, we did not conduct a full transcriptomic analysis, as 

stated in paper 1. Instead, we directly examined the expression of genes associated 

with our hypothesis using RT-PCR techniques. The reciprocal adaptation between S. 

aureus and P. aeruginosa resulted from a decrease in the virulence of P. aeruginosa 

and an increase in the tolerance of S. aureus to P. aeruginosa. Therefore, we 

investigated specific genes potentially involved in this interaction using RT-PCR 

techniques, such as QS genes. However, the virulence factors of P. aeruginosa are 

not solely limited to the products of the genes quantified in this study. They may also 

be attributed to surface structure virulence factors, as depicted in Chapter 1, 

including lipopolysaccharides located on the outer face of the outer membrane and 

secretion systems, or genes associated with trophic processes. In fact, mutations in 

genes involved in lipopolysaccharide synthesis have been suggested to potentially 

play a role in the interaction between S. aureus and P. aeruginosa, although the 

precise nature of these interactions remains to be determined [217]. It may be more 

reasonable for transcriptomic analysis to be used initially to examine the expression 

of whole genoees, followed by the confirmation of altered gene expression through 

RT-PCR.  

On the other hand, we employed LC-MS to detect secondary metabolites in the 

biofilm and discovered that P. aeruginosa is a key contributor to the production of 

these compounds in dual-species biofilm with S. aureus. However, volatile 

compounds secreted by bacteria could not be quantified or identified using this 

method [364]. For instance, a representative volatile compound produced by P. 

aeruginosa, hydrogen cyanide (HCN), was not detected in our study. HCN is a 

potential biomarker of P. aeruginosa infection in patients with CF and has been 
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identified to control S. aureus growth in a mouse model of airways coinfected by P. 

aeruginosa and S. aureus [365, 366]. Furthermore, the secondary metabolites 

identified in our studies were predominantly produced by P. aeruginosa, even in the 

presence of S. aureus. This indicates that the organic small molecules generated by 

S. aureus are extremely limited, and the detection technique is potentially 

constrained in identifying compounds with lower abundance. Additionally, the 

existing literature on secondary metabolites secreted by S. aureus is also sparse. It's 

noteworthy that S. aureus secretes virulence factors primarily composed of proteins, 

including adhesins, proteins evading host immunity such as SpA, and exotoxins like 

α-, β-, γ-hemolysin, PVL, and PSMs. These primary metabolites may play a role in 

the interaction between S. aureus and P. aeruginosa. However, we did not assess the 

primary metabolites produced by S. aureus or P. aeruginosa in their dual-species 

biofilm. 

In our study on biofilm therapy, we did not systematically explore conditions for 

treating dual-species biofilms with enzyme- or phage-antibiotic combinations. For 

instance, therapy efficacy might vary between simultaneous incubation of adjuvants 

(enzymes/phages) with antibiotics and sequential incubation of adjuvants 

(enzymes/phages) with antibiotics. Additionally, our testing was limited to therapy 

strategies involving enzymes applied to biofilms separately formed by two pairs of 

co-isolated S. aureus and P. aeruginosa from two patients. Both strains of P. 

aeruginosa in these pairs exhibited similar mucoid phenotypes. However, other 

biofilms of clinical isolates with non-mucoid or SCVs phenotypes may respond 

differently to enzyme-antibiotic combinations. Furthermore, we did not investigate 

the use of phage-antibiotic combinations on biofilms of clinical isolates. Although 

this therapy demonstrated significant additive efficacy against reference dual-species 

biofilm, diverse clinical isolates may potentially respond differently to phage-

antibiotic combinations in our study. 
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IV.3. Perspectives 

The conditions and methodologies employed in our studies are open to further 

refinement, and there is potential for expanding upon our research findings. 

Optimization of Biofilm Growth Environment 

As previously described in the paragraph on Chapter IV, Part 2, Limitations of this 

Work, biofilm formation, the interaction between S. aureus and P. aeruginosa, as 

well as the response of biofilm to antibiotic treatment, can all be affected by a series 

of factors, including other species of microorganisms (such as H. influenzae, NTM, 

S. maltophilia, A. xylosoxidans, and B. cepacia), immune and epithelial cells, pH, 

and oxygen concentration in the growth environment. These factors were not 

addressed in this thesis but could be investigated in future research. 

Addition of other microbial species 

The key challenge lies in distinguishing and quantifying individual bacteria from a 

multi-species biofilm when introducing other microorganisms. The biomass of a 

multi-species biofilm can be easily characterized using crystal violet, while the 

viability of individual species can be quantified by plating on selective media. Eva 

et al. have developed six selective media to characterize individual bacteria from 

multi-species biofilms containing P. aeruginosa, S. aureus, A. xylosoxidans, S. 

anginosus, Rothia mucilaginosa, and Gemella haemolysans [367]. Among them, at 

least three selective media used for the selection of the former three bacteria are 

available for use in our future studies. The selection of other selective media for 

multiple-species cultures is still to be determined. 
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Addition of CF lung epithelial cells  

It is feasible to introduce human CF lung cells when establishing multiple-species 

biofilms relevant to lung infections in patients with CF. Single-species biofilms with 

human airway epithelial cells have been established, whereas these biofilms were 

grown in conventional medium, such as minimal essential medium [368-370]. The 

CF lung model grown in artificial sputum medium was achieved by adding human 

A549 cells line [371]. The A549 cell line is derived from adenocarcinoma human 

alveolar basal epithelial cells. However, opportunistic species preferentially infect 

the bronchi rather than the alveoli [358]. Therefore, for future studies aiming to 

establish multiple-species biofilms, it is advisable to primarily consider using 

bronchial epithelial cell lines, such as BEAS-2B or the ATCC-approved cell line pair 

NuLi-1 and CuFi-1 monolayers. These choices would better represent the CF 

microenvironment.  

Adjustment of H+ and O2 within Artificial Sputum Medium 

 The biofilm growth conditions in this thesis maintain a near-neutral pH and are 

aerobic. However, considering the weakly acidic and anaerobic or microaerobic 

environment that occurs in the airways of patients with CF, it is necessary to adjust 

the pH value and oxygen concentration within the artificial sputum medium (ASM+) 

to resemble the conditions of mucus in patients more closely. The pH value within 

ASM+ can be easily adjusted to a range of 6.6 to 7.0 using hydrochloric acid solution. 

Additionally, a microaerobic culture condition can be achieved using CampyGen gas 

generation packs in large anaerobic jars. These packs generate a microaerophilic 

environment composed of 5% oxygen, 10% carbon dioxide, and 85% nitrogen [372]. 
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Consequence of reciprocal adaptation between S. aureus and P. aeruginosa and 

additional potential mechanisms  

As already presented in "Chapter I, Part 2.3.3: Interactions Between S. aureus and P. 

aeruginosa within a Biofilm", the coexistence of S. aureus and P. aeruginosa within 

a biofilm can impact antimicrobial efficacy. This interaction can result in one species 

potentially demonstrating increased tolerance to antibiotics against the other, while 

at the same time, it may also lead to decreased tolerance. In our study, the 

representative co-isolate pair VBB496 demonstrated a significant enhancement of 

reciprocal adaptation between S. aureus and P. aeruginosa compared to another pair, 

UEQ310 (as referenced in Paper 1). Interestingly, the dual-species biofilm formed 

by VBB496 exhibited greater resilience to antibiotic eradication compared to the 

UEQ310 pair, as showed by the results from Paper 2. These findings suggest that the 

reciprocal adaptation between S. aureus and P. aeruginosa has the potential to 

increase the tolerance of dual-species biofilms to antibiotics. Therefore, the 

sensitivity of dual-species biofilms to antibiotics may depend on the nature of their 

interaction between S. aureus and P. aeruginosa. Certainly, additional experimental 

research is warranted to validate this observation. 

The future study could involve additional co-isolated pairs exhibiting reciprocal 

adaptation, such as SCVs and similar non-pigmented mucoid strains of P. 

aeruginosa. If all dual-species biofilms demonstrate that reciprocal adaptation 

between S. aureus and P. aeruginosa enhances tolerance to antibiotics, it would be 

valuable to investigate mechanisms for further understanding this adaptation and its 

implications for antibiotic treatment. Moreover, it is crucial to prioritize the 

development of strategies aimed at disrupting the balance between S. aureus and P. 

aeruginosa, thereby enhancing the efficacy of antibiotic treatments. 
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Additional mechanisms involving reciprocal interactions between S. aureus and P. 

aeruginosa could be explored from several perspectives. Firstly, by comparing the 

cell surface structures of clinical isolates exhibiting reciprocal and non-reciprocal 

adaptation, including flagella and pili IV associated with motility. This comparison 

aims to understand how these differences contribute to cross-adaptation between S. 

aureus and P. aeruginosa, focusing on surface structure virulence factors of P. 

aeruginosa, such as secretion systems and lipopolysaccharides. Secondly, 

investigating the interactions between a series of virulence proteins secreted by S. 

aureus and P. aeruginosa, including adhesin proteins or exotoxins such as α-, β-, 

and γ-hemolysin, PVL, and PSMs produced by S. aureus. Thirdly, exploring how 

volatile organic small molecules produced by both species influence their interaction. 

Lastly, the trophic cooperation between S. aureus and P. aeruginosa will be 

investigated and the composition of the biofilm matrix will be analysed, as most 

studies have used conventional media. These potential mechanisms can be studied 

using techniques such as transcriptomic analysis and proteomic analysis, either 

individually or in combination.  

Extension of clinical isolates and antibiotics 

Clinical isolates 

All clinical isolates of S. aureus and P. aeruginosa recovered from CF patients tested 

in this thesis were found to be susceptible to the antibiotics examined. However, it's 

worth noting that methicillin-resistant S. aureus (MRSA) accounts for a prevalence 

ranging between 10% and 20% in CF patients. Additionally, the Patient Registry 

Annual Data Report from the Cystic Fibrosis Foundation in the United States in 2022 

revealed that 12.7% of P. aeruginosa isolates exhibited multidrug resistance (MDR-

PA) among individuals with CF and cultures growing P. aeruginosa. Therefore, the 

biofilm model holds promise for studying these multiple resistant clinical isolates 
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and exploring alternative strategies, such as phages in combination with antibiotics 

like vancomycin. Successful cases of phage therapy targeting single-species 

infections of MRSA and MDR-PA have been documented. Abd-Allah, Israa M., et 

al., isolated five phages belonging to the Siphoviridae family, order Caudovirales, 

which exhibited lytic activity against a set of 23 MRSA strains [373]. Another phage, 

vFB297, a member of the genus Pakpunaviru, has been identified and successfully 

treated a clinical patient infected with MDR-PA [374]. Thus, the development and 

eradication of S. aureus and P. aeruginosa dual-species biofilms with multiple 

resistant clinical isolates hold promise through the use of phages specifically 

targeting the multiple resistant bacteria, in combination with antibiotic therapy. 

Antibiotics  

The treatment with individual antibiotics needs to consider the activity of each 

antibiotic against both S. aureus and P. aeruginosa within the biofilm. Thus, the 

selection of antibiotics was limited in our study. Only ciprofloxacin, meropenem, 

ceftazidime, and tobramycin met this condition in which individual antibiotics 

simultaneously act on S. aureus and P. aeruginosa. Moreover, ceftazidime and 

meropenem showed less effectiveness against biofilms of reference strains and 

clinical isolates even in combination with adjuvants. Considering the limitation of 

single antibiotics that can simultaneously act on both species, individual antibiotics 

either acting on S. aureus or P. aeruginosa can be combined to treat dual species 

biofilm, which offers more therapeutic options. Using combination antibiotics with 

adjuvants such as enzymes or bacteriophages again can maximize therapeutic 

efficacy. In our experimental work, the combination of meropenem and tobramycin 

showed higher efficacy than individual antibiotics. This opens a door for other 

combinations of antibiotics to treat dual species biofilm in context of CF. Moreover, 

a more significant efficacy was obtained when two antibiotics were combined with 

enzymes to treat dual species biofilm. Another interest of combining antibiotics has 
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the potential to decrease the rate of resistance and might result in synergistic effects. 

Some common combinations of antibiotics are already used to treat single-species 

biofilm infection. For instance, a synergistic efficacy was observed when rifampicin 

was combined separately with vancomycin, linezolid, and daptomycin to treat S. 

aureus single-species biofilm [375]. Tobramycin-ceftazidime combination was used 

to treat P. aeruginosa single-species biofilm, which also showed the most efficacy 

[376]. Lastly, based on antibiotic combination, antibiotic combination plus adjuvants 

is a potentially promising strategy. 

Optimization of treatment strategies 

In our efforts to treat dual-species biofilms, we applied a combination of antibiotics 

and adjuvants (phages or enzymes) simultaneously. However, altering the sequence 

of therapy by initially using enzymes or phages followed by incubation with 

antibiotics might yield different efficacy outcomes, as previously illustrated. Hence, 

optimizing treatment protocols could lead to promising therapeutic outcomes. 

Regarding enzymes as adjuvants to enhance antibiotic activity (as presented in Paper 

2), our focus was solely on degrading DNA and alginate within the biofilm matrix, 

overlooking another essential component, namely proteins. Proteins within the 

matrix can increase viscoelasticity and physically limit the penetration of antibiotics, 

potentially reducing treatment efficacy. A combination of protease and antibiotics 

was reported to significantly increase antibiotics targeting bacteria within biofilm in 

some in vitro studies [228]. However, considering its toxicity to host cells, 

implementing this approach in our situation may not be practical. 

Additionally, recent research has demonstrated that extracellular RNA (eRNA) 

associates with eDNA to form matrix fibers in   biofilms. Degradation of eRNA 

associated with eDNA results in a loss of eDNA fibers and biofilm viscoelasticity 

[377]. Therefore, additional degradation of RNA to decrease biofilm viscoelasticity 
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and enhance the efficacy of antimicrobial agents may prove to be a promising 

strategy. 

In the context of phage-antibiotic combination therapy, only reference strains were 

tested. However, this therapeutic approach could be extended to clinical isolates of 

CF patients, especially those of P. aeruginosa with a pigmented non-mucoid 

phenotype, as they closely resemble our reference strains. Additionally, this strategy 

could be be applied to other respiratory diseases such as chronic obstructive 

pulmonary disease (COPD) and bronchiectasis, where P. aeruginosa is a dominant 

pathogen [30]. Conversely, conditions like asthma, pulmonary fibrosis, and 

pneumonia are primarily associated with pathogens other than P. aeruginosa, such 

as Haemophilus, Moraxella, and Neisseriaceae in the case of asthma [30]. These 

respiratory infections require new phages to target the specific pathogens involved 

and also to isolates phages which target a broader range of clinical isolates from CF 

patients. 

While enzyme-antibiotics combination therapy almost eliminated S. aureus but not 

P. aeruginosa, and phage-antibiotics combination therapy showed limited activity 

against S. aureus but effective efficacy against P. aeruginosa in dual-species 

biofilms, a combination therapy involving enzymes, phages, and antibiotics is worth 

considering. For example, alginate lyase can degrade alginate, potentially enhancing 

phage activity. Therefore, incorporating enzymes, phages, and antibiotics into a 

combination therapy could potentially yield significant therapeutic outcomes. 

Once an effective strategy for combating biofilms is established, it's crucial to further 

investigate the underlying mechanisms by which antibiotics and adjuvants exert their 

effects on biofilms. This includes examining changes in gene expression, metabolite 

production, interactions between antibiotics and matrices, and the heterogeneous 

microenvironment within the biofilm. 
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The entire work in this thesis is systematically designed, covering aspects from the 

model and the interaction between bacteria to the therapy of biofilm infections. 

Despite some limitations and potential oversights, our investigation paves the way 

for a comprehensive study regarding lung infections in CF patients. The results and 

ideas presented in this thesis will inspire further research aimed at developing a 

dynamic multi-species biofilm model that closely mimics the situation in CF patients. 

New insights gained from this work can inject fresh perspectives into the study of 

dynamic interactions between microorganisms in the future. The novel strategies 

incorporating enzyme-antibiotic or phage-antibiotic combinations show promise for 

application in CF patients. In particular, the enzyme-antibiotic combination 

containing DNase I and alginate lyase holds potential to treat CF infections in the 

near future. We hope and believe that our study can ultimately benefit CF patients 

by eradicating biofilm infections and alleviating their pulmonary lung deterioration. 

Chapter V: Annexes 

Poster presentation at the 'European Society of Clinical Microbiology and Infectious 

Diseases' on April 28, 2022. 
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In-Vitro Study of Dual Species Biofilm Formed by Clinical Isolates 
of S. aureus and Different Phenotypes P. aeruginosa Collected 

as Pairs from Patients with Cystic Fibrosis

Zhifen Wang, Christiane Knoop, Albert Ruiz-Sorribas, Françoise Van Bambeke
1Université catholique de Louvain, 2Hôpital Erasme, Université libre de Bruxelles - Brussels (Belgium)
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N The sticky mucus in airways of CF patients favors the colonization by

bacteria [1] that tend to form difficult to-treat biofilms [2]. Although

S. aureus (SA) and P. aeruginosa (PA) can be isolated concomitantly in

the sputum of these patients, in-vitro biofilm models with reference strains

often claim that PA overgrows SA [3].
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• Establish dual-species biofilms using artificial sputum (ASM)

• Characterise the resulting biofilms for different phenotypes of PA

classification of PA 

non-mucoid mucoid strain SCV

biofilm growth process
106 CFU PA/well 

• The distribution of PA and SA was observed in confocal microscopy after fluorescence in situ hybridization
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Fig. 1. Evolution over time
of CFUs (A-C) or biomass
(D) in dual species
biofilms of clinical isolates
of PA and SA for different
phenotypes of PA (A: non-
mucoid; B: mucoid; C:
SCV). Values are means ±
SEM from 3 or 4
independent experiments
performed in more than
triplicates; values with
different letters are
significantly different from
each other (P<0.05). 2-
way ANOVA followed by
Tukey’s multiple compa-
risons test of pairs of
isolates. In panel D,
statistics are indicated
only for time points for
which some differences
are seen.

A: non-mucoid

B: mucoid

C: SCV

D: biomass

Fig. 2. illustrates for a
representative pair of
isolates with mucoid PA
(VBB496) that SA and PA
aggregated with each
other in biofilms.

➢ Dual-species biofilms easily form in ASM with isolates obtained from the same patients, and SA is not outcompeted by 

PA, whatever its phenotype. Furthermore, SA and PA can grow in common aggregates.  This is consistent with the 

cross-adaptation of PA and SA observed for isolates collected after several years in CF patients [4]. 
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[4] Baldan et al. 2014 PLoS One 9 (3): e89614.
[5] Diaz Iglesias et al. 2019 Antimicrob Agents Chemother 63: e02204-19 A copy of this poster will be made available 

after the meeting at http://www.facm.ucl.ac.be/posters.htm
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• The biomass was quantified by crystal 

violet staining

• CFUs were counted on species-specific 

agar media

characterization of biofilms

➢ SA remained steady in all dual-species biofilms over time (mucoid or SCV PA) or after 72 h (non mucoid PA).
➢ PA was stable over time (non-mucoid or SCV) or after 72h (mucoid)
➢ Biomass was stable over time for all biofilms

Acknowledgements:

all SA → same phenotype
Incubate for 2 h, then
replace by ASM

Co-culture up to 120 h

107 CFU SA/well

MHB-ca medium ASM

Incubate for  
additional 24h

ASM: mimics the 
viscoelastic properties of the  
mucus found in the airways 

of CF patients [5]

✓higher elasticity than 
viscosity
✓Composition (per liter):

10 g mucin; 4 g DNA; , 5.9 mg 
DTPA ; 5 g NaCl; 2.2 g KCl; 3 g 
agar; 5 g amino acids; 1.81 g 
Tris; 5 ml egg yolk emulsion

SAPA SA+PA
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