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ABSTRACT 
Approximately 2% of the total population will suffer from chronic wounds 
during their lifetime. These wounds can last for years and are associated with 
considerable patient suffering and large socioeconomic costs. Infection is 
considered an important factor for delayed healing. Due to the continued 
development of antibiotic resistance, novel alternative treatment strategies are 
urgently needed. Quorum sensing (QS), a signalling system used by important 
wound pathogens, such as Pseudomonas aeruginosa and Staphylococcus 
aureus, regulates the production of virulence factors and is thus an attractive 
target. 

The aim of this thesis was to evaluate the effect of sodium salicylate (NaSa) 
on P. aeruginosa and S. aureus QS activity and the production of virulence 
factors and how this influences the host immune response both in vitro and in 
vivo. Furthermore, a collection of P. aeruginosa chronic wound isolates was 
characterized in terms of QS signalling and virulence factor production. 

The results showed that approximately 50% of the clinical P. aeruginosa 
strains produced the majority of the investigated virulence factors and QS 
signals. In P. aeruginosa, NaSa reduced QS activity and the production of 
virulence factors, such as pyocyanin, pyoverdine, proteases and biofilm. In the 
presence of NaSa, P. aeruginosa formed smaller biofilm aggregates, which 
were more easily eradicated by silver. In S. aureus, the effect of NaSa on QS 
and virulence factor production was concentration dependent. Specifically, 
high levels of NaSa reduced QS and virulence production, whereas the 
opposite was observed for lower NaSa concentrations. In some instances, 
biofilm formation was induced by NaSa but without increasing its tolerance Trycksak
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towards silver or antibiotics. In vitro, immune cells stimulated with 
supernatants from NaSa-treated P. aeruginosa cultures demonstrated increased 
migration and phagocytic capacity compared to untreated supernatants. In vivo, 
rats stimulated with NaSa-treated supernatants showed increased immune cell 
infiltration and reduced secretion of proinflammatory cytokines. In conclusion, 
NaSa influences QS and virulence factor production in P. aeruginosa and S. 
aureus, resulting in the stimulation of important immune functions in vitro and 
in vivo. 
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SAMMANFATTNING PÅ SVENSKA 
Uppskattningsvis drabbas 2% av befolkningen av kroniska sår vilka ofta 
orsakar stort och långvarigt lidande samt höga kostnader. Infektioner i dessa 
sår tros vara en viktig faktor för hämmad sårläkning. Infektioner i kroniska sår 
kan vara svårbehandlade, och på grund av utbredda problem med 
antibiotikaresistens behövs forskning och utveckling av alternativa 
antimikrobiella behandlingsmetoder. ”Quorum sensing” (QS) är ett 
signalsystem som reglerar produktionen av virulensfaktorer, och som används 
av många olika mikroorganismer, däribland de viktiga sårpatogenerna 
Pseudomonas aeruginosa och Staphylococcus aureus. Virulensfaktorerna 
bidrar till bakteriernas sjukdomsalstrande förmåga, antigen direkt (via t.ex. 
toxiner) eller indirekt via immunosuppressiva mekanismer. Inhibering av QS 
skulle således utgöra en möjlig behandlingsstrategi.  

Målet med denna avhandling var att studera om och hur natriumsalicylat 
(NaSa) påverkar QS och produktionen av virulensfaktorer hos P. aeruginosa 
och S. aureus, samt hur detta i sin tur påverkar viktiga funktioner hos 
immunförsvaret. Avhandlingen ämnade också studera förekomsten av QS-
aktivitet och produktion av virulensfaktorer hos isolat från kroniska sår 
infekterade med P. aeruginosa.  

Resultaten i avhandlingen visar att cirka hälften av de kliniska P. aeruginosa 
stammarna tillverkar flertalet av de studerade QS signalerna och 
virulensfaktorerna. NaSa-behandling av P. aeruginosa resulterade i minskad 
QS-aktivitet, följt av minskad produktion av virulensfaktorer såsom 
pyocyanin, pyoverdin och proteaser. NaSa resulterade också i minskad 
bildning av bakteriella aggregat och biofilm, vilket möjliggjorde en effektiv 
avdödning av bakterierna med antiseptika (silver). För S. aureus var effekten 
av NaSa starkt koncentrationsberoende. Höga nivåer av NaSa ledde till 
minskad QS aktivitet och produktion av virulensfaktorer, medan lägre nivåer 
hade motsatt effekt. I vissa fall stimulerade NaSa biofilmbildningen hos S. 
aureus, dock utan att påverka mängden silver eller antibiotika som krävdes för 
avdödning av bakterierna. 

In vitro studier med immunceller visade att supernatanter från NaSa-
behandlade Pseudomonas odlingar, jämfört med obehandlade supernatanter, 
stimulerade leukocyters migration och fagocytos. I en djurmodell, resulterade 
stimulering av kirurgiska mjukvävnadssår med NaSa-supernatant i ökad 
cellinfiltration, minskad produktion av proinflammatoriska cytokiner, samt 
ökad fagocytos, jämfört med stimulering med kontrollsupernatant. 



 

towards silver or antibiotics. In vitro, immune cells stimulated with 
supernatants from NaSa-treated P. aeruginosa cultures demonstrated increased 
migration and phagocytic capacity compared to untreated supernatants. In vivo, 
rats stimulated with NaSa-treated supernatants showed increased immune cell 
infiltration and reduced secretion of proinflammatory cytokines. In conclusion, 
NaSa influences QS and virulence factor production in P. aeruginosa and S. 
aureus, resulting in the stimulation of important immune functions in vitro and 
in vivo. 

Keywords: quorum sensing, virulence, biofilm, wound infection, host immune 
response, Pseudomonas aeruginosa, Staphylococcus aureus 

ISBN 978-91-8009-881-6 (PRINT)  
ISBN 978-91-8009-882-3 (PDF) 

  

SAMMANFATTNING PÅ SVENSKA 
Uppskattningsvis drabbas 2% av befolkningen av kroniska sår vilka ofta 
orsakar stort och långvarigt lidande samt höga kostnader. Infektioner i dessa 
sår tros vara en viktig faktor för hämmad sårläkning. Infektioner i kroniska sår 
kan vara svårbehandlade, och på grund av utbredda problem med 
antibiotikaresistens behövs forskning och utveckling av alternativa 
antimikrobiella behandlingsmetoder. ”Quorum sensing” (QS) är ett 
signalsystem som reglerar produktionen av virulensfaktorer, och som används 
av många olika mikroorganismer, däribland de viktiga sårpatogenerna 
Pseudomonas aeruginosa och Staphylococcus aureus. Virulensfaktorerna 
bidrar till bakteriernas sjukdomsalstrande förmåga, antigen direkt (via t.ex. 
toxiner) eller indirekt via immunosuppressiva mekanismer. Inhibering av QS 
skulle således utgöra en möjlig behandlingsstrategi.  

Målet med denna avhandling var att studera om och hur natriumsalicylat 
(NaSa) påverkar QS och produktionen av virulensfaktorer hos P. aeruginosa 
och S. aureus, samt hur detta i sin tur påverkar viktiga funktioner hos 
immunförsvaret. Avhandlingen ämnade också studera förekomsten av QS-
aktivitet och produktion av virulensfaktorer hos isolat från kroniska sår 
infekterade med P. aeruginosa.  

Resultaten i avhandlingen visar att cirka hälften av de kliniska P. aeruginosa 
stammarna tillverkar flertalet av de studerade QS signalerna och 
virulensfaktorerna. NaSa-behandling av P. aeruginosa resulterade i minskad 
QS-aktivitet, följt av minskad produktion av virulensfaktorer såsom 
pyocyanin, pyoverdin och proteaser. NaSa resulterade också i minskad 
bildning av bakteriella aggregat och biofilm, vilket möjliggjorde en effektiv 
avdödning av bakterierna med antiseptika (silver). För S. aureus var effekten 
av NaSa starkt koncentrationsberoende. Höga nivåer av NaSa ledde till 
minskad QS aktivitet och produktion av virulensfaktorer, medan lägre nivåer 
hade motsatt effekt. I vissa fall stimulerade NaSa biofilmbildningen hos S. 
aureus, dock utan att påverka mängden silver eller antibiotika som krävdes för 
avdödning av bakterierna. 

In vitro studier med immunceller visade att supernatanter från NaSa-
behandlade Pseudomonas odlingar, jämfört med obehandlade supernatanter, 
stimulerade leukocyters migration och fagocytos. I en djurmodell, resulterade 
stimulering av kirurgiska mjukvävnadssår med NaSa-supernatant i ökad 
cellinfiltration, minskad produktion av proinflammatoriska cytokiner, samt 
ökad fagocytos, jämfört med stimulering med kontrollsupernatant. 



 

Sammanfattningsvis visar denna avhandling att NaSa påverkar QS och 
produktionen av virulensfaktorer hos P. aeruginosa och S. aureus, vilket i sin 
tur stimulerar flera viktiga funktioner hos immunförsvaret. Ytterligare 
forskning krävs för att utvärdera om denna substans kan underlätta läkning av 
kroniska sår. 
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1 INTRODUCTION 
Approximately 2% of the population will suffer from chronic ulcers (1). Such 
wounds can last for years with significant implications on quality of life and 
causing a high economic burden, accounting for 2-4% of the total health care 
budget (2, 3). The majority of chronic wounds are colonized by 
microorganisms, growing as biofilms (4) with bacterial cell aggregates 
embedded in a self-secreted slime-like material. The presence of biofilm in the 
wound is considered an important contributor to delayed healing (5). In 
addition to the use of advanced wound dressings releasing antimicrobial 
agents, such as silver, chlorhexidine or iodine, topical or systemic antibiotic 
treatment may be used to combat wound infections. However, treatments are 
not always successful due to the high tolerance of biofilms towards 
antimicrobial agents. Furthermore, the current global challenge of antibiotic 
resistance within the health care sector makes the treatment of biofilm 
infections even more challenging. It is estimated that antibiotic resistance will 
cause more deaths than cancer by 2050 (6); thus, effective alternative treatment 
strategies are needed for the treatment of bacterial infections. 

1.1 Normal wound healing 
In the absence of underlying risk factors, the vast majority of wounds do not 
develop into a chronic state but heal without complications. In the context of a 
skin injury, the primary barrier between our body and the outer environment is 
breached, resulting in a series of highly controlled events, ultimately leading 
to tissue repair (7). These events can be categorized into four temporal 
overlapping phases: haemostasis, inflammation, proliferation and tissue 
remodelling. During haemostasis, which occurs within seconds/minutes, blood 
vessels are contracted. Along with platelet aggregation and clot formation, 
these processes protect the wound and limit further blood loss. Tissue damage 
results in the release of different chemotactic factors, attracting immune cells 
to the site of injury, which initiates the inflammatory phase. Early cell 
infiltration is dominated by neutrophils, a type of polymorphonuclear 
leukocyte (PMN) that is often described as the “first line of defence”. 
Neutrophils eliminate bacteria via phagocytosis and release of reactive oxygen 
species (ROS) and other antibacterial factors. Neutrophils also produce 
proteases that breakdown the extracellular matrix (ECM), allowing neutrophils 
to reach the site of injury. At 1-2 days postinjury, monocytes are attracted to 
the wound bed and differentiate into tissue macrophages with a high 
phagocytic capability. Macrophages are a key cell type during wound healing, 
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orchestrating the inflammatory response. Upon further clearing of the wound 
bed via phagocytosis and release of proteolytic enzymes, such as collagenase, 
macrophages along with PMNs initiate the proliferation phase via release of 
growth factors, including transforming growth factor alpha and beta (TGF-α 
and TGF-β), basic fibroblast growth factor (FGF2) and platelet-derived growth 
factor (PDGF). During the proliferation phase, after clearance of apoptotic and 
necrotic neutrophils via macrophage phagocytosis, fibroblasts are recruited to 
the wound bed, which initiates the production of ECM proteins, such as 
collagen, hyaluronic acid, proteoglycans and fibronectin. The ECM is 
continuously remodelled by fibroblasts. During the late inflammatory and 
proliferative phase, epithelial cells (keratinocytes) migrate from the wound 
edges towards the wound centre. Upon epithelial cell‒cell contact inhibition, a 
new basement membrane is formed along with differentiation and the 
formation of a multilayered stratified epidermis. The final step of normal 
wound healing, the remodelling phase, is characterized by further synthesis 
and degradation of the ECM via matrix metalloproteases (MMPs) and 
collagenases. This stage is followed by a decrease in enzymatic activity partly 
via production of tissue inhibitors of matrix metalloproteases (TIMPs) and a 
decrease in macrophage and fibroblast cell numbers. Ultimately, the newly 
formed tissue is remodelled into a scar that matures over time (7). 

1.2 The chronic wound 
Chronic wounds have traditionally been defined as “wounds that have not 
proceeded through an orderly and timely reparation to produce anatomic and 
functional integrity after 3 months”, although different versions of this 
definition can be found in the literature (8). Common wound types with 
delayed healing include venous leg ulcers, diabetic foot ulcers and pressure 
ulcers, and various risk factors, such as age, limited mobility, poor nutrition 
and diabetes, have been reported (9) (Figure 1). While normal wound healing 
is carefully controlled by specific and temporal changes in cell type infiltration 
and cytokine, chemokine and protease levels, the chronic wound milieu 
exhibits the opposite features. Instead of a controlled resolution of the 
inflammatory phase, chronic wounds are associated with excessive 
inflammation, imbalance in pro- and anti-inflammatory cytokines and a 
continuous influx of PMNs, resulting in an environment with high levels of 
tissue-degrading enzymes and damaging ROS (10). The high number of 
immune cells producing proinflammatory cytokines, such as Interleukin 1 beta 
(IL-1β), Interleukin 6 (IL-6) and Tumor necrosis factor alpha (TNF-α), and the 
continuous ECM breakdown result in additional inflammation. One important 
factor for wound chronicity is the presence of bacteria, such as Pseudomonas 
aeruginosa and Staphylococcus aureus (5). 

Erik Gerner 

3 

 
 

Figure 1. Diabetic foot ulcer (left) and venous leg ulcer (right). ©Mölnlycke Health Care 

 

1.3 Wound infection 
As skin integrity is compromised, bacteria contaminate the wound. Sources of 
bacteria include the flora of the surrounding skin and bacteria from other parts 
of the body or the surrounding environment. In the majority of cases, the 
bacteria will not cause local infection. However, if the immune system fails to 
control and eliminate colonising microorganisms, local infection may develop. 
The risk of infection increases with risk factors, such as diabetes, malnutrition, 
age and a weakened immune system (11, 12). The wound infection continuum 
has been described in five steps (13) (Figure 2). 

1. Contamination – No multiplication of bacteria, no clinical issues. 
2. Colonization – Multiplying bacteria without host tissue damage. 
3. Local infection – Tissue damage and impaired healing. The use of 

topical antimicrobials is recommended. Local infection is associated 
with covert (subtle) or overt (classic) signs and symptoms. The former 
includes hypergranulation, bleeding and increased exudate levels, 
while the latter is characterised by e.g., erythema, local warmth and 
swelling (14). 

4. Spreading infection – Spreading of infection from the wound to 
surrounding healthy tissues. The use of topical and systemic 
antimicrobial agents is recommended. 

5. Systemic infection – Spreading of the infection throughout the body, 
causing sepsis and a systemic inflammatory response. The use of 
topical and systemic antimicrobial agents is recommended. 
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Figure 2. The wound infection continuum. Adapted from Haesler et al. (13). Created in 
BioRender.com 

 

A problematic feature of infecting bacteria is the formation of bacterial 
biofilm, which is defined as “clusters of aggregated bacterial cells embedded 
in self-produced extracellular polymeric substances (EPS) consisting of 
polysaccharides, extracellular DNA (eDNA) and proteins” (15). Due to the 
protective biofilm matrix as well as the dormancy of subpopulations of 
bacterial cells within the biofilms, significantly higher concentrations of 
antimicrobial agents are generally needed to eradicate biofilm bacteria 
compared to their free-floating (planktonic) counterparts (16). Biofilms are 
considered to cause chronic infections (17), and a recent systematic review and 
meta-analysis revealed that 80% of chronic wounds harbour biofilms (4). Two 
biofilm-forming pathogens frequently isolated from chronic wounds are 
Pseudomonas aeruginosa and Staphylococcus aureus, which have been found 
in 17-52 and 32-94% of all chronic wounds, respectively (18). Pseudomonas 
aeruginosa is an opportunistic Gram-negative rod-shaped bacterium that 
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displays antibiotic resistance to a variety of antibiotic classes, including 
quinolones, β-lactams and aminoglycosides, and has been associated with 
large and growing wounds (19). Staphylococcus aureus is a Gram-positive 
bacterium colonizing the skin and mucosa of approximately 30% of the human 
population and causes a high disease burden (20). Specifically, methicillin-
resistant S. aureus (MRSA) causes 10-fold more infections than all multidrug 
resistant (MDR) Gram-negative bacteria combined (21). Both P. aeruginosa 
and S. aureus are included in the World Health Organization’s list of priority 
pathogens due to their pathogenicity and drug-resistance profiles. 

1.4 Infection and immune response 
Upon bacterial infection, microorganisms can be recognized by the host via 
the innate and adaptive immune systems. The innate immune system is 
unspecific and responds to a broad range of pathogen-associated molecular 
patterns (PAMPs), whereas the adaptive immune system is selective and based 
on specific antigen recognition by receptors on specialized immune cells (T- 
and B-lymphocytes). One important class of receptors in the innate immune 
system is toll-like receptors (TLRs), which recognize bacterial and viral 
components, including lipopolysaccharide (LPS) and lipoteichoic acids 
(LTA), from Gram-negative and Gram-positive bacteria, respectively. The 
ligand-TLR interaction results in the activation of tissue-resident macrophages 
and the production of proinflammatory cytokines, such as TNF-α, IL-6 and IL-
1β. This proinflammatory response results in the recruitment of leukocytes, the 
production of antimicrobial proteins and peptides, and opsonization (protein 
“labelling” on the bacterial surface via antibodies and complement factors) of 
bacteria for phagocytosis. In the adaptive immune system, antigen-specific 
memory B cells are potent producers of antibodies, resulting in strong 
opsonization and effective subsequent bacterial elimination. The T cells of the 
adaptive immune system are divided into cytotoxic T cells (Tc cells) involved 
in killing cells infected with intracellular viruses and bacteria and T helper cells 
that stimulate other immune cells via cytokine secretion. T helper cells are 
further divided into Th1 and Th2 cells, which secrete pro- and anti-
inflammatory cytokines, respectively (22). 

1.5 The special case of biomaterial-associated 
infections 

In addition to chronic wound infections, the presence of bacteria in conjunction 
with implanted biomaterials is of special concern. A large number of implants 
are used every year to replace different body parts, and the insertion of dental, 
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hip and knee prostheses is a common practice today. Different biomaterials 
based on ceramics, stainless steel or titanium with defined surface topography 
and chemistry are routinely used. Although the prevalence of some 
biomaterial-associated infections (BAI), such as periprosthetic joint infection 
(PJI), seems low (1.5%), infection is considered a major complication with 
devastating consequences for the patient due to the large number of hip-knee 
arthroplasties performed (37,000 in Sweden per year) (23, 24). Significantly 
fewer numbers of bacteria are required to cause an infection in tissues in the 
presence of an implant compared to that noted in the absence of an implant  
(25). Insufficient tissue-implant integration due to the presence of bacteria and 
an abnormal inflammatory response may lead to the need for implant removal 
followed by extensive antimicrobial treatment, tissue healing and eventually 
reimplantation of the device (26). These procedures result in patient suffering 
and substantial costs. Surgery, per se, and implantation of foreign materials 
generate inflammation, which, if excessive, may cause tissue damage and 
increase the risk of implant failure. A current hypothesis related to implanted 
devices is the presence of an immune-incompetent zone (27). This zone has 
been characterized by detrimental inflammation with excessive levels of 
proinflammatory factors, such as IL-1, TNF-α, IL-6 and proteases, along with 
ROS production. The so-called “frustrated phagocytosis” may occur, where 
macrophages unsuccessfully strain to engulf the much larger implant, resulting 
in further macrophage activation and release of proinflammatory mediators 
(28, 29). Furthermore, implanted materials may trigger the formation of 
“foreign body giant cells”. Here, macrophages fuse into multinucleated giant 
cells, which contribute to cytokine secretion and ROS production (30). 
Another example of biomaterial-triggered inflammation is via the formation of 
wear particles. Physical motion and friction between implant-implant/host 
surfaces can induce particle formation, triggering phagocytosis and further 
inflammation (31). Inflammation stimulates the recruitment and proliferation 
of fibroblasts, which in the presence of an implant may cause excessive ECM 
deposition. This phenomenon results in the formation of a collagen-rich fibrous 
capsule surrounding the implant (32) which can shield the material from proper 
tissue integration and increase the risk for implant failure. 

1.6 Antimicrobial intervention 
If the action of the host immune system is insufficient for infection clearance, 
antimicrobial treatment is needed. Cleaning and debridement (removal of 
dead/damaged tissue) are essential in wound management but are not always 
sufficient. Topical or systemic antimicrobial agents are frequently used to 
manage wound and biomaterial-associated infections (33, 34). The persistent 
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goal to improve patient care along with the urgent global threat of antibiotic 
resistance has led to extensive research to identify new effective antimicrobial 
treatment solutions. One such novel treatment strategy involves interfering 
with a bacterial signalling system called quorum sensing (QS). 

1.7 Quorum sensing 
Quorum sensing is an inter- and intraspecies communication system in 
microorganisms based on their production of extracellular QS signal molecules 
that accumulate in a local environment. When these signals reach a certain 
concentration threshold, they trigger gene expression in neighbouring bacterial 
cells along with additional signal production (Figure 3). Hence, QS is a cell- 
and signal-density dependent signalling system that allows individual cells to 
act in a collective and synchronized manner. Many bacterial products, such as 
virulence factors or other common public goods involved in e.g., nutrient 
acquisition, are not useful if produced by only a few cells but are useful if 
produced by the collective group. QS is found in both Gram-negative and -
positive bacteria. Gram-positive bacteria use oligopeptides and membrane-
bound sensor kinase receptors together with cytoplasmic transcription factors 
to regulate gene expression. In Gram-negative bacteria, QS signals are 
typically acyl-homoserine lactones or derived from S-adenosylmethionine that 
diffuse freely across the bacterial membrane and bind to specific cytoplasmic 
or inner membrane receptors (35). The first studies on the subject were 
published half a century ago and showed that extracellular molecules resulted 
in a collective group behaviour (36) and that a rapid increase in these signals 
in the light-producing bacteria Vibrio fischeri and Vibrio harveyi was required 
for a luminescent response (37, 38). Later, it was shown that two genes, luxI, 
coding for a signal synthase catalyzing the formation of N-3-oxohexanoyl-l-
homoserine lactone, and luxR, coding its cognate receptor and responsible for 
the transcriptional activation of the lux gene, were responsible for 
luminescence regulation (39-41). Today, luxI and luxR homologues have been 
found in many bacterial species, including P. aeruginosa (42). A significant 
amount of research has been performed to elucidate QS regulation and its effect 
on genotypic and phenotypic characteristics along with its effects and interplay 
with host functions, such as the immune system. 
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Figure 3. General representation of QS signalling. At low cell and signal levels, gene 
expression is not initiated. As bacterial cells multiply and signal concentration increases, 
effective signal-receptor interaction occurs, leading to further signal production and gene 
expression. Adapted from Lin et al. (43). Created in BioRender.com 

1.7.1 Quorum sensing in Pseudomonas aeruginosa 
Three quorum sensing systems have been found in P. aeruginosa: LasI-LasR, 
RhlI-RhlR and the PqsC-PqsR system. In the early 1990s, lasR, which exhibits 
close homology to luxR, was shown to regulate LasB elastase activity (44). 
Shortly after, numerous virulence factors regulated by LasR were identified 
(45). The LasI-regulated signal responsible for LasR activation was found to 
be N-(3-oxododecanoyl)-homoserine lactone (3-oxo-C12-HSL) (46). A few 
years after the discovery of the LasI-LasR QS system, a second system was 
identified. RhlI-RhlR, which also exhibits significant homology to the LuxI-
LuxR system in Vibrio fischeri (47, 48), was found to induce the production of 
several virulence factors, including the two toxins pyocyanin and rhamnolipids 
(49). Activation of the las system results in induction of the rhl system and 
production of the N-butanoyl-L-homoserine lactone (C4-HSL) QS signal; 
however, it has been shown that rhlR can also be activated independently of 
the las system (50, 51). A third QS system of P. aeruginosa was later identified, 
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PqsC-PqsR (52-54). In addition to affecting virulence factor production, this 
system acts as a regulatory link between the las and rhl QS systems, as LasR 
positively regulates pqsR (53, 55), whereas RhlR downregulates pqsR (Figure 
4) and PqsR upregulates rhlR (51, 54). A fourth QS system has been described 
in the literature, the IQS system (56), although it is debated if it is a true QS 
system (57). 

 

 

Figure 4. Quorum sensing in Pseudomonas aeruginosa.  Adapted from Shaker et al. (58). 
Created in BioRender.com 

 

In P. aeruginosa, approximately 10% of the genome is regulated by QS (59). 
Numerous virulence factors are influenced by QS, including toxins, proteases 
and biofilm-modulating factors (Figure 5) (60), making quorum sensing 
inhibition an attractive treatment concept for P. aeruginosa infections. 
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1.7.2 Quorum sensing in Staphylococcus aureus 
The staphylococcal accessory gene regulator (agr) quorum sensing system is 
the most studied QS system in S. aureus and regulates the production of surface 
proteins and secretion of virulence factors. Two transcriptional units, RNAII 
and RNAIII, are activated by the agr QS system. Four genes, agrBDCA, of the 
RNAII unit are responsible for the production of the QS signal, the 
autoinducing peptide (AIP), and its corresponding receptor and thus function 
as a positive feedback loop (61). Four variants of the RNAII unit have been 
found with corresponding AIP classes (AIP I-IV), which are used to classify 
S. aureus strains (62, 63). The RNAIII unit, which contains the gene for a 
haemolytic virulence factor, delta toxin (hld), upregulates several virulence 
factors, such as alpha-toxin (hla), exoproteases and enterotoxins, while 
downregulating surface proteins, such as protein A (Figure 6) (64). The agr 
QS system is further controlled by global regulators, such as staphylococcal 
accessory regulator A (sarA), which is required for optimal agr activity (65). 
In contrast to P. aeruginosa, QS activation in S. aureus reduces biofilm 
formation by different mechanisms. Expression of agr results in reduction of 
surface proteins involved in cell attachment (66, 67) and increases expression 
of proteases involved in degradation of the biofilm matrix (68-70), favouring 
dispersal. Phenol-soluble modulins (PSMs), such as the agr-regulated 
virulence factor delta-toxin (Hld), are induced by agr, and their surfactant-like 
properties contribute to biofilm dispersal. 

 

Figure 5.  Virulence factors produced by Pseudomonas aeruginosa. 
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Figure 6. Schematic representation of Staphylococcus aureus quorum sensing. Adapted from 
Salam et al. (71). Created in BioRender.com 

 

1.7.3 Effect of quorum sensing on the host immune 
system 

Bacteria, such as P. aeruginosa, use QS and virulence factors to facilitate host 
invasion and escape immune defence mechanisms. The QS signal 3-oxo-C12-
HSL exhibits proinflammatory properties when administered to immune cells 
alone via upregulation of IL-1β, IL-6, IL-8, MIP-2, MCP-2 and COX-2 (72). 
However, when bacteria or LPS is present, this QS signal results in anti-
inflammatory effects via downregulation of TNF-α, MCP-1, IL-12 and IFN-γ 
and upregulation of IL-10 and HLA-g (72). IL-10 is an anti-inflammatory 
cytokine involved in inhibiting LPS- and bacterial product-mediated induction 
of proinflammatory cytokines. These cytokines, which are produced upon TLR 
activation by myeloid lineage cells, e.g., neutrophils, monocytes and 
macrophages, include TNFα, IL-1β, IL-12, and IFN-γ (72). The 3-oxo-C12-
HSL molecule has also been shown to induce apoptosis in macrophages and 
neutrophils (73). 

In addition to QS signals, the P. aeruginosa virulence factors pyocyanin and 
proteases also interfere with the immune system via impaired inflammasome 



The role of sodium salicylate as a virulence inhibitor for soft tissue infections 

10 

 

 

1.7.2 Quorum sensing in Staphylococcus aureus 
The staphylococcal accessory gene regulator (agr) quorum sensing system is 
the most studied QS system in S. aureus and regulates the production of surface 
proteins and secretion of virulence factors. Two transcriptional units, RNAII 
and RNAIII, are activated by the agr QS system. Four genes, agrBDCA, of the 
RNAII unit are responsible for the production of the QS signal, the 
autoinducing peptide (AIP), and its corresponding receptor and thus function 
as a positive feedback loop (61). Four variants of the RNAII unit have been 
found with corresponding AIP classes (AIP I-IV), which are used to classify 
S. aureus strains (62, 63). The RNAIII unit, which contains the gene for a 
haemolytic virulence factor, delta toxin (hld), upregulates several virulence 
factors, such as alpha-toxin (hla), exoproteases and enterotoxins, while 
downregulating surface proteins, such as protein A (Figure 6) (64). The agr 
QS system is further controlled by global regulators, such as staphylococcal 
accessory regulator A (sarA), which is required for optimal agr activity (65). 
In contrast to P. aeruginosa, QS activation in S. aureus reduces biofilm 
formation by different mechanisms. Expression of agr results in reduction of 
surface proteins involved in cell attachment (66, 67) and increases expression 
of proteases involved in degradation of the biofilm matrix (68-70), favouring 
dispersal. Phenol-soluble modulins (PSMs), such as the agr-regulated 
virulence factor delta-toxin (Hld), are induced by agr, and their surfactant-like 
properties contribute to biofilm dispersal. 

 

Figure 5.  Virulence factors produced by Pseudomonas aeruginosa. 

Pseudomonas aeruginosa virulence mechanisms

Motility

Flagella

Type IV pili

Biofilm

Alginate

Rham
nolipids

eDNA

Immune 
evasion

Elastase

Alkaline 
protease

Cytotoxicity

Pyocyanin

T3SS

Rham
nolipids

Iron 
scavenging

Pyochelin

Pyoverdin

Erik Gerner 

11 

 

 

Figure 6. Schematic representation of Staphylococcus aureus quorum sensing. Adapted from 
Salam et al. (71). Created in BioRender.com 

 

1.7.3 Effect of quorum sensing on the host immune 
system 

Bacteria, such as P. aeruginosa, use QS and virulence factors to facilitate host 
invasion and escape immune defence mechanisms. The QS signal 3-oxo-C12-
HSL exhibits proinflammatory properties when administered to immune cells 
alone via upregulation of IL-1β, IL-6, IL-8, MIP-2, MCP-2 and COX-2 (72). 
However, when bacteria or LPS is present, this QS signal results in anti-
inflammatory effects via downregulation of TNF-α, MCP-1, IL-12 and IFN-γ 
and upregulation of IL-10 and HLA-g (72). IL-10 is an anti-inflammatory 
cytokine involved in inhibiting LPS- and bacterial product-mediated induction 
of proinflammatory cytokines. These cytokines, which are produced upon TLR 
activation by myeloid lineage cells, e.g., neutrophils, monocytes and 
macrophages, include TNFα, IL-1β, IL-12, and IFN-γ (72). The 3-oxo-C12-
HSL molecule has also been shown to induce apoptosis in macrophages and 
neutrophils (73). 

In addition to QS signals, the P. aeruginosa virulence factors pyocyanin and 
proteases also interfere with the immune system via impaired inflammasome 



The role of sodium salicylate as a virulence inhibitor for soft tissue infections 

12 

activation (involved in the activation and secretion of proIL-1β and proIL-18). 
Furthermore, bacterial elastase cleaves thrombin, generating a peptide that 
prevents TLR dimerization. This peptide is believed to contribute to immune 
evasion (74). QS-dependent immunomodulatory factors produced by S. aureus 
include exotoxins, such as α-toxin and γ-toxin, and proteases, such as 
staphopain, which cleaves CXCR2-binding chemokines and thus limits 
neutrophil migration (75). S. aureus also modulates the host response by 
secreting staphylococcal superantigen-like proteins (SSLs), blocking TLR-2 
activation and reducing neutrophil chemotaxis via C-X-C chemokine receptor 
4 blockage (76). SSLs are also involved in immune evasion by interfering with 
opsonization by binding IgG1 antibodies, preventing their interaction with 
corresponding receptors on immune cells and thus reducing effective 
phagocytosis (76). 

1.7.4 Quorum sensing in the clinical setting 
Numerous studies have been performed to evaluate the impact of QS and 
virulence in human infections. Such studies are normally conducted by 
identifying QS signals in human samples and by isolating bacteria followed by 
characterization of genes related to the QS gene machinery and virulence factor 
production (77). Several studies of P. aeruginosa and S. aureus infections in 
the urinary tract, lower respiratory tract, sepsis and wound infections revealed 
that the majority of the isolates had a functional QS system; however, isolates 
with QS mutations were also found (78, 79). The frequency of QS mutations 
seems to increase with the duration of the infection and the Las system seems 
to be prone to mutation in P. aeruginosa (80). For S. aureus, clinical agr-
defective isolates have been found, although mutations in agr do not seem to 
persist in MRSA populations (79, 81). Even though a strain might be QS 
deficient, it can still benefit from QS signals and virulence factors produced by 
QS-positive strains, a phenomenon called social cheating (80, 82). The 
production of QS signals and virulence factors is costly and decreases the 
fitness of individual cells (83). Gene expression studies of virulence factors 
produced by P. aeruginosa and S. aureus reveal that in chronic infections, QS 
gene expression is generally lower than that observed in vitro (77). It is 
possible that a functional QS system with high expression of virulence factors 
is most important during the establishment of infection (84). 

1.7.5 Sodium salicylate as a QS inhibitor 
Since the discovery of QS and as the importance of QS in virulence factor 
production has gradually been recognized, tremendous efforts have been made 
to identify and evaluate potential QS inhibitors (QSIs). Different strategies 
have been used, such as reducing the activity of cognate QS signal receptors 
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or enzymatic QS signal degradation (85). In addition to man-made QSIs, QSI 
sources include bacteria, plants and animals. Although no QSI-based 
treatments are clinically available to date, researchers continue their efforts to 
find potent and safe QSIs. 

Acetylsalicylic acid (AspirinTM), and its active metabolite salicylic acid (SAL), 
have previously been evaluated as QSIs in vitro against P. aeruginosa (86-89), 
although not in wound-like culture conditions, and attenuation of virulence 
factors, such as pyocyanin, elastase and biofilm, has been demonstrated (88). 
The effect of the same compounds against S. aureus QS has recently been 
evaluated (90), and several studies investigating the effect of virulence factors 
have been performed (91-93). From a clinical perspective, the potential 
beneficial effects of ASA and SAL on S. aureus are complex. Although 
secretion of several important virulence factors, such as α-toxin and fibronectin 
binding adhesins have been shown to decrease (91), biofilm formation can 
increase due to reduced dispersal (via a reduction in protease and surfactant 
production and an upregulation of the cell adhesion proteins) (90). 
Furthermore, SAL treatment has been shown to increase the capability of the 
bacterium to invade epithelial cells (94), whereas SAL treatment of infected 
rabbits decreased vegetation and renal bacterial counts in an endocarditis 
model (91). The vast knowledge of pharmacokinetics, biodistribution and 
safety built around salicylic acid and its sodium salt, due to the last 120 years 
of experience with the use of acetylsalicylic acid, are valuable in drug 
development and the repurposing of these substances for antivirulence 
therapies. 

The evaluation of treatment strategies for wound infections in a lab setting is 
undoubtedly challenging due to the high complexity of wounds and wound 
healing. The tradeoff between the clinical relevance of the test system versus 
practicalities, such as cost and throughput, can be challenging. In this thesis, 
numerous different test systems were used in combination with various 
analytical techniques. In some cases, the same phenomenon is evaluated with 
a range of test methods with different complexities. For example, biofilm 
formation is evaluated on plastic surfaces using crystal violet, a commonly 
used dye that stains biofilm biomass. Clinical relevance is increased by 
growing biofilms on collagen-coated surfaces and more so by the use of a 
three-dimensional collagen-based gel containing serum proteins. Considering 
the multifaceted interplay between microorganisms and host defence cells, 
animal models play an important role in the understanding and evaluation of 
QSIs. However, such experiments should always be carefully justified, taking 
the “3Rs”, i.e., replacement, reduction and refinement, into consideration. 
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2 AIMS 
The overall aim of this thesis is to evaluate the use of sodium salicylate (NaSa) 
as a potential quorum sensing inhibitor in vitro and in vivo. 

More specifically, this thesis aims to evaluate the following: 

- The prevalence of QS signal and virulence factor production 
in Pseudomonas aeruginosa isolates from chronic wounds 
and the influence of NaSa on QS activation and virulence 
factor production under wound-like culture conditions (Paper 
I). 
 

- The role of NaSa in P. aeruginosa biofilm formation, 
aggregation and susceptibility towards antiseptics in a 
wound-like three-dimensional collagen model (Paper II). 
 

- The influence of NaSa on S. aureus QS, virulence factor 
expression and protein production in laboratory strains and 
clinical isolates, including its effects on biofilm formation and 
antimicrobial susceptibility on different surfaces (Paper III). 
 

- The importance of virulence factors secreted by P. 
aeruginosa in supernatants from cultures with and without 
NaSa on host immune functions in vitro and in vivo, including 
cell viability, migration, phagocytosis and cytokine 
expression (Paper IV). 
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3 METHODS 
A range of different assays and techniques has been utilized throughout this 
thesis. In general, a high emphasis has been placed on using clinical isolates 
from Pseudomonas aeruginosa and Staphylococcus aureus as well as more 
clinically relevant culture conditions compared to the more traditional use of 
minimal media and various nutrient broths/agars. To simulate wound-like 
conditions, growth media were supplemented with 50% foetal bovine serum 
(FBS) to achieve a protein concentration similar to that of chronic wound fluid 
(95). Overall, quantitative methods have been preferred over qualitative 
methods, although the latter were used to characterize the clinical isolates in 
the production of certain virulence factors. 

  



The role of sodium salicylate as a virulence inhibitor for soft tissue infections 

14 

2 AIMS 
The overall aim of this thesis is to evaluate the use of sodium salicylate (NaSa) 
as a potential quorum sensing inhibitor in vitro and in vivo. 

More specifically, this thesis aims to evaluate the following: 

- The prevalence of QS signal and virulence factor production 
in Pseudomonas aeruginosa isolates from chronic wounds 
and the influence of NaSa on QS activation and virulence 
factor production under wound-like culture conditions (Paper 
I). 
 

- The role of NaSa in P. aeruginosa biofilm formation, 
aggregation and susceptibility towards antiseptics in a 
wound-like three-dimensional collagen model (Paper II). 
 

- The influence of NaSa on S. aureus QS, virulence factor 
expression and protein production in laboratory strains and 
clinical isolates, including its effects on biofilm formation and 
antimicrobial susceptibility on different surfaces (Paper III). 
 

- The importance of virulence factors secreted by P. 
aeruginosa in supernatants from cultures with and without 
NaSa on host immune functions in vitro and in vivo, including 
cell viability, migration, phagocytosis and cytokine 
expression (Paper IV). 

Erik Gerner 

15 

3 METHODS 
A range of different assays and techniques has been utilized throughout this 
thesis. In general, a high emphasis has been placed on using clinical isolates 
from Pseudomonas aeruginosa and Staphylococcus aureus as well as more 
clinically relevant culture conditions compared to the more traditional use of 
minimal media and various nutrient broths/agars. To simulate wound-like 
conditions, growth media were supplemented with 50% foetal bovine serum 
(FBS) to achieve a protein concentration similar to that of chronic wound fluid 
(95). Overall, quantitative methods have been preferred over qualitative 
methods, although the latter were used to characterize the clinical isolates in 
the production of certain virulence factors. 

  



The role of sodium salicylate as a virulence inhibitor for soft tissue infections 

16 

3.1 General 

3.1.1 Strains 
The bacterial strains used in this thesis are outlined in Table 1. 

Table 1. Bacterial strains used. 

Bacterial species and strain ID Isolation source/Characteristic Reference 
E. coli MH155 3-oxo-C12-HSL signal 

reporter 
(96) 

E. coli MH205 C4-HSL signal reporter (97) 
E. coli IM01B Plasmid transformation into 

S. aureus 
(98) 

P. aeruginosa clinical isolates 
ID Nos. 1 to 14 

Chronic leg ulcers (99) 

P. aeruginosa PAO1 wild-
type 

Reference strain (100) 

P. aeruginosa PAO1 ∆pqsC 
pqsA::gfp(ASV) 

PQS signal reporter (101) 

P. aeruginosa PAO1 
lasB::gfp(ASV) 

las-inhibition reporter (96) 

P. aeruginosa PAO1 
rhlA::gfp(ASV) 

rhl-inhibition reporter (87) 

P. aeruginosa PAO1 
pqsA::gfp 

PQS-inhibition reporter (101) 

P. aeruginosa PAO1 MH694 ∆lasI (102) 
P. aeruginosa PAO1 MH698 ∆rhlI (103) 
P. aeruginosa PAO1 ∆pqsC ∆pqsC (104) 
P. aeruginosa PAO1 MH239 ∆lasR ∆rhlR (105) 
P. aeruginosa PAO1 MH873 PAO1 wt-GFP (106) 
P. aeruginosa PAO1 MH808 ∆lasR∆rhlR-GFP (105) 
P. aeruginosa PAO1 MH877 ∆lasI∆rhlI-GFP (102) 
S. aureus ATCC 25923 
(CCUG 17621) 

Reference strain Culture Collection University 
of Gothenburg (CCUG) 

S. aureus M19.436 ATCC 25923 + 
pCN47(TT)::P2(agr)-GFP 

This study (Paper III) 

S. aureus M19.441 ATCC 25923 + pCN47(TT) This study (Paper III) 
S. aureus 8325-4 rnaIII::lacZ rnaIII reporter strain (107) 
S. aureus 8325-4 hla::lacZ hla reporter strain (107) 
S. aureus 8325-4 spa::lacZ spa reporter strain (107) 
M19.373, M19.381, M19.420 
and M19.367 

S. aureus isolates from 
periprosthetic joint infections 

(108) 

CCUG 177549, 38581, 39741 
and 39743 

S. aureus isolates from wound 
infections 

Culture Collection University 
of Gothenburg (CCUG) 

 

3.1.2 Bacterial viability counting (Papers I-III) 
To quantify the number of viable colony-forming units (CFU), tenfold serial 
dilutions were performed in 0.9% saline or saline supplemented with 0.1% 
Triton X-100 for Pseudomonas aeruginosa and Staphylococcus aureus, 
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respectively, before spotting small volumes from different dilutions on blood 
agar plates. Sonication of cultures at 42 kHz was performed prior to dilution 
when appropriate. Colony-forming units were manually counted after 24-48 h 
of incubation at 35 or 37°C for P. aeruginosa and S. aureus, respectively. 

3.1.3 Human cell propagation (Paper IV) 
Culturing of THP-1 and HL-60 cells was performed in Roswell Park Memorial 
Institute (RPMI) medium supplemented with 10% FBS and 1% 
penicillin/streptomycin. The cells were routinely split at approximately 1:5 
when cell concentrations reached 1 × 106 cells/ml. 

3.2 Characterization of P. aeruginosa wound 
isolates (Papers I-II) 

Fourteen Pseudomonas aeruginosa isolates from chronic leg ulcers (99) were 
evaluated regarding their ability to produce QS signals and different virulence 
factors. 

3.2.1 Virulence factors 
The abilities of the Pseudomonas aeruginosa clinical isolates to swarm (related 
to bacterial motility on surfaces) and to produce pyocyanin, pyoverdine, 
alkaline protease and elastase were investigated by culturing the cells on 
different agar substrates. The detection of pyocyanin (Kings agar A) and 
pyoverdine (Pseudomonas F agar) was evaluated after 24-48 h of incubation 
at 35°C followed by visual inspection for blue–green colour (pyocyanin) or 
fluorescent light under ultraviolet illumination (pyoverdine). Alkaline protease 
activity was detected by the development of clear zones around colonies after 
24 h of growth at 35°C on alkaline (pH=10) tryptic soy agar (TSA) 
supplemented with milk powder. Elastase activity was determined similarly, 
but after 48 h of growth on TSA plates (neutral pH) supplemented with elastin 
from bovine neck ligaments. Swarming was evaluated by growth and 
spreading of colonies on semisolid TSA plates supplemented with milk powder 
for 48 h at 35°C. Stapholytic activity was evaluated after 24 h of growth at 
35°C on TSA containing heat-killed S. aureus cells. Clear zones around the 
colonies were considered stapholytic activity. Examples of pyocyanin, 
pyoverdine, alkaline protease and swarming assays are shown in Figure 7. 
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3.1 General 

3.1.1 Strains 
The bacterial strains used in this thesis are outlined in Table 1. 
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(96) 
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(98) 

P. aeruginosa clinical isolates 
ID Nos. 1 to 14 

Chronic leg ulcers (99) 

P. aeruginosa PAO1 wild-
type 

Reference strain (100) 

P. aeruginosa PAO1 ∆pqsC 
pqsA::gfp(ASV) 
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P. aeruginosa PAO1 
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las-inhibition reporter (96) 
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P. aeruginosa PAO1 
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P. aeruginosa PAO1 MH698 ∆rhlI (103) 
P. aeruginosa PAO1 ∆pqsC ∆pqsC (104) 
P. aeruginosa PAO1 MH239 ∆lasR ∆rhlR (105) 
P. aeruginosa PAO1 MH873 PAO1 wt-GFP (106) 
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P. aeruginosa PAO1 MH877 ∆lasI∆rhlI-GFP (102) 
S. aureus ATCC 25923 
(CCUG 17621) 

Reference strain Culture Collection University 
of Gothenburg (CCUG) 

S. aureus M19.436 ATCC 25923 + 
pCN47(TT)::P2(agr)-GFP 

This study (Paper III) 

S. aureus M19.441 ATCC 25923 + pCN47(TT) This study (Paper III) 
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and M19.367 
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periprosthetic joint infections 

(108) 
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and 39743 

S. aureus isolates from wound 
infections 

Culture Collection University 
of Gothenburg (CCUG) 

 

3.1.2 Bacterial viability counting (Papers I-III) 
To quantify the number of viable colony-forming units (CFU), tenfold serial 
dilutions were performed in 0.9% saline or saline supplemented with 0.1% 
Triton X-100 for Pseudomonas aeruginosa and Staphylococcus aureus, 
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respectively, before spotting small volumes from different dilutions on blood 
agar plates. Sonication of cultures at 42 kHz was performed prior to dilution 
when appropriate. Colony-forming units were manually counted after 24-48 h 
of incubation at 35 or 37°C for P. aeruginosa and S. aureus, respectively. 

3.1.3 Human cell propagation (Paper IV) 
Culturing of THP-1 and HL-60 cells was performed in Roswell Park Memorial 
Institute (RPMI) medium supplemented with 10% FBS and 1% 
penicillin/streptomycin. The cells were routinely split at approximately 1:5 
when cell concentrations reached 1 × 106 cells/ml. 
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isolates (Papers I-II) 
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evaluated regarding their ability to produce QS signals and different virulence 
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alkaline protease and elastase were investigated by culturing the cells on 
different agar substrates. The detection of pyocyanin (Kings agar A) and 
pyoverdine (Pseudomonas F agar) was evaluated after 24-48 h of incubation 
at 35°C followed by visual inspection for blue–green colour (pyocyanin) or 
fluorescent light under ultraviolet illumination (pyoverdine). Alkaline protease 
activity was detected by the development of clear zones around colonies after 
24 h of growth at 35°C on alkaline (pH=10) tryptic soy agar (TSA) 
supplemented with milk powder. Elastase activity was determined similarly, 
but after 48 h of growth on TSA plates (neutral pH) supplemented with elastin 
from bovine neck ligaments. Swarming was evaluated by growth and 
spreading of colonies on semisolid TSA plates supplemented with milk powder 
for 48 h at 35°C. Stapholytic activity was evaluated after 24 h of growth at 
35°C on TSA containing heat-killed S. aureus cells. Clear zones around the 
colonies were considered stapholytic activity. Examples of pyocyanin, 
pyoverdine, alkaline protease and swarming assays are shown in Figure 7. 
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Figure 7. Production of pyocyanin (A), pyoverdine (B) and alkaline protease (C) by 
Pseudomonas aeruginosa. Strains showing negative (D) and positive (E) swarming ability. 

 

Rhamnolipid production was evaluated in liquid cultures of the clinical isolates 
in medium with glycerol (4.2%) as a carbon source for 6 days at 35°C before 
extraction of rhamnolipids from the supernatants using diethyl ether. Cell-free 
medium was used as a control. The diethyl ether fraction was dried at room 
temperature overnight before the addition of orcinol in H2SO4, resulting in a 
rhamnolipid-dependent colour change. The optical density (OD) at 421 nm, 
which is proportional to the rhamnolipid concentration, was measured using a 
plate reader (FluostarOmega, BMG LABTECH, Germany) and compared to 
the OD of the blank samples. 

Biofilm formation was evaluated by culturing the clinical isolates on a Calgary 
Biofilm Device (polystyrene pegs attached to the lid of a microtiter plate) at 
35°C and 100 rpm for 48 h (Figure 8). After rinsing the pegs, the biofilms were 
stained with crystal violet, which, after additional washing to remove excess 

. 
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dye, was transferred to a 1:5 mixture of acetone and ethanol to elute the dye 
prior to OD measurements at 590 nm. 

 

Figure 8. Calgary biofilm device. Bacteria in growth medium are added to the microtiter plate 
before submerging the pegs in the wells. Biofilms are established on the peg surfaces over 
time under flow conditions. Image from www.innovotech.ca. 

3.2.2 QS signal production 
Detection of QS signals was performed with green fluorescent protein (GFP)-
based reporter strains. Supernatants of 24-h-old cultures of the Pseudomonas 
aeruginosa clinical isolates were mixed with the E. coli reporter strains 
MH155 and MH205 for quantification of 3-oxo-C12-HSL and C4-HSL, 
respectively, or with P. aeruginosa PAO1 ∆pqsC PpqsA::gfp(ASV) for PQS 
quantification. Purified signals and supernatants of mutant strains (PAO1 
∆lasI, PAO1 ∆rhlI and PAO1 ∆pqsC) defective in signal production were used 
as positive and negative controls, respectively. Supernatants and controls 
together with reporter strains were transferred to microtiter plates and 
incubated at 35°C in a plate reader for 20 h. GFP fluorescence intensity at 
530/485 nm (ex/em) was measured every 15 min and compared to that of the 
negative controls to classify strains as positive or negative for QS signal 
production. 

3.3 NaSa and P. aeruginosa virulence factor 
production (Papers I-II) 

The minimum inhibitory concentrations (MICs) of NaSa for the different 
strains used were determined by growing the strains in a series of twofold serial 
dilutions of NaSa (from 2 to 250 mM) for 24 h at 35°C, followed by OD 
measurements at 600 nm. 
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MH155 and MH205 for quantification of 3-oxo-C12-HSL and C4-HSL, 
respectively, or with P. aeruginosa PAO1 ∆pqsC PpqsA::gfp(ASV) for PQS 
quantification. Purified signals and supernatants of mutant strains (PAO1 
∆lasI, PAO1 ∆rhlI and PAO1 ∆pqsC) defective in signal production were used 
as positive and negative controls, respectively. Supernatants and controls 
together with reporter strains were transferred to microtiter plates and 
incubated at 35°C in a plate reader for 20 h. GFP fluorescence intensity at 
530/485 nm (ex/em) was measured every 15 min and compared to that of the 
negative controls to classify strains as positive or negative for QS signal 
production. 

3.3 NaSa and P. aeruginosa virulence factor 
production (Papers I-II) 

The minimum inhibitory concentrations (MICs) of NaSa for the different 
strains used were determined by growing the strains in a series of twofold serial 
dilutions of NaSa (from 2 to 250 mM) for 24 h at 35°C, followed by OD 
measurements at 600 nm. 
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3.3.1 PAO1 growth, QS activity and virulence factor 
production 

Pseudomonas aeruginosa PAO1 GFP-based reporter strains of the las, rhl and 
PQS QS systems were grown at 35°C in microtiter plates in minimal medium 
supplemented with 0-10 mM NaSa, with or without the addition of 50% FBS. 
Fluorescence intensity at 530/485 nm (ex/em) was measured every 15 min for 
20 h as a measure of the expression of the respective QS system. 

The effect of NaSa and serum proteins on growth kinetics and pyocyanin and 
pyoverdine production was evaluated using the PAO1 wild-type (WT) strain 
and a checkerboard approach. Eight suspensions of NaSa and FBS were each 
twofold serially diluted in minimal AB medium (109) in eight steps to create 
eight dilution series of NaSa and FBS, respectively. Next, the dilution series 
was mixed 1:1 to create 64 unique mixtures of NaSa and FBS before addition 
of the PAO1 strain. The mixtures were incubated for 24 h at 35°C in a 
microtiter plate, and the OD at 450 nm was measured every 30 min for analysis 
of growth kinetics. After an additional 48 h of incubation at 35°C, the 
supernatants of the different wells were collected, and the ODs at 405 and 690 
nm were measured for pyoverdine and pyocyanin quantifications, respectively. 

3.3.2 Virulence factor production by clinical strains 
Supernatants from Pseudomonas aeruginosa PAO1 and a subset of clinical 
strains (Nos. 1, 4 and 12) positive for a majority of the evaluated virulence 
factors and QS signals were collected after 24 and 48 h of growth at 35°C and 
100 rpm in serum-containing growth media supplemented with 0, 2 or 10 mM 
NaSa. For pyocyanin and pyoverdine quantification, the ODs of the 
supernatants were measured at 690 and 405 nm, respectively. 

For evaluation of alkaline protease activity, bacterial supernatants were mixed 
with tris(hydroxymethyl)aminomethane (TRIS) solution at pH=10, 
supplemented with azocasein as a protein substrate, and incubated at 35°C for 
30 min before stopping the enzymatic activity by the addition of trichloroacetic 
acid (TCA). The mixtures were centrifuged, and the supernatants were mixed 
with 1 M NaOH before measuring the OD at 420 nm as a measurement of 
azocasein degradation. 

The elastase activity of the supernatants was analysed using fluorescently 
labelled elastin. Elastin-supernatant mixtures were incubated in microtiter 
plates at 35°C, and fluorescence at 530/485 nm (ex/em) upon cleavage of the 
substrate was analysed every 90 sec. The increase in fluorescence over time 
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was used to calculate the rate of elastin cleavage. A serial dilution of porcine 
pancreas elastase was used as a calibration curve. 

Stapholytic activity was measured by mixing P. aeruginosa supernatants with 
heat-killed S. aureus ATCC 25923 cells in a 96-well microtiter plate and 
measuring the decrease in OD at 600 nm over time. As staphylococcal cells 
are lysed, the turbidity of the mixture decreases. Biofilm formation was 
evaluated as described before but with additional inclusion of different NaSa 
concentrations in the growth media. 

The effects of serum on the production of pyocyanin, pyoverdine and biofilm 
were evaluated quantitatively for all clinical strains and PAO1 as described 
before, using lysogeny broth (LB) with and without 50% FBS as culture media. 

3.3.3 Biofilm formation and aggregation  
Pseudomonas aeruginosa PAO1-GFP and PAO1 ∆lasR∆rhlR-GFP were 
cultured in simulated wound fluid containing 50% FBS in saline, with and 
without 10 mM NaSa, on collagen type-I coated glass chamber slides for 24 h 
at 35°C. After removing the chambers, five image stacks per sample of the 
biofilms were collected with a confocal laser scanning microscope (CLSM) 
(Nikon, Tokyo, Japan) and analysed with ImageJ (110). Analysis included 
quantification of total biomass and average biofilm aggregate size. To further 
analyse the effect of NaSa on large aggregate formation, datasets based on the 
10 largest aggregates in each stack (a total of 300 aggregates per treatment) 
were analysed. Next, the aggregate-size distributions of these datasets were 
compared. 

3.4 S. aureus agr QS and virulence factor 
production (Paper III) 

The influence of NaSa on Staphylococcus aureus QS and virulence factor 
production was investigated using an agrBDCA GFP-based reporter strain, 
western blot, droplet digital PCR (ddPCR) and lacZ-based reporter strains. 
Biofilm formation was evaluated on different material surfaces (titanium, 
polystyrene and collagen) using S. aureus laboratory and clinical strains from 
wound and periprosthetic joint infections. 

3.4.1 Construction of an agrBDCA reporter strain 
The Staphylococcus aureus ATCC 25923 pCN47(TT)::P2(agr)-GFP reporter 
strain was constructed by fusing the intergenic region between agrB and rnaIII 
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(260 bp) from the ATCC 25923 wild-type strain with the gfpmut2 gene (717 
bp) to generate a transcriptional fusion of the agrBDCA P2 promoter with the 
gfpmut2 gene. The construct was cloned into a pJET 1.2 vector before 
subcloning into the pCN47(TT) plasmid. The plasmid was finally transformed 
into S. aureus ATCC 25923 via electroporation. 

3.4.2 Analysis of agrBDCA expression using a plate 
reader 

To measure the expression of the agrBDCA genes under the P2 promotor, the 
S. aureus ATCC 25923 pCN47(TT)::P2(agr)-GFP reporter strain was grown 
in TSB with and without 50% FBS and supplemented with 0-10 mM NaSa, 
including AIP-I as negative control for agr expression. After 24 and 48 h of 
growth at 37°C, the ratio between the fluorescence intensity at 530/485 nm 
(ex/em) and the OD at 600 nm was analysed using a plate reader as a measure 
of agrBDCA expression. 

3.4.3 Western blot 
Western blotting was used to analyse the production of GFP as a measurement 
of agrBDCA expression in the constructed reporter strain (3.4.1), as well as the 
production of alpha toxin, delta toxin, staphopain A and protein A by 
Staphylococcus aureus ATCC 25923. 

Cells grown in TSB with 0-10 mM NaSa for 24 h were pelleted via 
centrifugation and mechanically lysed in a TissueLyser II (Qiagen, Hilden, 
Germany) using glass beads. Next, the collected lysate was heated to 100 °C 
for 5 min, and after total protein quantification, 10 µg protein was added to the 
wells of SDS gels and separated for 1 h. Next, the gels were transferred to 
nitrocellulose membranes. After blocking with nonfat milk, the membranes 
were incubated with primary antibodies against the different targets, followed 
by incubation with a secondary horseradish peroxidase (HRP)-conjugated 
antibody. Next, an enhanced chemiluminescence (ECL) substrate was added 
to the membranes before chemiluminescence detection in a ChemiDoc system 
(Bio-Rad Laboratories, Hercules, USA). Then, the antibodies were stripped of 
the membranes before reincubation with primary anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) antibodies, followed by incubation with 
secondary HRP-antibody and ECL. Analysis of GAPDH was used to 
normalize the signals of the different targets. The scanned bands were 
quantified with ImageJ. 
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3.4.4 ddPCR  
For ddPCR analysis, 24-h-old cultures of Staphylococcus aureus ATCC 25923 
(agr III) and S. aureus 8325-4 (agr I) grown at 37 °C in TSB supplemented 
with 0-10 mM NaSa were mixed with RNAprotect before pelleting the cells. 
Next, the cells were lysed in TRIzol using a TissueLyser II and glass beads 
before the addition of chloroform. The aqueous phase was mixed with ethanol 
for ribonucleic acid (RNA) precipitation followed by RNA purification using 
the RNeasy Mini kit (Qiagen, Hilden, Germany) and deoxyribonucleic acid 
(DNA) removal using the RNase-free DNase set (Qiagen, Hilden, Germany). 
The RNA quality was checked with a Bioanalyzer 2100 (Agilent Technologies, 
Santa Clara USA), and an RNA integrity number higher than five was 
considered acceptable. RNA was converted to complementary DNA (cDNA) 
with a QuantiTect Reverse 168 Transcription Kit (Qiagen, Hilden, Germany), 
and the single-stranded cDNA concentration was analysed with a Qubit single-
stranded DNA kit (Thermo Fisher Scientific, Waltham, USA). Genomic S. 
aureus DNA was isolated with a GenElute Bacterial Genomic DNA kit 
(Sigma–Aldrich, Darmstadt, Germany) to be used as a positive control in the 
ddPCR. NaSa-treated S. aureus copy numbers of agrA and of three genes 
coding for the virulence factors delta-toxin (hld), protein A (spa) and 
intracellular adhesion (icaA) were then analysed with the ddPCR QX200™ 
Droplet Digital™ PCR system (Bio-Rad Laboratories, Hercules, USA). 

3.4.5 LacZ reporter assays 
The virulence-related genes encoding staphylococcal protein A (spa), alpha-
toxin (hla), and the effector RNAIII protein of the accessory gene regulator 
(agr) system (rnaIII) were analysed using three lacZ-based Staphylococcus 
aureus 8325-4 reporter strains. Upon expression of these virulence factors, 
lacZ is expressed, resulting in the production of the enzyme β-galactosidase, 
which can be indirectly quantified using different substrates by measuring the 
colour change generated upon enzymatic cleavage. Two different assays were 
used: agar plates containing 5-bromo-4-chloro-3-indolyl beta-D-galactoside 
(X-gal) as a substrate and a liquid-based assay using the substrate ortho-
nitrophenyl-β-galactoside (ONPG). In the agar plate assay, overnight cultures 
of the different reporter strains were mixed with X-gal and melted TSA and 
added to Petri dishes. After TSA solidification, small holes in the agar were 
generated using a biopsy punch before the addition of different NaSa 
concentrations (1-100 mM) or autoinducing peptide I (AIP-I) and glucose 
(GLU) as controls for agr upregulation or downregulation, respectively. After 
incubation of the plates at 37°C overnight, inhibition of agr was indicated by 
a yellow colour zone for hla and rnaIII and by a blue colour zone for spa. 
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In the liquid assay, the reporter strains were grown at 37°C in TSB with and 
without 50% FBS supplemented with 0.1-10 mM NaSa for 4 and 24 h. The 
cells were pelleted via centrifugation and lysed using a TissueLyser II. The 
lysate was collected and mixed with ONPG. After stopping the yellow colour 
reaction with the addition of NA2CO3, the OD at 420 nm was measured. A 
portion of the lysate was used for total protein quantification using the 
bicinchoninic acid (BCA) assay. The ONPG reaction time and the total protein 
concentration were used to calculate β-galactosidase activity in Miller units. 

3.4.6 Biofilm formation and dispersal 
The effect of NaSa on biofilm formation was evaluated using the lab strain 
Staphylococcus aureus ATCC 25923 and eight S. aureus clinical isolates, four 
from wound infections and four from periprosthetic joint infections (PJI), 
representing all four agr types (agr I-IV). 

S. aureus ATCC 25923 was grown in TSB supplemented with 0–10 mM NaSa 
in uncoated (PS) and collagen type I-coated (COL) polystyrene plates, as well 
as on titanium (Ti) discs. The wound isolates were grown on PS and COL, 
while the PJI isolates were grown on PS and Ti. After biofilm establishment 
for 24 h at 37°C, the surfaces were gently washed thrice in tap water before 
staining with 2% crystal violet. Next, excess stain was removed by washing, 
followed by drying of the surfaces and solubilization of the stain in a 1:5 mix 
of acetone and ethanol. The eluted dye was transferred to new microtiter plates, 
and biofilm biomass was quantified by measuring the OD at 595 nm using a 
plate reader. 

The effect of S. aureus ATCC 25923 on biofilm formation on PS was also 
analysed using CLSM. After 24 h of growth at 37°C in TSB with and without 
10 mM NaSa, the surfaces were gently rinsed with saline before biofilms were 
stained with DNA stains (Filmtracer LIVE/DEAD Biofilm Viability Kit, 
Invitrogen, Waltham, USA) to visualize live (Syto9) and dead (propidium 
iodide) cells. The biofilms were analysed using CLSM at 100X magnification 
and quantification of fluorescent biofilms in the generated Z-stacks was 
performed with COMSTAT 2.1 (111, 112) to calculate biofilm biomass and 
thickness. 

Biofilm dispersal was evaluated by replacing the media (TSB with 0-10 mM 
NaSa) after biofilm establishment for 24 h at 37°C of S. aureus ATCC 25923 
on PS microtiter plates. After an additional 24 h of culture, viable CFU counts 
in the media (dispersed planktonic cells) and in the surface-attached biofilms 
were quantified separately. 
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3.5 Antimicrobial susceptibility (Papers II-III) 

3.5.1 Pseudomonas aeruginosa 
The susceptibility to silver (Ag) of planktonic Pseudomonas aeruginosa PAO1 
and PAO1 ∆lasR∆rhlR was assessed using the checkerboard approach in 
microtiter plates as described previously: diluting NaSa (0-10 mM) and silver 
sulfate (0-500 ppm) separately using a diluent containing 50% FBS and 
inoculated with either of the two strains. After kinetic OD measurements at 
450 nm every 30 min during 24 h of culture at 35°C, the CFUs were quantified 
via serial dilution and plating on agar plates. Growth kinetics were quantified 
via area under the curve analysis. 

The susceptibility of P. aeruginosa biofilms towards Ag was tested in serum- 
and collagen type-I-containing gels, with and without inclusion of 10 mM 
NaSa, in the strains P. aeruginosa PAO1, PAO1 ∆lasR∆rhlR and two clinical 
isolates with low and high production of virulence and QS signals, 
respectively. After 48 h of biofilm establishment at 35°C, silver sulfate at 0-
500 ppm Ag was added on top of the COL gels, followed by 24 h of further 
incubation at 35°C before CFU quantification. In the same 3D COL model, the 
effect of NaSa concentration on silver susceptibility was evaluated in P. 
aeruginosa PAO1 by varying the NaSa concentration in the gel between 0-10 
mM but keeping the concentration of Ag fixed at 100 ppm. 

3.5.2 Staphylococcus aureus 
Staphylococcus aureus ATCC 25923 biofilm susceptibility towards silver was 
evaluated in the COL model described above, but with a biofilm establishment 
period of 24 h in the presence of 0, 0.1, 1 and 10 mM NaSa and without 
inclusion of serum. As previously described, Ag treatments ranged between 0 
and 500 ppm. 

The biofilm susceptibility towards silver of S. aureus ATCC 25923 was also 
evaluated on two different surfaces, PS and Ti, as follows: biofilms were 
grown in TSB supplemented with 0-10 mM NaSa for 24 h at 37°C on PS 
microtiter plates, with or without the presence of Ti discs. After biofilm 
establishment, 0-500 ppm Ag was added to the biofilms, followed by 24 h of 
incubation at 37°C and CFU quantification of the biofilms attached to PS and 
Ti. 

Furthermore, the effect of NaSa on S. aureus ATCC 25923 biofilm 
susceptibility was investigated using the Calgary biofilm device (Innovotech, 
Edmonton, Canada) and a custom-made microbroth dilution plate (Media 
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Department, Clinical Microbiology Laboratory, Sahlgrenska University 
Hospital, Sweden) containing a range of different antimicrobial agents 
(rifampicin, oxacillin, vancomycin, linezolid, fusidic acid, clindamycin, 
trimethoprim-sulfamethoxazole and levofloxacin). Biofilms were established 
on the PS pegs for 24 h at 37°C at 125 rpm, with and without 10 mM NaSa. 
Next, the peg lid containing the biofilms was transferred to a microtiter plate 
containing the eight antibiotics at increasing concentrations (0.016-1024 
g/ml), followed by 20 h of static incubation at 37°C. The peg lid containing 
the biofilms was then transferred to a new plate containing neutralizing 
medium, sonicated, vortexed to release the biofilms into the medium and 
incubated overnight at 37°C. The minimum biofilm eradication concentrations 
(MBECs) for the eight antibiotics were recorded by visual inspection of the 
turbidity. CFU counting of biofilms formed on three sonicated pegs was 
performed in parallel. 

3.6 Host response in vitro (Paper IV) 
The effects of virulence factors secreted by NaSa-treated Pseudomonas 
aeruginosa on the in vitro immune response were evaluated using THP-1 
macrophages and neutrophil-like HL-60 cells. THP-1 monocytes were 
differentiated into macrophages by stimulation with 10 ng/ml phorbol 12-
myristate 13-acetate (PMA) for 48 h, followed by a 24 h resting period in 
PMA-free culture medium. HL-60 cells were differentiated into cells with 
neutrophil-like migratory properties by stimulation with 1.3% dimethyl 
sulfoxide (DMSO) for five days. 

3.6.1 Treatment groups 
Supernatants containing the virulence factors secreted by Pseudomonas 
aeruginosa PAO1 wild-type and ∆lasI∆rhlI were collected via centrifugation 
and sterile filtration after 48 h of culture in 50% FBS supplemented with 0 and 
10 mM NaSa. The relative concentrations of 3-oxo-C12-HSL, C4-HSL, PQS 
and pyocyanin in acidified supernatants from untreated control and NaSa-
treated cultures were analysed using liquid chromatography–mass 
spectrometry (LC–MS, Agilent Technologies, Santa Clara, California, USA). 
Aqueous and methanol solutions of ammonium formate and formic acid were 
used for the mobile phase for substance separation prior to mass spectrometry 
analysis using an electrospray ionization ion source. 

Supernatant stimulation of the THP-1 and HL-60 cells varied between 1-20%, 
depending on the assay. Cell culture medium and NaSa were used as controls 
in all assays, whereas lipopolysaccharide (LPS) and N-formylmethionyl-
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leucyl-phenylalanine (fMLP) were used as controls in THP-1 and HL-60 cells, 
respectively. 

3.6.2 Cell viability 
For the analysis of cytokine secretion in THP-1 macrophages, viable cell 
numbers were assessed after 6, 24 and 48 h of treatment using a nucleocounter 
(propidium iodide-based imaging platform, Chemometec A/S, Allerod, 
Denmark). For macrophage cell viability in phagocytosis experiments, the 
cleavage of nonfluorescent calcein-AM to calcein by esterases in healthy cells 
was used to assess viability. 

3.6.3 Phagocytosis 
After stimulation of THP-1 macrophages with P. aeruginosa supernatants for 
6, 24 and 48 h, S. aureus bioparticles labelled with pHrodo (Thermo Fisher 
Scientific, Roskilde, Denmark) were added to the cultures. The phagocytic 
process was studied at 544/590 nm (ex/em) for 2 h at 37°C in a plate reader as 
the bioparticles became fluorescent in the acidic environment of the 
macrophage phagolysosomes. Next, cell viability data analysed using calcein-
AM at 530/485 nm (ex/em) were used to normalize the pHrodo signal. 

3.6.4 Migration 
After HL-60 differentiation with DMSO, the cells were stained with calcein-
AM and added to Fluoroblok cell culture inserts with a pore size of 3 µM 
(Corning, Corning, USA). This type of insert prevents fluorescent signal 
transmission though the membrane, i.e., when analysed from below, only 
fluorescence from cells that have migrated through the insert will be detected. 
P. aeruginosa supernatants and controls (media, NaSa, fMLP) were added to 
the receiver plate upon which the filter plate was placed. Fluorescence at 
530/485 nm (ex/em) was collected every 5 min (bottom read) for 1 h at 37°C 
using a plate reader. 

3.6.5 Cytokine secretion 
Cell culture media from THP-1 macrophages grown in the presence of 
Pseudomonas aeruginosa supernatants were collected and frozen after 6, 24 
and 48 h of stimulation. The secretion of pro- and anti-inflammatory cytokines, 
chemokines and proteases, according to Table 2, was analysed using an 
ELISA-based multiplex system (Quansys Biosciences, Logan, Utah, USA). 
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Table 2. Analysed cytokines and matrix metalloproteases from in vitro THP-1 macrophages. 

Phenotypic effect Targets 
Pro-inflammatory IL-1α, IL-1β, IL-2, IL-6, IL-12, TNF-α, IFN-γ 
Anti-inflammatory IL-4, IL-10, TNF-R1, TNF-R2, IL-1Ra 
Chemokines GRO-α, IL-8, MCP-1, MIP-1α, IP-10, MIF 
Tissue-degrading enzymes MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-13 

 

3.6.6 NF-κB 
THP-1 Blue NF-κB cells (alkaline protease-based NF-κB reporter cell line, 
Invivogen, San Diego, California, USA) were differentiated into macrophages 
using PMA and stimulated with LPS in combination with 0-10 mM NaSa for 
6 and 24 h. Supernatants from the macrophages were collected and mixed with 
Quanti-blue solution containing an alkaline protease substrate. The change in 
OD at 655 nm after 45 min of incubation was used to analyse NF-κB activity. 
Viability, assessed using the nucleocounter system, was used to normalize the 
NF-κB response. 

3.7 Host response in vivo (Paper IV) 
To evaluate the effects of NaSa-treated and untreated Pseudomonas 
aeruginosa secreted virulence factors contained in supernatants on the in vivo 
immune responses, a rat soft tissue model was used (113). The surgical 
procedure and supernatant administration were carried out as follows: after 
surgical skin incisions, eight blunt subcutaneous pockets were created on the 
backs of anaesthetized male Sprague–Dawley rats. In four of the pockets, 9 
mm diameter titanium grade 4 discs were placed (Christers Finmekaniska Ab, 
Skövde, Sweden and Zapp Medical Alloys GmbH, Ratingen, Germany). Next, 
all eight pockets received an administration of either untreated or NaSa-treated 
(10 mM) P. aeruginosa PAO1 wild-type supernatant (described above, 3.6.1), 
10 mM NaSa in 50% FBS (same media present in NaSa treated PAO1 
supernatants) or 50% FBS (same media present in untreated PAO1 
supernatants). The pockets were closed with sutures before administration of 
analgesics and withdrawal of anaesthesia. The ethical approval for the study 
was provided by the Local Ethical Committee for Laboratory Animals (Dnr 
240 1091/17). 

3.7.1 Cell infiltration 
After 24 h, the animals were anaesthetized and sacrificed, and the Ti discs were 
removed. The pockets were flushed with ice-cold HBSS to collect infiltrated 
cells and secreted cytokines. The number and viability of the cells in the 
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exudate and attached to the Ti discs were determined with the nucleocounter 
system. Exudate supernatants were collected by centrifugation and frozen for 
cytokine and LDH analyses. A portion of the exudate-collected cells was 
transferred to glass slides using a Cytospin centrifuge, stained with May-
Grünewald Giemsa and observed under a light microscope (Nikon, Tokyo, 
Japan). A minimum of 200 cells per glass slide were counted and characterized 
either as polymorphonuclear or mononuclear cells based on morphological 
observations of nuclei. 

3.7.2 Histology 
After implant removal, soft tissues were fixed in formalin, dehydrated, and 
infiltrated in paraffin. Sections were cut at a thickness of ∼5 μm, 
deparaffinized in xylene, and stained with hematoxylin and eosin. Histological 
analysis was carried out under an optical microscope (Nikon Eclipse E600, 
Nikon) with Plan Apo 20x/0.5 and Plan Apo 40x/0.75 objectives.  

3.7.3 Lactate dehydrogenase 
Lactate dehydrogenase (LDH) activity in the collected supernatants was 
analysed using an LDH assay kit (Sigma Aldrich, Munich, Germany) based on 
the reduction of NAD to NADH. The LDH activity of the supernatants was 
calculated by measuring the OD and compared to that of an NADH-based 
standard curve using a plate reader. 

3.7.4 Ex vivo phagocytosis 
Collected exudate cells (50.000) kept on ice were transferred to black 
microtiter plates containing S. aureus pHrodo bioparticles. The phagocytic 
capability of the collected cells, without further stimulation, was evaluated as 
described before using a plate reader. Next, phagocytosis was visualized by 
collecting a small portion of cells on glass slides using Cytospin centrifugation, 
followed by fluorescence imaging. 

3.7.5 Cytokine secretion 
Frozen exudate supernatants were thawed, and the concentrations of cytokines 
according to Table 3 were quantified using rat multiplexing (Quansys) and 
traditional ELISA kits (Abbexa Ltd, Cambridge, United Kingdom). 
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3.7.5 Cytokine secretion 
Frozen exudate supernatants were thawed, and the concentrations of cytokines 
according to Table 3 were quantified using rat multiplexing (Quansys) and 
traditional ELISA kits (Abbexa Ltd, Cambridge, United Kingdom). 
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Table 3. Analysed cytokines and matrix metalloproteases from in vivo exudate samples. 

Phenotypic effect Targets 
Pro-inflammatory IL-1α, IL-1β, IL-2, IL-6, IL-12, TNF-α, IFN-γ 
Anti-inflammatory IL-4, IL-10 
Chemokines GRO-α, IL-8, MCP-1 
Tissue response PAI-1 

 

3.8 Statistics 
Multiple group comparisons were performed with one-way ANOVA or 
Kruskal–Wallis analysis with Dunnett´s post-hoc test (Papers I-IV). Student´s 
two-sided t test was used in Paper I: medium +/- 50% FBS (pyocyanin, 
siderophores and biofilm), Paper II: medium +/- 10 mM NaSa (pyocyanin, 
pyoverdine, rhamnolipids, silver susceptibility and biofilm biomass and 
thickness), and Paper III: medium +/- 10 mM NaSa (biofilm biomass and 
thickness). Differences between related groups (titanium vs. sham sites in the 
same animal) were analysed with the Wilcoxon matched pair test (Paper IV). 
Statistical analysis was performed with SPSS Statistics version 21 (IBM 
Corporation, USA) (Papers I-II) and GraphPad Prism 9.0 (GraphPad, San 
Diego, USA) (Papers III-IV). Group comparisons with p values below 0.05 
were considered significantly different. 
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4 SUMMARY OF RESULTS 

4.1 Paper I 
The aims of Paper I were to investigate the following: 

a. the prevalence of QS-positive Pseudomonas aeruginosa 
chronic wound isolates in terms of the production of QS 
signals (3-oxo-C12-HSL, C4-HSL and PQS) and virulence 
factors (pyocyanin, pyoverdine, alkaline protease, elastase, 
stapholytic protease, rhamnolipids, biofilm and swarming), 
using GFP-based reporter assays and a range of qualitative 
and semiquantitative assays. 

 
b. the effect of NaSa treatment on P. aeruginosa QS gene 

expression using GFP-based reporter strains. 
 
c. the impact of NaSa treatment on P. aeruginosa virulence 

factor production using both laboratory and clinical strains. 
 
d. the impact of simulated wound fluid containing 50% serum 

on the effect of NaSa on P. aeruginosa QS gene expression 
and virulence factor production. 

Approximately half of the 14 investigated P. aeruginosa clinical isolates were 
shown to be highly virulent, producing at least five different virulence factors 
and two or more QS signals. Differences in virulence factor characteristics 
among the clinical isolates are exemplified for (A) swarming (relevant for the 
spread of infection), (B) production of pigments (e.g., pyorubin and 
pyomelanin), (C) pyoverdine (iron chelator) and (D) biofilm (involved in 
microbial tolerance) in Figure 9 A-D. Inclusion of serum proteins in the test 
media influenced the production of several virulence factors, e.g., increased 
production of the toxins pyocyanin and pyoverdine (Figure 9 E). It was shown 
that NaSa reduced QS gene expression in a concentration-dependent manner, 
with the las and PQS QS systems being affected to a greater extent than the rhl 
QS system (Figure 9 F). Although strain dependent, it was shown that NaSa 
reduced the production of pyocyanin, pyoverdine, alkaline protease and 
elastase in P. aeruginosa clinical wound strains. The inclusion of simulated 
wound fluid in the growth media, without the presence of NaSa, resulted in 
25% (rhl, PQS) and 100% (las) higher QS gene expression. Importantly, NaSa 
was also effective as a QSI in the presence of serum proteins. 
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Figure 9. Phenotypic observations of different Pseudomonas aeruginosa clinical isolates: 
Swarming (A), production of pigments (B), pyoverdine (C) and biofilm (D). Effects of 0-
50% serum and 0-10 mM NaSa on pyocyanin production (E). Concentration-dependent effect 
of NaSa treatment on P. aeruginosa QS activity (F). * Indicates a significant difference 
compared to 0 mM NaSa for the respective QS system. Reprinted with permission from J 
Med Microbiol. (114). 
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4.2 Paper II 
The aims of Paper II were to investigate the effects of NaSa treatment on 
Pseudomonas aeruginosa regarding the following: 

a. growth kinetics and planktonic cell susceptibility towards the 
antiseptic silver sulfate. 

 
b. biofilm formation on polystyrene and collagen type I-coated 

glass surfaces. 
 

c. biofilm susceptibility towards silver sulfate in a simulated 
wound 3D model containing serum and collagen. 

For both P. aeruginosa PAO1 WT and the corresponding ∆lasR∆rhlR QS 
mutant strain, NaSa treatment resulted in a reduced growth rate of planktonic 
cells, evaluated via analysis of growth curves, but without affecting 24 h viable 
CFU counts. Furthermore, NaSa treatment did not affect the silver 
susceptibility of planktonic cells. NaSa treatment resulted in a reduction in 
total biofilm biomass formed on polystyrene, whereas no effect could be 
observed for total biomass and average biofilm aggregate size for cells grown 
on collagen type-I coated glass slides. However, the presence of 10 mM NaSa 
reduced the formation of large biofilm aggregates by PAO1 wild-type (Figure 
10 A-C), as a majority of the 100 largest aggregates were 51-100 µm3 in size, 
whereas without NaSa, aggregate sizes were more evenly distributed between 
200 and 3000 µm3. This NaSa-dependent phenomenon could not be observed 
for the ∆lasR∆rhlR mutant. Accordingly, the minimum biofilm eradication 
concentration (MBEC) of silver was reduced more than fivefold in the 
presence of NaSa for the wild-type strain (MBEC = 100 ppm), whereas the 
MBEC was unaffected by NaSa for the ∆lasR∆rhlR mutant (Figure 10 D-E). 
The silver susceptibilities of biofilms of two clinical strains, low and high in 
both virulence and QS signal production, did not reveal any differences in the 
MBEC of silver, although NaSa pretreatment resulted in a 1-4 log10 reduction 
in viable CFUs. 
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Figure 10. Influence of NaSa on biofilm aggregation in Pseudomonas aeruginosa wild-type 
and a QS mutant. Confocal images of P. aeruginosa wild-type (WT) and ∆lasR∆rhlR 
biofilms grown on collagen-coated glass-slides, using different aggregate size thresholds (A). 
Aggregate volumes of the 100 largest aggregates and silver susceptibilities in P. aeruginosa 
wild-type (B and D) and ∆lasR∆rhlR (C and E) biofilms formed in the presence and absence 
of 10 mM NaSa. * Indicates a statistically significant difference between untreated and NaSa-
treated biofilms for the respective silver concentration. Reprinted with permission from Int J 
Mol Sci (115). 
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4.3 Paper III 
The aims of Paper III were to evaluate the effects of NaSa treatment on S. 

aureus regarding the following: 

a) agrBDCA QS, virulence factor production and biofilm 
formation in S. aureus laboratory strains. 
 

b) biofilm formation by S. aureus clinical isolates from 
wound and periprosthetic joint infections on different 
material surfaces, i.e., polystyrene, titanium and collagen. 
 

c) susceptibility towards silver sulfate and antibiotics in S. 
aureus grown as planktonic cells and biofilms. 

Ten millimolar NaSa treatment reduced S. aureus agrBDCA expression by 
approximately 50% and to below the detection limit compared to the control 
after 24 and 48 h of growth in TSB, respectively. The opposite was shown after 
48 h of 0.1 mM NaSa treatment, which resulted in an approximately 30% 
increase in agrBDCA expression. However, when 50% serum was included in 
the test system to simulate wound conditions, treatment with 10 mM NaSa still 
reduced agrBDCA QS expression, while lower NaSa concentrations resulted 
in expression similar to the control. The reduction in agrBDCA expression by 
10 mM NaSa treatment was accompanied by decreased expression of hld and 
hla and a decreased trend in the production of delta toxin, alpha toxin and 
staphopain A, whereas 0.1 mM NaSa resulted in increased expression of alpha 
toxin and the agr effector protein RNAIII. For example, alpha toxin expression 
was reduced approximately 10-fold with 10 mM NaSa but increased 3-fold 
with 0.1 mM NaSa. 

Ten millimolar NaSa significantly increased biofilm formation by 6- to 9-fold 
in S. aureus ATCC 25923 on polystyrene (PS) and titanium (Ti) but not on 
collagen type I-coated glass slides. Although strain dependent, 10 mM NaSa 
treatment increased biofilm formation in six of the eight clinical strains studied 
when grown on collagen or PS but not on Ti. Importantly, even though NaSa 
treatment resulted in increased biofilm formation, biofilm tolerance to silver 
sulfate did not increase on any of the three evaluated surfaces, as demonstrated 
using the ATCC 25923 strain. In a biofilm model under dynamic conditions 
(Calgary biofilm device), NaSa reduced CFU counts by 1.5 log10 units on PS, 
which resulted in a twofold reduction in the MBEC of rifampicin. 



The role of sodium salicylate as a virulence inhibitor for soft tissue infections 

34 

 

 

Figure 10. Influence of NaSa on biofilm aggregation in Pseudomonas aeruginosa wild-type 
and a QS mutant. Confocal images of P. aeruginosa wild-type (WT) and ∆lasR∆rhlR 
biofilms grown on collagen-coated glass-slides, using different aggregate size thresholds (A). 
Aggregate volumes of the 100 largest aggregates and silver susceptibilities in P. aeruginosa 
wild-type (B and D) and ∆lasR∆rhlR (C and E) biofilms formed in the presence and absence 
of 10 mM NaSa. * Indicates a statistically significant difference between untreated and NaSa-
treated biofilms for the respective silver concentration. Reprinted with permission from Int J 
Mol Sci (115). 

Erik Gerner 

35 

4.3 Paper III 
The aims of Paper III were to evaluate the effects of NaSa treatment on S. 

aureus regarding the following: 

a) agrBDCA QS, virulence factor production and biofilm 
formation in S. aureus laboratory strains. 
 

b) biofilm formation by S. aureus clinical isolates from 
wound and periprosthetic joint infections on different 
material surfaces, i.e., polystyrene, titanium and collagen. 
 

c) susceptibility towards silver sulfate and antibiotics in S. 
aureus grown as planktonic cells and biofilms. 

Ten millimolar NaSa treatment reduced S. aureus agrBDCA expression by 
approximately 50% and to below the detection limit compared to the control 
after 24 and 48 h of growth in TSB, respectively. The opposite was shown after 
48 h of 0.1 mM NaSa treatment, which resulted in an approximately 30% 
increase in agrBDCA expression. However, when 50% serum was included in 
the test system to simulate wound conditions, treatment with 10 mM NaSa still 
reduced agrBDCA QS expression, while lower NaSa concentrations resulted 
in expression similar to the control. The reduction in agrBDCA expression by 
10 mM NaSa treatment was accompanied by decreased expression of hld and 
hla and a decreased trend in the production of delta toxin, alpha toxin and 
staphopain A, whereas 0.1 mM NaSa resulted in increased expression of alpha 
toxin and the agr effector protein RNAIII. For example, alpha toxin expression 
was reduced approximately 10-fold with 10 mM NaSa but increased 3-fold 
with 0.1 mM NaSa. 

Ten millimolar NaSa significantly increased biofilm formation by 6- to 9-fold 
in S. aureus ATCC 25923 on polystyrene (PS) and titanium (Ti) but not on 
collagen type I-coated glass slides. Although strain dependent, 10 mM NaSa 
treatment increased biofilm formation in six of the eight clinical strains studied 
when grown on collagen or PS but not on Ti. Importantly, even though NaSa 
treatment resulted in increased biofilm formation, biofilm tolerance to silver 
sulfate did not increase on any of the three evaluated surfaces, as demonstrated 
using the ATCC 25923 strain. In a biofilm model under dynamic conditions 
(Calgary biofilm device), NaSa reduced CFU counts by 1.5 log10 units on PS, 
which resulted in a twofold reduction in the MBEC of rifampicin. 



The role of sodium salicylate as a virulence inhibitor for soft tissue infections 

36 

4.4 Paper IV 
The aims of Paper IV were to investigate the effects of NaSa treatment on the 
following: 

a. neutrophil migration, macrophage viability, phagocytosis and 
cytokine secretion in vitro when stimulated with supernatants 
from P. aeruginosa wild-type and ∆lasI∆rhlI mutant strains. 

 
b. cell infiltration (number and cell type), cytotoxicity (LDH) 

and cytokine production in an in vivo rat model with 
subcutaneous administration of P. aeruginosa wild-type 
supernatants. 

 
c. the ex vivo phagocytic capability of retrieved rat immune 

cells. 
 

d. the impact on the above immune functions in vivo when 
implanting a titanium biomaterial, in combination with P. 
aeruginosa supernatant administration, into dorsal 
subcutaneous pockets. 

 

Twenty percent of P. aeruginosa supernatants from cultures grown with and 
without 10 mM NaSa were cytotoxic to THP-1 macrophages after 24-48 h, but 
not after 6 h of exposure. However, NaSa-treated supernatants resulted in a 
slightly improved viability compared to untreated supernatants. Supernatants 
(20% and 1%) of the ∆lasI∆rhlI mutant were not cytotoxic to THP-1 
macrophages. Both untreated and NaSa-treated supernatants reduced the 
phagocytic activity of THP-1 macrophages compared to control cells, although 
inclusion of NaSa significantly limited this effect. Supernatants from NaSa-
treated bacterial cultures had limited effects on THP-1 macrophage cytokine 
release, with only 1 out of 18 investigated cytokines being significantly 
different compared to untreated supernatants, which could be related to low 
cell viability. Stimulation of THP-1 macrophages with NaSa only (without 
bacterial components) did not alter cytokine secretion compared to the control. 
However, NaSa was found to reduce NF-κB activity in LPS-stimulated THP-
1 macrophages. 
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Using DMSO-differentiated neutrophil-like HL-60 cells, it was shown that 
NaSa-treated, but not untreated, P. aeruginosa wild-type supernatant 
stimulated migration. In comparison, cell stimulation with nontreated 
supernatant from the QS mutant strain resulted in an increased number of 
migrating HL-60 cells compared to the wild-type supernatant. 

After 24 h, animals receiving untreated, but not NaSa-treated, bacterial 
supernatants demonstrated more closed surgical pockets compared to control 
animals. Furthermore, NaSa-treated supernatants resulted in significantly more 
infiltrating cells, both in exudate and attached to titanium discs, compared to 
untreated supernatants. The viability of the collected rat cells was high overall 
and similar between the groups. LDH activity in the exudate was elevated for 
animals receiving bacterial supernatants, although lower for NaSa-treated 
compared to untreated supernatants. Both untreated and NaSa-treated 
supernatants resulted in increased and similar ratios of PMN/mononuclear cells 
in the exudate, although the PMN proportion was decreased in control sites 
with titanium discs compared to control sites without discs. Exudate 
inflammatory cells from animals receiving NaSa alone demonstrated reduced 
phagocytic capability, whereas no difference was observed between cells from 
animals receiving NaSa-treated or untreated supernatant. In general, cells from 
animals stimulated with bacterial supernatants produced higher levels of 
cytokines than cells from control animals. Compared to untreated supernatants, 
NaSa-treated supernatants resulted in reduced levels of proinflammatory 
markers (IL-1β, IL-6 and IL-12) but increased levels of the chemokine GRO-
α. Example micrograph showing phagocytosis in a rat immune cell (Figure 11). 

 

Figure 11. Phagocytosed Staphylococcus aureus cells (red) by a rat immune cell (green). 
Noninternalized bacteria in blue. 
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5 DISCUSSION 

5.1 Methodological considerations 
In experimental preclinical research, there are often tradeoffs between the 
clinical relevance of the test systems and various factors, such as cost and 
throughput. Different animal models are frequently used for more relevant 
testing conditions despite evident differences compared with humans, and 
ethical aspects of in vivo experiments must always be carefully considered. 
Nevertheless, as researchers, we use our available experimental toolbox to the 
best of our ability. Although in vitro studies, which represent the basis of this 
thesis, are at the bottom of the evidence ladder, with case studies, randomized 
controlled trials and systematic reviews being higher in the evidence hierarchy, 
in vitro studies are pivotal in biological research. In vitro studies allow us to 
separate factors and elucidate pathways and mechanisms in a controlled 
manner. In addition, in vitro models are the first step in providing the initial 
proof-of-concept for new treatments before in vivo evaluation. A constant 
focus lies in developing and improving new and existing test methods to better 
predict clinical outcomes. 

5.1.1 Microbiology 
In this work, we focused on two pathogens, P. aeruginosa and S. aureus, due 
to their high prevalence (18) and virulence in wound infections. However, the 
microbiota of chronic wounds is diverse, and other frequently found species 
include Corynebacterium spp., Streptococcus spp. and Enterococcus spp. In a 
recent study investigating the microbiome in chronic wounds of approximately 
3000 patients using 16S rDNA sequencing, only 7% of the wounds exhibited 
monomicrobial infections (18). In this work, the two investigated species were 
cultured individually. However, it is known that bacterial species can interact, 
as noted in polymicrobial biofilms (116), e.g., via interspecies QS 
communication (117). Additional studies in mixed-species biofilm models 
would be of interest to increase the knowledge about NaSa-dependent effects 
in a more complex environment, e.g., by utilizing CLSM and different 
microbial species tagged with unique fluorophores (fluorescent in situ 
hybridization, FISH). 

The inclusion of clinical strains in this work is a strength, complementing 
existing studies focusing on well characterized laboratory strains. However, 
the number of investigated clinical strains is relatively low, and more extensive 
studies are needed to draw general conclusions about the effect of NaSa. In the 
study of S. aureus, all four agr types were included. However, the number of 
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strains per agr type would need to be increased to draw conclusions regarding 
whether and how NaSa affects different agr groups differently. 

Throughout the work in this thesis, the effects of serum proteins on QS and 
virulence factor production in the presence and absence of NaSa were 
evaluated using different assays. Chronic wound fluid contains serum proteins 
at concentrations similar to that of 50% serum (95). Serum has been shown to 
affect biofilm formation of P. aeruginosa (118) and S. aureus (119). 
Furthermore, albumin, an abundant protein in serum, has been shown to reduce 
P. aeruginosa QS (120) and inactivate a range of bioactive molecules (121, 
122). Indeed, in a recent study investigating P. aeruginosa transcriptomes from 
clinical infections, including chronic wounds and in vitro cultures, the las core 
regulon was more highly expressed in vitro than clinically (123). By evaluating 
new treatments using relevant in vitro conditions, such as the presence of 
serum, the chances of identifying substances with the desired effect in vivo and 
ultimately clinically increase. Extensive studies of pharmacokinetics and 
pharmacodynamics are essential to understand the in vivo effect in relevant 
tissues in relation to substance dosages and clearance. 

Apart from inclusion of serum in the assays, clinically relevant surfaces and 
matrices have been used to study biofilm formation. Collagen type-1, a major 
component of the skin ECM (124), was included in studies of biofilm 
formation on hard polystyrene surfaces and in a simulated soft tissue 3D 
model. Titanium was included as a model medical device surface for bone-
anchored prostheses. Indeed, the establishment of surface-attached biofilms is 
dependent on chemical and topographical surface properties, such as 
wettability, stiffness and roughness (125); therefore, biofilm substrates should, 
if possible, resemble those employed clinically (126). Although the term 
biofilm has traditionally been described as surface-attached formations of cells 
and extracellular polymeric substances, which is relevant in many clinical 
situations, it is now well recognized that biofilms also exist in suspension (127) 
and in soft tissues, such as wounds (128). Moreover, isolates from biofilm 
infections in vivo have failed to form biofilms on surfaces in vitro (127, 129). 
Biofilm aggregates in suspension could be more frequently considered when 
studying in vitro biofilm formation instead of commonly being discarded as 
“the planktonic phase”. 

5.1.2 Cell biology and in vivo experiments 
When evaluating new antimicrobial treatment options, studies about substance 
effects on host cells and immunity are of great value. An antimicrobial 
treatment will never act on its own but along with the immune defence system. 
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strains per agr type would need to be increased to draw conclusions regarding 
whether and how NaSa affects different agr groups differently. 

Throughout the work in this thesis, the effects of serum proteins on QS and 
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formation on hard polystyrene surfaces and in a simulated soft tissue 3D 
model. Titanium was included as a model medical device surface for bone-
anchored prostheses. Indeed, the establishment of surface-attached biofilms is 
dependent on chemical and topographical surface properties, such as 
wettability, stiffness and roughness (125); therefore, biofilm substrates should, 
if possible, resemble those employed clinically (126). Although the term 
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Biofilm aggregates in suspension could be more frequently considered when 
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treatment will never act on its own but along with the immune defence system. 
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To study immune functions, in vitro cell-based assays can be used, utilizing 
established cell lines or primary cells isolated from donors. The former has the 
advantages of accessibility and ease of use and has often been used extensively, 
resulting in abundant available published data to compare with and learn from. 
However, cell lines do not always accurately reflect the behaviour of primary 
cells, and continued serial passage can result in altered phenotypes (130). On 
the other hand, primary cells are more clinically relevant. By using cells from 
different donors, variability is introduced into the study, thereby allowing 
insight into potential patient-specific treatment outcomes. However, primary 
cells are often associated with laborious isolation procedures, and care must be 
taken regarding viability, purity, etc. In paper III, THP-1, an extensively used 
monocytic cell line isolated from the peripheral blood of acute leukaemia 
patients, was differentiated into a macrophage phenotype and used to study 
immune functions, such as phagocytosis and cytokine secretion. Although 
these cells resemble peripheral blood-isolated monocytes, differences have 
been observed in the degree of gene expression and cytokine secretion (131). 
Furthermore, the differentiation process towards macrophages, which can be 
driven by different substances, such as PMA, can result in different degrees of 
differentiation as a result of variability in PMA concentration and treatment 
time (132). Compared to THP-1 macrophages, primary monocyte-derived 
macrophages (MDMs) produce less IL-1β and TNF-α but more IL-6 upon LPS 
activation (133). Confirming experimental data of THP-1 using primary cells 
or in vivo is therefore preferable. 

In Paper IV, bacterial supernatants were administered to subcutaneous pockets 
in rats using a soft tissue infection model (113). In these experiments, 
biological differences between rats and humans, especially regarding the 
immune system, need to be considered as well as the implications of the fact 
that animals were stimulated with bacterial virulence factors and not viable 
bacterial cells. Regarding the choice of animal, extensive previous experience 
in the use of rat models both with and without infectious stimuli in our 
laboratory was an important factor. Hence, less effort was focused on model 
development; however, pilot experiments were performed to evaluate animal 
tolerance towards different concentrations of bacterial supernatant. 
Additionally, the rat size is suitable for studying the titanium test implants used 
in the study. Although a large number of genes involved in complex diseases 
are similar in rodents and humans (134), most in vivo results do not translate 
to human randomized trials (135), which can be due to inherent biological 
interspecies differences and insufficient statistical power. Despite these 
challenges, in vivo models, which represent experimental conditions closer to 
the clinical situation than in vitro studies as revealed by comparative 
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transcriptome studies (123), remain a valuable tool to study complex biological 
processes. 

By stimulating the animals with aliquots from frozen stocks of bacterial 
supernatants, we ensured that the animals in each group received the same 
stimuli, even though experiments were performed at different occasions. 
Furthermore, by using 48-h old supernatants, it was ensured that the stimuli 
contained a large amount of virulence factors, representing a central 
component of the study. However, rodents are more resistant to infections than 
humans, e.g., reflected by high endotoxin (e.g., LPS) tolerance (136), and this 
information needs to be taken into account during data interpretation. Working 
in vivo with supernatants instead of live bacteria was more practical in terms 
of available facilities, as experiments with live bacteria are limited to relatively 
small areas in an infectious barrier unit. Furthermore, using supernatants, it 
was possible to use the same stimuli both in vitro and in vivo, as in vitro 
coculture systems with immune cells and live bacteria can be challenging over 
time due to cytotoxic effects. Although clinically relevant, the use of live 
bacteria increases experimental complexity, as the host response would be 
dependent on both bacterial survival, growth rate and kinetics of virulence 
factor production. An important limitation associated with the use of 
supernatants is the inability to study the bacterial burden over time in animals, 
i.e., tissue viable CFU counts during the course of an infection, and to 
determine whether the host ability of bacterial clearance is increased or 
reduced by the use of NaSa. 

A natural question involves assessing the extent of the impact the type of 
stimuli, supernatant or live bacteria has on the immune response. An important 
trigger of the immune response is the presence of LPS, which binds to Toll-
like receptor 4 (TLR-4) present on neutrophils, dendritic cells and B cells 
(137). LPS is a major component of the cell membrane of Gram-negative 
bacteria but is also found in supernatants after culturing (138, 139). Bacterial 
death and lysis are natural events during culturing (140), which likely 
contributes to LPS release. Thus, the supernatants used in this study most likely 
contain LPS; however, the LPS concentration was not measured. LPS 
measurements would be interesting in follow-up experiments, especially given 
that QS has been shown to influence LPS release (141). 

Another important P. aeruginosa pathogen-associated molecular pattern 
(PAMP) is flagellin, a component of the flagella involved in bacterial motility. 
Flagellin is recognized by TLR-5 (142) and is also released during culturing 
(143). Thus, flagellin contribute to the immune response through supernatant 
administration. In addition to these PAMPs, several exoproducts of P. 
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aeruginosa, such as pyocyanin and QS signals, influence immune cells (72). 
A potential limitation of the use of 48-h old supernatants is related to QS signal 
stability and activity. The lactone rings of C4-HSL and 3-oxo-C12-HSL are 
hydrolysed at alkaline pH, concomitant with stationary phase Pseudomonas 
cultures (144). Although both QS signals were detected in the supernatants 
using LC–MS, kinetic studies of QS signal concentration were not performed. 
A culture age-dependent trade-off is noted between the amount of QS signals 
and accumulated virulence factors. In this study, we focused more on the latter. 
A clear difference when using supernatants compared to viable bacterial cells 
is noted with immediate stimulation with virulence factors in large abundance 
compared to a gradual release over time by viable cells. The latter is dependent 
on the infectious dose, i.e., the number of bacterial cells causing an infection. 

5.2 Quorum-sensing inhibition as a treatment 
strategy 

The need for alternative treatment strategies to combat infections is urgent, as 
antimicrobial resistance continues to develop (145). Different strategies have 
been considered, and clinical trials based on antibodies, probiotics, 
bacteriophages or immune stimulation have been performed (146). QS 
inhibition has been proposed as yet another antimicrobial treatment option 
(147). Since its discovery in 1970 (37), a large amount of research has focused 
on understanding the cellular mechanisms behind QS and on identifying 
potential inhibitors thereof. The finding that QS mutants formed flat biofilms 
in vitro compared to the mushroom-like biofilm structures of wild-type strains 
(148) increased the attention given to QS inhibition. Today, it is suggested that 
these mushroom-like structures may represent an experimental phenomenon 
given that these structures were not found in wound tissue or cystic fibrosis 
sputum (128, 149). Nevertheless, biofilm formation and architecture as well as 
numerous other virulence factors can be influenced by QS (150) and remain 
important targets. However, a dilemma arises, as inhibition of QS can either 
reduce biofilms, as in P. aeruginosa but also increase biofilm formation, e.g., 
in S. aureus (151). This notion needs to be considered, and further research is 
needed to assess whether QS inhibition can actually promote the persistence 
of infection in certain species. 

Another aspect of QS inhibition is that the causative pathogen needs to be 
responsive to the inhibitor and that QS in fact is an important contributor to 
infection persistence. Despite using a small sample size, in Paper I, it was 
shown that half of the clinical P. aeruginosa strains produced at least two QS 
signals and a majority of the investigated virulence factors. However, it has 
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been shown that lasR is prone to mutation (80), which is possibly related to the 
high energy cost associated with producing QS-regulated genes and proteins. 
In fact, it has been shown that up to 10% of the total gene pool of P. aeruginosa 
is QS regulated (152). If the cost for QS exceeds the evolutionary benefit, QS 
mutants may have a fitness advantage. Additionally, isolates from S. aureus 
infections have been found to carry mutations in the QS gene machinery. In a 
study based on 146 clinical samples from S. aureus infections, 33 (22%) 
isolates were agr negative (79). However, even though a bacterial cell might 
have a dysfunctional QS system, it can still benefit from QS signals and 
virulence factors secreted by neighbouring cells, a phenomenon called social 
cheating (80). In P. aeruginosa, despite a nonfunctional lasI/lasR system, it 
has been shown that such mutants can have functional rhlI/rhlR systems, 
indicating that the rhl QS system might represent a more preferable target than 
the las system (153, 154). Paper I demonstrated that NaSa could reduce the 
activity of the rhl system, although its effect was more pronounced against the 
las and PQS QS systems. However, we did not investigate whether the 
reduction in rhl QS occurred via a direct NaSa-dependent effect, e.g., by NaSa-
rhlR interactions, or an indirect effect via reduced las-dependent rhlR 
induction. The loss of lasR functionality in chronic infections raises the 
question of whether QS inhibition could represent a more suitable strategy for 
infection prevention, e.g., in patients with reduced immune function. The 
diversity in QS functionality among clinical isolates highlights the importance 
of including bacteria from patient samples during the development of anti-QS 
treatments. A number of substances have been found to inhibit QS, including 
both synthetic compounds, such as furanone C-30 (155), and natural 
compounds, such as ajoene, a molecule derived from garlic (156). Despite 
significant progress in vitro and in vivo, very few clinical trials have been 
conducted to test QSIs. To the best of our knowledge, only garlic (157) and the 
antibiotic azithromycin (158) have been evaluated as QSIs clinically in patients 
with cystic fibrosis and in Pseudomonas-colonized intubated patients, 
respectively. The latter study showed beneficial indications that the treatment 
reduced the risk of developing ventilator-associated pneumonia in high-risk 
patients. 

Although QS inhibition is often described as a treatment with a low risk of 
developing resistance, as QSIs are not bactericidal per se, resistance has been 
observed (159). This phenomenon can partly be due to the broad action of the 
QSI, thus affecting vital processes other than QS. Potential resistance 
mechanisms involve QS receptor mutation, QSI modulating or degrading 
enzymes and the removal of QSIs via efflux pumps (160). A strategy to reduce 
the risk of resistance could involve the use of QSIs with a low direct effect on 
bacterial fitness rather than using inhibitors with effects on nutrient uptake. 
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Historically, QS has been studied in highly nutritious in vitro systems. 
Investigations of the potential development of QSI resistance would benefit 
from more clinically relevant experimental conditions, as environmental 
factors, such as nutrient type, pH and temperature, as well as the presence of 
mixed bacterial communities affect QS-dependent bacterial fitness (161). 
Indeed, a study using mixed cultures of QS-competent and QS-deficient P. 
aeruginosa strains mimicking a scenario with a mixed population of QSI-
resistant and QS-nonresistant cells showed that QS-deficient strains increased 
in proportion only when nutrient acquisition was private (e.g., based on 
intracellular enzymatic degradation of a carbon source) without the possibility 
of social cheating (162), highlighting the low risk of resistance development in 
complex environments with multiple nutrient sources, as noted in a host. A 
strategy to limit the risk of resistance would be to target QS signals in addition 
to receptor blockage. If the signals are degraded via homoserine lactonases, 
QSI-resistant cells will not be activated; hence, no fitness advantage or 
spreading will occur (163). Thus, by combining QSIs with different modes of 
action, the risk of resistance can be limited. 

A powerful tool to study and limit development of QSI-resistance is 
computational modelling, where bacteria genotypes can be studied in relation 
to QS genes and bacterial products beneficial for the individual cell (private 
goods) or the bacterial community as a whole (public goods). Such simulations 
can also be used to study the rate of resistance spreading through a community 
(164). 

Despite extensive research, no QSI-based treatments are currently clinically 
available. However, the yearly number of new publications related to QS 
inhibition research continues to increase (Web of Science, 2022-06-02), 
demonstrating the future potential for promising anti-QS-based therapies. 

 

5.2.1 Sodium salicylate as a QSI 
In this thesis, sodium salicylate (NaSa) was evaluated as a QSI against P. 
aeruginosa and S. aureus. NaSa is the sodium salt of salicylic acid, a bioactive 
metabolite of acetylsalicylic acid (AspirinTM). The choice of evaluating this 
particular substance originates from previous preliminary data of NaSa by the 
industrial partner of this project (Mölnlycke Health Care). Using a well-known 
substance such as NaSa has both advantages and disadvantages. Its close 
relationship with salicylic acid and AspirinTM brings extensive knowledge 
concerning safety and biodistribution. On the other hand, protection of 
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intellectual property could represent a barrier for a well-
documented/researched compound. However, given that AspirinTM has been 
used for such a long time, with the first patent filed over 100 years ago, many 
related patents have since expired, opening up the possibility for new 
inventions. 

In Papers I-III, we demonstrate the effect of NaSa on QS inhibition and 
important virulence properties of P. aeruginosa and S. aureus. All three QS 
systems of P. aeruginosa were downregulated by NaSa in a concentration-
dependent manner. Due to the interconnectivity of these QS systems (60), it is 
not possible to determine whether NaSa acts on one or several systems based 
on the experiments performed here. Higher concentrations of NaSa (10 mM) 
were required to reduce QS activity in S. aureus than in P. aeruginosa. 
Interestingly, the effect against S. aureus was highly concentration dependent. 
High (10 mM) and low (0.1 mM) concentrations of NaSa resulted in opposite 
expression patterns of agr and hla (alpha toxin), indicating that control over 
NaSa administration could be critical in a clinical situation. As expected, 
deficiency in the QS machinery has been shown to reduce the pathogenicity of 
both P. aeruginosa (165) and S. aureus (166-168), reflecting the potential of 
anti-QS therapies. 

NaSa-dependent attenuation of P. aeruginosa virulence factor production was 
observed for pyocyanin, pyoverdine and rhamnolipid production. Pyocyanin is 
involved in ROS production (169, 170) and host cell death (171). Pyoverdine 
is used by bacteria to capture iron for its own use, e.g., from transferrin (172), 
and is involved in exotoxin A production (173). Its importance has been 
demonstrated with pyoverdine mutant strains, displaying reduced killing of C. 
elegans and decreased mortality of mice compared to wild-type bacteria. 
Rhamnolipids, a biosurfactant, are cytotoxic, e.g., against PMNs (174), and  
compromise epithelial barrier integrity (175). Importantly, all three virulence 
factors contribute to the structure and stability of biofilms (176-178) and are 
thus highly relevant targets. Indeed, in Paper II, biofilms formed in the 
presence of NaSa contained fewer large bacterial aggregates accompanied by 
a reduced tolerance towards the antiseptic silver sulfate compared to the media 
control (115). This observation could also be important for infection clearance 
by the immune system, as it has been hypothesized that larger aggregates are 
associated with a reduced risk of being phagocytosed by immune cells (179). 

Apart from decreasing cytotoxicity, reducing pyocyanin production could also 
be relevant from a host-inflammation perspective, as this factor has been 
shown to reduce the proinflammatory response upon PAMP recognition (180). 
In S. aureus, important virulence factors that were downregulated by NaSa 
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intellectual property could represent a barrier for a well-
documented/researched compound. However, given that AspirinTM has been 
used for such a long time, with the first patent filed over 100 years ago, many 
related patents have since expired, opening up the possibility for new 
inventions. 

In Papers I-III, we demonstrate the effect of NaSa on QS inhibition and 
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involved in ROS production (169, 170) and host cell death (171). Pyoverdine 
is used by bacteria to capture iron for its own use, e.g., from transferrin (172), 
and is involved in exotoxin A production (173). Its importance has been 
demonstrated with pyoverdine mutant strains, displaying reduced killing of C. 
elegans and decreased mortality of mice compared to wild-type bacteria. 
Rhamnolipids, a biosurfactant, are cytotoxic, e.g., against PMNs (174), and  
compromise epithelial barrier integrity (175). Importantly, all three virulence 
factors contribute to the structure and stability of biofilms (176-178) and are 
thus highly relevant targets. Indeed, in Paper II, biofilms formed in the 
presence of NaSa contained fewer large bacterial aggregates accompanied by 
a reduced tolerance towards the antiseptic silver sulfate compared to the media 
control (115). This observation could also be important for infection clearance 
by the immune system, as it has been hypothesized that larger aggregates are 
associated with a reduced risk of being phagocytosed by immune cells (179). 

Apart from decreasing cytotoxicity, reducing pyocyanin production could also 
be relevant from a host-inflammation perspective, as this factor has been 
shown to reduce the proinflammatory response upon PAMP recognition (180). 
In S. aureus, important virulence factors that were downregulated by NaSa 
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include alpha toxin, a pore-forming protein that can lyse immune cells (181). 
Its importance in disease has been demonstrated in several investigations, 
including a study reporting a correlation between antibody levels and the risk 
of suffering from recurrent S. aureus skin infections (182). In numerous in vivo 
models, strains dysfunctional in alpha toxin production exhibit reduced 
virulence compared to alpha toxin-competent strains (181). 

The use of QSIs for antimicrobial treatment could represent a stand-alone 
treatment, relying on the immune system for bacterial clearance or in 
combination with other antimicrobial agents, such as antiseptics and 
antibiotics. The latter was evaluated in this thesis, where NaSa was combined 
with silver sulfate (Papers II-III) or a range of antibiotics (Paper III). The 
combinatory effects were most notable when silver was used to treat P. 
aeruginosa biofilms grown with NaSa, which reduced the MBEC of silver 
approximately 5-fold compared to biofilms grown on media control, as 
demonstrated using both laboratory and clinical strains (115). Surprisingly, 
silver and the antibiotic MBECs were not increased by NaSa for S. aureus, 
although surface-attached biofilm formation was promoted by this treatment 
in ATCC 25923 (183). The experiments with antibiotics were performed using 
the Calgary Biofilm Device under flow conditions, which resulted in poor 
biofilm formation. This finding could explain the similar MBEC values of 
biofilms with and without NaSa. S. aureus ATCC 25923 produces relatively 
weak biofilms (184), and glucose supplementation is required to develop 
stronger biofilms in vitro. However, given that glucose is known to modulate 
agr, the biofilm assays did not include glucose supplementation. Only 
rifampicin MBEC was decreased by twofold by NaSa. Synergistic effects 
between QSIs and antimicrobial agents have been previously reported (185), 
e.g., when combining furanone C-30 and tobramycin in vivo (186), although 
this synergistic effect decreased rapidly during experimental evolution with 
repetitive treatment and subculturing in vitro (187). Interestingly, the use of 
QSIs has been reported to make resistant strains susceptible to certain 
antibiotics (188) and could thus potentially increase the susceptibility to 
antibiotics in strains with problematic resistance profiles. However, 
antagonistic effects also need to be considered. Indeed, both acetyl- and 
salicylic acid have been shown to act synergistically or antagonistically in 
combination with a wide array of antibiotics (189). 

During evolution, bacteria have developed host evasion strategies to ensure 
their own survival. In P. aeruginosa, both QS signals (3-oxo-C12-HSL in 
particular) and virulence factors exhibit immunomodulatory properties. 
Studies using epithelial and endothelial cells and mouse skin have shown that 
P. aeruginosa QS signals have proinflammatory effects via the production of 
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IL-1β, IL-6, IL-8 and MCP-1 (72). However, in combination with LPS, 3-oxo-
C12-HSL has anti-inflammatory properties via reduced NF-κB activity, 
increased IL-10 production and inhibition of the NLRC4-inflammasome 
complex (72). As previously described, immune functions can also be affected 
by virulence factors, such as pyocyanin- and protease-dependent inhibition of 
inflammasome activation (180), reducing IL-1β production. Furthermore, 
alkaline protease, the levels of which were reduced by NaSa (Paper I), has been 
shown to inhibit bacterial opsonization with the complement system protein 
C3b (190), reduce neutrophil phagocytosis of P. aeruginosa cells and degrade 
cytokines, such as TNF-α and IL-2 (191). Additionally, P. aeruginosa elastase, 
the production of which was reduced by NaSa, is involved in bacterial immune 
evasion via cleavage of thrombin, resulting in a peptide with anti-inflammatory 
properties (74). Taken together, these results indicate that NaSa reduces a 
number of virulence factors with proven immunomodulatory effects, which 
could potentially improve host immune functions during Pseudomonas 
infection. 

The effects of NaSa on immune responses were studied in vitro and in vivo in 
Paper IV. In vitro stimulation of THP-1 macrophages with P. aeruginosa 
supernatants from cultures with NaSa, compared to cultures without NaSa, 
resulted in increased phagocytic activity, as demonstrated using S. aureus 
bioparticles labelled with a pH-sensitive dye. As the assay readout, 
fluorescence intensity, is dependent on a low intracellular pH, it is not possible 
from these experiments to determine whether the observed difference is due to 
a lower number of phagocytosed S. aureus bioparticles or due to attenuated 
acidification of the phagosome/lysosome. Regardless of the mechanisms, the 
finding that NaSa-treatment seems to improve phagocytosis is interesting and 
could be important. However, ex vivo phagocytosis using collected immune 
cells from the in vivo experiments was similar between cells from animals 
stimulated with control- and NaSa-treated supernatant. Stimulation of animals 
with NaSa alone resulted in decreased phagocytosis, which has been 
demonstrated before for NaSa (192) and acetylsalicylic acid (193). This feature 
could be problematic in a potential clinical application and should be further 
investigated, including evaluating NaSa pharmaco-kinetics and -dynamics. 

Similar to the observed chemotactic properties of NaSa-treated P. aeruginosa 
supernatants in vitro, the same supernatant resulted in increased immune cell 
infiltration in vivo. The mechanisms behind this phenomenon remain unclear. 
Chemokine analysis of rat soft-tissue exudate revealed no differences between 
animals stimulated with untreated and NaSa-treated supernatants in IL-8 or 
MCP-1 concentrations, although GRO-α was elevated with NaSa-treated 
supernatant stimulation of the titanium disc sites. GRO-α, which is also called 
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CXCL1, is a potent chemoattractant for neutrophils and is involved in protease 
and ROS production (194). In addition to the chemokines mentioned here, 
numerous other factors, such as fMLP, MIP2α and CXCL5, stimulate immune 
cell migration (195). The difference in cell migration could be due to potential 
migration suppressors in the untreated supernatant. For example, the QS-
regulated toxin injector system T3SS is involved in the suppression of 
neutrophil migration (196). It has previously been shown that PMNs in vitro 
do not migrate towards undiluted P. aeruginosa supernatant, whereas 
supernatants from QS mutants did not inhibit migration (174). Immune cell 
infiltration is a pivotal defence mechanism against infection, and the findings 
that NaSa treatment of P. aeruginosa may stimulate immune cell infiltration 
could be of value. However, excessive and continuous neutrophil infiltration 
can cause tissue damage, highlighting the importance of a controlled temporal 
resolution of inflammation (10). 

Data analysis of cytokine secretion in vitro by supernatant-stimulated THP-1 
macrophages was challenging due to high variability and supernatant-
dependent cytotoxic effects after 24-48 h of stimulation. In contrast to the wild-
type strain, the supernatant of the P. aeruginosa ∆lasI∆rhlI QS mutant 
displayed very limited cytotoxicity, indicating that QS inhibition could be 
beneficial in terms of reducing cytotoxicity. 

Focusing on cytokine secretion after 6 h, untreated supernatant of the QS 
mutant resulted in increased levels of TNF-α, TNF-RII, IL-1Ra, MCP-1, GRO-
α and MMP-9 but reduced levels of MMP-13 compared to the wild-type strain. 
Whether and which of these observations are due to QS-regulated immune-
evasion mechanisms of the wild-type strain remains unclear. An interesting 
follow-up experiment could involve the addition of endogenous QS signals and 
separate virulence factors to the supernatant of the mutant strain prior to cell 
stimulation to learn more about which factors could be involved in the 
regulation of these cytokines. 

Administration of NaSa-treated supernatants reduced the production of the 
proinflammatory cytokines IL-1β, IL-6 and IL-12 in vivo. Considering that P. 
aeruginosa virulence factors have been shown to reduce the proinflammatory 
response (72), it might seem confusing that NaSa treatment, which results in a 
reduction in virulence factors, has this effect. Here, the inherent anti-
inflammatory properties of NaSa could play a role. Indeed, NaSa was shown 
to reduce the activity of NF-κB in LPS-stimulated macrophages (Paper IV) and 
has previously been shown to reduce the expression of activator protein 1 (AP-
1) (197), both of which are involved in inflammation (198, 199). In our study, 
the animals were stimulated with undiluted supernatant (100%) containing a 
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high concentration of NaSa (10 mM). However, the chemical stability of NaSa 
after 48 h of bacterial culture was not studied. This topic could be further 
investigated using LC–MS. 

When discussing pro- and anti-inflammatory effects, the following question 
arises: does wound healing benefit from a pro- or anti-inflammatory 
environment? As previously mentioned, chronic and acute wounds differ in a 
number of ways, and inflammatory cues play an important role. Inflammation 
is a response to injurious stimuli and is required for normal wound healing and 
infection clearance. Although the work in this thesis is exclusively preclinical, 
the clinical issue concerns chronic wounds and the associated problems of 
infections and dysfunctional regulation of inflammation. The fact that a wound 
is chronic obviously means that the current inflammatory processes do not 
favour healing and that an intervention is appropriate. A common chronic 
wound is foot ulcers in patients suffering from diabetes mellitus. It has been 
reported that greater than 50% of these wounds are infected as a result of these 
patients’ dysfunctional immune system. Disease-dependent hyperglycaemia, 
which often occurs in combination with bacterial factors, stimulates a 
proinflammatory tissue-degenerative environment with reduced collagen 
deposition and increased production of elastase, ROS and matrix 
metalloproteases (200), contributing to impaired healing. Reducing excessive 
inflammation, with its negative impact on tissue microenvironments, is likely 
beneficial and points towards an anti-inflammatory treatment. In this respect, 
the inherent anti-inflammatory properties of NaSa could be beneficial. 
Treating infections and reducing the microbial burden should be prioritized, as 
the presence of microorganisms leads to continuous infiltration and activation 
of immune cells, resulting in further tissue damage (201). In addition to 
rigorous cleaning and debridement of the wound to remove slough and dead 
tissue, antimicrobial treatment could be considered. Whether NaSa could 
represent an option, either alone or in combination with silver or antibiotics, is 
a subject for future clinical studies. The results presented in this thesis are 
promising, and future studies investigating whether the use of QSIs is suitable 
for the treatment or prevention of chronic wound infections would be highly 
valuable. 

Regarding another clinical application where biofilms from S. aureus and P. 
aeruginosa are part of the pathogenesis is biomaterial-associated infection. In 
the animal study, titanium discs were included to study the effect of NaSa 
treatment together with a commonly used biomaterial. In general, the presence 
of titanium in combination with bacterial supernatants generated increased 
cytokine secretion compared to stimulation with supernatants administered in 
soft tissue pockets without implants with increased levels of IL-1α, IL-1β, IL-
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6 and IL-12. Interestingly, these differences were only observed for untreated 
supernatants, except for IL-6, the levels of which were increased in titanium 
exudates stimulated by both supernatant groups, although to a significantly 
lesser extent by the NaSa supernatant. Elevated levels of both IL-1β and IL-6 
have been observed in periprosthetic joint infections (202, 203), suggesting the 
need for further studies on the potential role of NaSa in the prevention and/or 
treatment of PJIs. 
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6 SUMMARY AND CONCLUSION 
In the era of antibiotic resistance, antimicrobial-resistant microorganisms pose 
a serious health threat. It has been estimated that by 2050, antibiotic resistance 
will cause more deaths than cancer. Continued antibiotic overuse and a lack of 
industrial initiatives to invest in future antibiotics highlight the importance of 
antimicrobial alternatives. The treatment of chronic wounds is challenging, and 
underlying medical conditions and the presence of biofilms represent 
important contributors to delayed healing. 

The objective of this thesis was to preclinically evaluate sodium salicylate 
(NaSa) as a QSI against clinically relevant bacterial species. It has been 
demonstrated that NaSa reduces QS in Pseudomonas aeruginosa, resulting in 
decreased virulence factor production, including reduced biofilm formation 
and consequently increasing biofilm susceptibility towards silver. 
Approximately 50% of the characterized P. aeruginosa wound strains were QS 
competent, producing QS signals and virulence factors. In S. aureus, the effect 
of NaSa on QS and virulence factor production was highly concentration 
dependent. Specifically, high NaSa levels reduced QS expression and toxin 
production, whereas the opposite was observed at lower NaSa concentrations. 
S. aureus biofilm formation was in some instances increased by NaSa 
treatment. However, this effect was strain- and surface dependent and did not 
affect the antimicrobial concentration required for biofilm eradication of most 
of the antibiotics used in clinical treatment. Importantly, NaSa reduced QS 
activity in both bacterial species in the presence of serum proteins at a 
concentration equivalent to that found in wound fluid. 

NaSa treatment of P. aeruginosa influenced host immune responses both in 
vitro and in vivo. In vitro, stimulation with NaSa-treated supernatants of THP-
1 macrophages and neutrophil-like HL-60 cells resulted in increased 
phagocytic activity and cell migration compared with untreated supernatant. 
Moreover, NaSa reduced LPS-dependent THP-1 NF-κB activity. In an in vivo 
rat soft tissue infection model, administration of NaSa-treated supernatants 
resulted in a reduced secretion of proinflammatory cytokines (IL-1β, IL-6 and 
IL-12) compared to administration of untreated supernatant. The presence of 
titanium discs in soft tissue pockets increased the proinflammatory response 
induced by untreated supernatant but to a lesser extent by NaSa-treated 
supernatant compared to sham soft tissue pockets. Furthermore, NaSa-treated 
supernatants resulted in increased immune cell infiltration and cell attachment 
to the titanium discs. Ex vivo phagocytic activity of immune cells was 
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decreased by the NaSa control, whereas no difference between the supernatant 
groups was observed. 

In conclusion, NaSa reduces QS and the production of virulence factors in the 
problematic wound pathogen P. aeruginosa, resulting in increased immune 
cell migration, improved phagocytosis in vitro and reduced proinflammatory 
cytokine secretion in vivo. In S. aureus, the effects of NaSa treatment were 
concentration dependent with either a decrease or increase in QS activity at 
high or lower levels of NaSa, respectively. NaSa decreased the secretion of 
virulence-associated proteins, and its effect on biofilm formation was 
dependent on the strain and material surface. Additional studies are required to 
assess the use of NaSa as a novel treatment option for chronic wounds. 
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7 FUTURE PERSPECTIVES 
The complexity of microorganisms and their interaction with host processes is 
fascinating. Billion years of evolution (204) have shaped these 
microorganisms, and their ability to adapt to environmental pressure is 
extraordinary. Today, thanks to the broad array of analytical techniques 
available, it is possible to study in-depth the interactions between microbes and 
their host. The investigations in this thesis have mostly focused on observing 
phenotypic changes upon stimulation and treatment, with less focus on 
mechanistic studies. A number of interesting additional investigations are 
summarised below. 

Although the present studies are limited to P. aeruginosa and S. aureus, the 
majority of chronic wounds are polymicrobial. These two species are often 
described as major wound pathogens, but including additional species 
frequently found in chronic wounds, such as Streptococcus spp. or 
Enterococcus spp., would add value. Additionally, in this thesis, the two 
species used were investigated separately for practical reasons. However, these 
species interact and influence each other (205). Thus, multispecies models are 
highly relevant. 

The fact that QS mutants are frequently found clinically challenges the concept 
of QS inhibition as a treatment strategy and gives rise to several hypotheses. If 
a mix of QS competent and QS mutant strains are found in chronic wounds, 
mutants may still benefit from the virulence and signals posed by QS 
competent strains. The rate and circumstances for the occurrence of QS 
mutations may correlate with factors such as wound age or environmental 
conditions. Interesting follow-up studies to test these hypotheses in a 
laboratory setting could be performed using mixed cultures of QS competent 
and mutant strains with and without NaSa or another antimicrobial pressure 
and following their relative abundances over time. Additionally, it would be 
valuable to study how QS contributes to the virulence of mature biofilms, 
which are commonly present in chronic wounds. If NaSa exhibits limited 
effects on such biofilms, following wound debridement, NaSa could 
potentially be used to limit cyclic biofilm formation and production of 
virulence factors by the remaining bacterial cells. Furthermore, studies 
including genome sequencing, transcriptomics and proteomics in wound 
strains would allow assessment of the correlation between the presence of QS-
related genes and virulence factor production and identification of the 
mechanisms by which NaSa modulates QS pathways. 
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Antibiotic resistance is without doubt an important driver of the need for 
alternative treatment strategies. QS inhibition is often mentioned as a treatment 
posing a low risk of resistance development because the treatment is not 
bactericidal per se. However, resistance to QSIs has been reported, and the 
potential development of resistance against NaSa should be carefully 
evaluated. To evaluate whether NaSa induces antimicrobial resistance in P. 
aeruginosa or S. aureus, repeated in vitro collection and subculturing of viable 
cells from NaSa+silver/antibiotic-treated biofilms to form new biofilms could 
be performed. Thus, the silver susceptibility of biofilms formed by survivors 
could be studied over time across bacterial generations. 

In vitro host defence studies could be complemented with different reporter 
and knockout eukaryotic cell lines for mechanistic studies. For instance, 
inflammasome reporter THP-1 cells could be employed to evaluate whether 
the reduced pro-inflammatory effects of NaSa are inflammasome dependent. 
Toll-like receptor knock-out cells (TLR-4 or TLR-5 activated by LPS and 
flagellin, respectively) could be used to evaluate the importance of PAMPs. 
Additional studies using supernatants supplemented with endogenous QS 
signals or virulence factors could shed further light on important factors 
associated with the phenotypic differences observed in vitro and in vivo. 
Furthermore, experiments including primary cells would be valuable for 
increased clinical relevance. 

Regarding in vivo studies, several follow-up studies could be performed. 
Adding additional time points, both early and late, would increase the 
understanding of NaSa-dependent effects in early or late cytokine production. 
Using live bacteria, instead of supernatants, would make it possible to study 
how animals actually manage to clear an infection and whether NaSa facilitates 
the healing process. Important issues regarding animal models include (i) how 
well they represent the clinical situation of interest, in this case the chronic 
wound, and (ii) how does the immunology of healthy rats bred in an ultraclean 
environment differ from that in human chronic wounds. One interesting 
possibility could be to use diabetic mouse models characterised by delayed 
wound healing (206) with an increased potential to detect treatment-dependent 
effects, which otherwise can be challenging in rodents due to rapid wound 
contraction (207). 

Ultimately, although there is a large list of interesting and valuable 
experiments to be performed in the context of QS inhibition and wound 
healing, companies need to transform and commercialize research ideas into 
products that can benefit the patient. Numerous promising research ideas are 
reported in scientific papers but lack the opportunity for further development 
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into an application. Close collaboration between industry and academia should 
be encouraged with the aim of improving current treatment options and 
reducing patient suffering. 
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be encouraged with the aim of improving current treatment options and 
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