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ABSTRACT 

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes 

severe infections in burned patients. In this work, we examined the contribution of 

the cell-to-cell communication systems or quorum sensing (QS) systems to the 

pathogenesis of P aeruginosa infection of burn wounds. For these studies, we used 

the thermally-injured mouse model and specific mutants that carry deletions in genes 

encoding specific components of the P aeruginosa QS systems {lasR, rhlR, lasl and 

rhll). In comparison with their parent strain (PAOl), all mutants displayed decreased 

lethality. The mutants were defective in their ability to spread systemically 

throughout the body of the mice. In addition, the lasR (PAO-Rl) and the lasl/rhll 

(PAO-JP2) mutants were defective in their ability to spread locally within the burned 

skin at 8 and 16 hours post-bum/infection. The defects in the PAO-JP2 strain were 

complemented upon the introduction of a plasmid carrying intact lasl and rhll genes. 

To determine if the defect in PAO-JP2 is due to the loss of one or more of the QS-

controlled virulence factors, isogenic mutants that carry deletions in lasA, lasB, 

lasAAasB, toxA, lasB/toxA or rpoS were examined. With the exception of the rpoS 

mutant, all mutants were defective in their in vivo virulence. However, none was as 

severely defective as PAO-JP2. Our attempt to ascertain the role of autoinducers as 

virulence factors was confounded by the influence of the solvent used to purify them. 

Host production of cytokines in response to P aeruginosa infection in bum wounds 

was examined using the Multi-Probe Template/RNase protection assay. The 

expression of several proinflammatory and hematopoietic cytokines was up-regulated 

in burned mice infected with PAOl at 40 hours post-bum/infection. In contrast, the 

expression of most of these cytokines was not enhanced in burned mice infected with 

PAO-JP2. These results suggest that: (1) the QS systems play an important role in 

the pathogenesis of P aeruginosa in bum wound infections; (2) their effects may be 

contributed to by autoinducers or other, yet undefined, QS-controlled factors; and (3) 

QS may play a role in modulating the host immune system in response to P. 

aeruginosa. 
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CHAPTER 1 

INTRODUCTION 

General characteristics of Pseudomonas aeruginosa 

P aeruginosa is a Gram-negative bacillus belonging to the bacterial family 

Pseudomonadaccae. It is ubiquitous in nature and can be found primarily in soil and 

moist environments. P aeruginosa is motile via a single polar flagellum and can live 

sessile in a biofilm or in a free-living planktonic form, P aeruginosa prefers to grow 

aerobically, but is capable of anaerobic growth if nitrate is available as an electron 

acceptor. The organism is extremely metabolically diverse; it can grow at temperatures 

from 4-42°C and can utilize several different carbon sources. As evidence of its minimal 

growth requirements, P. aeruginosa is notorious for growing in distilled water. The fact 

that P. aeruginosa has the largest and most complex prokaryotic genome sequenced to 

date helps to explain its metabolic diversity (Stover et al., 2000). With the highest 

number of regulatory proteins found in any bacterium, P aeruginosa is more than 

capable of adapting to a wide range of environmental conditions (Stover et al., 2000). 

P. aeruginosa as an opportunistic pathogen 

P aeruginosa is commonly encountered in the environment and is a component 

of the gut normal flora humans. Most of the time, however, healthy people do not acquire 

P. aeruginosa infections. On rare occasions, P aeruginosa can cause ear infections 

(swimmer's ear), ocular infections (usually by contaminated contact lenses) and urinary 

tract infections (Oliver, 1998) in healthy people. However, the majority of life-

threatening infections occur in immunocompromised people, in whom P. aeruginosa is 

the leading cause of invasive disease (Cryz et al., 1989). These people include those with 

cystic fibrosis (CF), cancer, neutropenia and HIV, as well as persons with extensive 

thermal injury or other wounds (Oliver, 1998). When these persons are hospitalized, they 

may acquire P aeruginosa as a nosocomial infection. Already inherently resistant to 

some antibiotics, nosocomial isolates of P. aeruginosa are often resistant to many 

(Oliver, 1998). P. aeruginosa colonizes the lungs of most CF patients, where it forms a 
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biofilm (Davies et al., 1998). The biofilm protects the bacteria from eradication by 

antimierobial agents, compounding to the inherent antibiotic resistance (Davies et al., 

1998), P. aeruginosa is the most common cause of pneumonia leading to the death of 

CF patients (Pier, 2000). 

Although the virulence of different P. aeruginosa strains may vary dramatically, 

most are considered to be cytotoxic, invasive or both (Sawa et al., 1998). This division 

depends upon the different virulence factors that are produced by the P. aeruginosa 

strain. Cytotoxic strains typically produce type 111 secreted proteins, such as exoenzyme 

S and ExoU, in addition to exotoxin A. All P. aeruginosa infections begin with an initial 

colonization stage, then, depending on the tissue that is infected and the virulence factors 

produced by the strain, the infection may progress. This progression involves destruction 

of host tissue and invasion of the bacteria into underlying tissues and blood vessels, 

resulting in dissemination and bacteremia (Holder, 1993b). P. aeruginosa accounts for 

13-24% of all Gram-negative bacteremias (Oliver, 1998). 

P. aeruginosa virulence factors 

Cell-associated factors 

In addition to the advantage of metabolic diversity, P. aeruginosa possesses a 

veritable arsenal of virulence factors. These factors facilitate its ability to survive in a 

wide range of environments, while indirectly making the organism an opportunistic 

pathogen of humans, plants and animals. P. aeruginosa possesses several cell-associated 

factors such as a polar flagellum and pill, which allow for movement and adhesion of the 

bacterium (Bergan, 1981; Doring et al., 1987). The Type IV pih of P. aeruginosa have 

been reported to be involved in the phenomenon of twitching motility, which aids in the 

movement of the bacterium (Wall and Kaiser, 1999). The secreted alginate capsule or 

slime layer assists in the adherence of P. aeruginosa. This exopolysaccharide or 

glycocalyx is made up of repeating mannuronic and glucuronic acid polymers and is the 

foundation of the biofilm structures that enclose populations of P. aeruginosa in many 

settings (Boyd and Chakrabarty, 1995). Thus, alginate provides a structure for P, 

aeruginosa that protects it from harmful agents in the environment and from 



phagocytosis (Boyd and Chakrabarty, 1995), The lipopolysaccharide found in all 

Gram-negative bacteria provides P. aeruginosa with rigidity and structure, while 

indirectly acting as a very potent endotoxin to the host (Bergan, 1981; Doring et al., 

1987). 

Extracellular factors 

Secreted Toxins 

P. aeruginosa secretes a variety of virulence factors that function primarily to aid 

in acquisition of nutrients from the environment. However, most of these factors also 

have deleterious effects on the host. Exotoxin A is considered the most toxic of the 

secreted factors (Iglewski and Kabat, 1975). The mechanism of action of exotoxin A is 

similar to that of diphtheria toxin. The enzyme catalyzes the transfer of the ADP-ribosyl 

moiety of nicotinamide adenine dinucleotide to mammalian elongation factor 2 (EF-2). 

Once ADP-ribosyl is covalently bound to EF-2, the resulting complex is non-functional. 

EF-2 is a vital component of protein synthesis; thus, once it is depleted protein synthesis 

ceases, followed by cell death (Iglewski and Kabat, 1975; Pavlovskis et al., 1978). In 

animal models, exotoxin A has been shown to cause significant damage to the liver and is 

assumed to contribute to the pathology during disseminated disease (Snell et al., 1978; 

Holder, 1985, 1993b). Exoenzyme S (ExoS) is a related enzyme that transfers an ADP-

ribosyl moiety to GTP-binding proteins (Cobum and Gill, 1991; Frank, 1997). Although 

the mechanism of ExoS action is not as well characterized as that of exotoxin A, it has 

been shown to be indirectly involved in apoptosis of eukaryotic cells (Cobum and Gill, 

1991; Frank, 1997; Hauser and Engel, 1999), and to be important to pathogenesis (Nicas 

et al., 1985; Nicas and Iglewski, 1985a). Another component of the ExoS regulon is 

ExoU, a third cytotoxin that has also been shown to be important in P. aeruginosa 

pathogenesis (Finck-Barbancon et al,, 1997; Hauser and Engel, 1999). 



Proteases and other factors 

P. aeruginosa produces several proteases, including elasta.se and alkaline 

protease, that function to degrade different components of host tissue (Holder, 1993b). 

LasB and the minor protein LasA are the two elastases produced by P. aeruginosa. The 

elastases are metalloproteases that require zinc for their activity, Elastase can degrade 

collagen, fibronectin, and elastin and can cleave IgG, IgA and complement components 

(Holder, 1993b), Alkaline protease degrades fibrin found in ho.st tissue (Holder, 1993b). 

Leukocidin, phospholipase C and hemolysin are also cytotoxic to host cells (Berka et al., 

1981; Pollack, 1995). Leukocidin (also called cytotoxin) is a pore-forming cytotoxin that 

inhibits neutrophils, while phospholipase C and hemolysin degrade lipids and lecithin 

(Berka et al., 1981; Pollack, 1995), The characteristic pigments produced by P. 

aeruginosa have also been shown to aid in virulence (Denning et al., 1998; Meyer et al., 

1996). Pyocyanin has some antibacterial properties, damages endothelial cells in vitro, 

and mediates the formation of superoxide and peroxide (Britigan et al., 1999). The 

siderophore pyochelin is involved in the conversion of superoxide to hydroxyls (Britigan 

et al., 1997). Additionally, the secreted siderophores pyochelin and pyoverdin are iron 

chelators involved in acquisition of iron from the environment (Meyer et al., 1996; Vasil 

andOchsner, 1999). 

The regulation of P. aeruginosa''?, extracellular virulence factors is extremely 

complex. Homology with 64 two-component prokaryotic regulatory proteins has been 

found in the PAOl genome, and several other regulators are known to exist (Stover et al., 

2000), Thus, the environmental circumstances that trigger the production of these factors 

are the subject of much investigation. However, it is known that the production of 

several P. aeruginosa extracellular virulence factors is influenced by cell density and is 

under the control of a regulatory mechanism known as quorum sensing (QS). 

The Phenomenon of quorum sensing 

Quorum sensing is a cell-density-dependent bacterial intercellular signaling 

mechanism that enables bacteria to coordinate the expression of certain genes. Although 

the general phenomenon of quorum sensing has been studied since the 1970s in 
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bioluminescent marine bacteria, it has only become the focus of intense study in 

pathogenic bacteria in the last decade. While the mechanisms differ, both Gram-negative 

and Gram-positive bacteria possess quorum-sensing systems. As opposed to the small 

peptide signals used by many Gram-positive bacteria. Gram-negative bacteria rely on 

small chemical molecules for their cell signaling. Some of these chemicals, which are 

referred to as autoinducers, or acylated homoserine lactones (AHLs), are able to diffuse 

through bacterial membranes, while others actively transported (Pearson et al,, 1999), 

Autoinducers are synthesized constitutively; however, a threshold level must be achieved 

in the extracellular environment before cell signaling begins. This generally occurs 

between late log to stationary phase. By diffusing (or being transported) out of one 

bacterial cell and entering into a neighboring cell, the autoinducers are capable of 

interacting with transcriptional activators and inducing transcription of certain sets of 

genes. Signaling culminates in the coordinated transcription of quorum-sensing 

controlled genes by the bacteria in the environment. 

A general view that quorum-sensing systems are an evolutionarily advantageous 

mechanism has arisen from our increasing knowledge of the detailed workings of 

quorum-sensing systems, and the continually growing list of bacteria that possess these 

systems. Therefore, it is likely that quorum sensing serves as a way for bacteria to 

coordinate their efforts for specific functions such as building biofilms, producing 

antibiotics or causing infections. Furthermore, this cooperative effort may not be limited 

to bacteria within the same species. Although all bacterial autoinducers have the same 

basic chemical composition, slight modifications in their fatty acid components can result 

in species specificity. Conversely, several different bacteria may use a common 

autoinducer. The ability of bacteria to communicate across species via autoinducers has 

been termed cross talk (Holden et al., 1999). Since bacteria in nature are generally found 

in a heterogeneous mix, they may be capable of communicating regardless of species 

division (McKenney et al., 1995), Bacteria may use quorum sensing to convey 

environmental information regarding population make-up and density or to defend their 

niche from competing bacteria. The implications of group behavior in bacteria have been 

discussed in several reviews and books (Armitage, 1999; Dunny G.M,, 1999; Gray, 1997; 



Hellingwerf et al., 1998; Hu.s.sain et al., 1998; Kleerebezem et al„ 1997; Shapiro J. A„ 

1997; Shapiro, 1998), 

Quorum sensing in P. aeruginosa 

With the exception of the Vibrio .sp., the opportunistic pathogen P. aeruginosa has 

some of the best-characterized quorum-sensing systems among Gram-negative bacteria. 

In the early 1990s, homologues to the Vibrio fischeri lu.x quorum-sensing system were 

discovered in P. aeruginosa (Gambello and Iglewski, 1991; Passador et al., 1993). Since 

the newly discovered luxR homologue was determined to be a positive transcriptional 

regulator of the elastase genes {lasB and lasA), the P. aeruginosa system was called the 

las system. The second component of this system, an autoinducer synthase (the luxl 

homologue, lasl) was discovered next. Soon after the discovery of this new system in P. 

aeruginosa, the cognate autoinducer was purified. The chemical structure of the 

autoinducer was elucidated and proved to be N-(3-oxododecanoyl)-L-homoserine 

lactone, also called PAI-1 or OdDHL (Pearson et al., 1994). A second P. aeruginosa 

quorum-sensing system made up of luxR/luxl homologues was discovered in the mid-

nineties. This system was named rhlR/rhll because it was shown to regulate rhamnolipid 

biosynthesis (Latifi et al., 1995), This was followed by the detection of the rhl 

autoinducer, N-butyryl-L-homoserine lactone, PAI-2 or BHL (Pearson et al., 1995; 

Winson et al., 1995), as well as two minor autoinducers, N-hexanoyl-L-homoserine 

lactone (HHL) (Winson et al., 1995) and N-(3-oxohexanoyl)-L-homoserine lactone 

(OHHL) (Bainton et al,, 1992), As the research examining the P. aeruginosa quorum-

sensing systems continued through the mid to late nineties, it became apparent that 

multiple genes were controlled by quorum sensing and many of these were found to be 

involved in virulence. In addition to lasA, lasB and rhlAB, the genes for alkaline protease 

{aprA), exotoxin A {toxA), pyocyanin, pyoverdine, the Xcp translocation machinery, 

cyanide, lipase, rpoS, twitching motility, azurin {azu), alginate and chitinase, as well as 

catalase and superoxide dismutase {katA, sodA and sodB) were all found to be controlled 

by quorum sensing (Brint and Ohman, 1995; Chapon-Herve et al., 1997; Gambello and 

Iglewski, 1991; Gambello et al., 1993; Glessner et al., 1999; Hassett et al., 1999; Latifi et 



al., 1996; Och.sner and Reiser, 1995; Pearson et al., 1997; Reimmann et al., 1997; Sfintzi 

et a!., 1998; Suh et al., 1999; Todei et al., 1991; Vijgenboom et al., 1997; Winson et al., 

1995), In addition, Greenberg and colleagues recently identified several other genes 

controlled by quorum sensing (Whiteley et al., 1999). It is also becoming clear that the 

quorum-sensing systems are under the control of a complex regulatory cascade. This 

regulatory cascade involves several components other than the two main transcriptional 

regulators lasR and rhIR. It has been shown that Vfr and GacA as well as its sensor 

kinase LemA (also designated GacS) are all involved in a regulatory hierarchy that 

controls quomm sensing (Reimmann et al., 1997; Whiteley et al., 1999). It has also been 

well documented that the las and rhl systems are intimately involved in the regulation of 

each other (Latifi et al., 1996; Pesci and Iglewski, 1997; Pesci et al., 1997). Adding to 

the complexity of quorum sensing regulation is the discovery of a new class of quinolone 

signals in P. aeruginosa, which are quorum-sensing controlled and induce lasB 

transcription (Pesci et al., 1999). Further complication arises from recent evidence that 

the stationary sigma factor rpoS may actually be regulating the rhl quorum sensing 

system (Whiteley et al., 2000). A simplified summary depicting the current knowledge 

of the genes involved in quorum sensing is shown in Figure 1.1. 
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Figure 1.1. Simplified schematic of the known components and interactions of 
the las and rhl quorum sensing systems of P. aeruginosa (see text). 
Abbreviations: OM, outer membrane; PS, periplasmic space; LM, inner 
membrane; -I-, positive regulation; -, negative regulation (repression); ?, possible 
regulation; LemA (also designated GacS), sensor kinase; P, phosphate; GacA, 
global regulator; PAI-1, Pseudomonas autoinducer 1; PAI-2. Pseudomonas 
autoinducer 2; Vfr, virulence factor regulator; RpoS, stationary-phase sigma 
factor; PQS, Pseudomonas quinolone signal, and the genes known to be involved 
in the quorum sensing system which encode: lasl, the OdDHL autoinducer 
synthase; rhll, the BHL autoinducer synthase; lasR, the LasR transcriptional 
activator ; rhlR, the RhlR transcriptional activator, lasB, the LasB elastase; lasA, 
the LasA staphylolytic protease; toxA, exotoxin A; aprA, alkaline protease A; 
rhlAB, rhamnosyltransferase; xcp, secretion machinery ; katA, catalase; azu, 
azurin ; and sodA and B, superoxide dismutase. 



The role of quorum sensing in the pathogenesis of P. aeru^iinosa infections 

Contribution of the quoiuni-scnsing systems to P. aeruaino.sa 
pathogenesis in lung and corneal infections 

While the molecular analysis of the quorum-.sensing sy.stems in P. aeruginosa has 

progressed rapidly in the last decade, there have been relatively few studies examining 

the roles of quorum sensing in P, aeruginosa pathogenesis. These studies included the 

analysis of P, aeruginosa clinical isolates and the utilization of different animal models 

but focused mainly on a single component of the las quorum-sensing system, lasR. The 

results of these studies have led to variable conclusions concerning the importance of 

lasR and quorum sensing to the virulence of P. aeruginosa. 

Evidence that the lasR gene plays an active role in P. aeruginosa infections in 

vivo was obtained by Tang et al. (1996). In an attempt to determine the P. aeruginosa 

factors involved in initiating respiratory tract infections. Tang et al. examined several P. 

aeruginosa defined mutants using in vivo and in vitro assays. The in vivo assay examined 

the ability of the mutants to cause acute pneumonia, bacteremia and death in the neonatal 

mouse model of pneumonia, while the in vitro assay examined the ability of the mutants 

to adhere to respiratory epithelial cells and induce the production of interleukin-8 (IL-8). 

Among the different mutants tested was strain PAO-Rl, a lasR isogenic mutant of strain 

PAOl that produces neither LasA nor LasB, and reduced levels of exotoxin A (Gambello 

et al, 1991), In comparison with strain PAOl, strain PAO-Rl was essentially avirulent, 

producing no mortality and only a low grade of bacteremia. Although the PAO-Rl strain 

was able to colonize the lungs, it did not replicate or cause pathological changes within 

the lung. Additionally, the level of IL-8 produced by epithelial cells that were exposed to 

a standardized dose of strain PAO-Rl in vitro was 60% of that produced by cells exposed 

to strain PAOl. Although this study did not examine the effect of any virulence factors 

that are controlled by lasR (such as lasA, lasB or toxA), it provided an early clue 

regarding the involvement of the quorum-sensing system itself as a possible virulence 

factor. Such a clue was based on the conclusion that the reduced level of IL-8 produced 

in response to a PAO-Rl infection would attract less polymorphonuclear cells (which 

function in clearing the bacteria from the area of infection). Therefore, due to this 



decrease in cleaianee, strain PAO-Rl may be able to successfully colonize the respiratory 

epithelial cells but produce no inleetion. The correlation between the P. aeruginosa 

autoinducer and IL-8 production had been demonstrated in earlier studies by DiMango et 

al, (1995), DiMango et al, showed that increasing levels of the synthetic P. aeruginosa 

autoinducer PAI-1 triggered significant production of lL-8 by the immortalized airway 

epithelial cells. Such a respon,se was not detected with either strain PAO-Rl or purified 

elastase. 

More recently, the role of quorum sensing in the pathogenesis of P, aeruginosa 

infection of lung tissue was examined from a different perspecfive by Sawa et al, (1998). 

Sawa et al, examined the contribution of quorum sensing to the in vitro cytotoxicity as 

well as the in vivo virulence (using the acute lung infection model) of three different 

strains of P, aeruginosa that were either invasive (strain PAOl), cytotoxic (strain PA103) 

or invasive and cytotoxic (strain 6294). The in vivo virulence was measured by lung 

injury and lethality. Moderate to high doses of strain PA 103 produced lung epithelial 

damage, tissue destruction and the highest mortality rate. Although strains PAOl and 

6294 produced less epithelial damage and tissue destruction, mortality was detected with 

the highest dose of strains 6294 and PAOl. While the three strains produced varying 

levels of autoinducer, further analysis revealed no correlation between the cytotoxicity 

and the level of the autoinducer produced. Upon the infection of bronchial epithelial 

cells with these strains, variable levels of the autoinducer were detected as determined by 

the autoinducer bioassay (Pearson et al., 1994). The cell culture supematant from cells 

infected with strain PAOl produced higher levels of autoinducer than that of strain 6294, 

while no autoinducer was detected in the culture medium from strain PA 103 infected 

cells. Similar to previous assumptions by Tang et al. (1996), the authors hypothesized 

that autoinducers may stimulate human respiratory epithelial cells to produce IL-8, which 

helps to recruit polymorphonuclear cells to the infected area. This influx of PMNs would 

then help in eliminating the bacteria from the lung tissue. However, the two studies 

produced different results with respect to the possible role of the quorum-sensing systems 

in the P. aeruginosa infection of the lung. In contrast to the Tang et al. study, Sawa et al. 

suggested that quorum sensing inversely correlated with virulence. Although different 
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strains were utilized in these studies, strain PA 103 resembles strain PAO-Rl with respect 

to lasR {lasR is nonfunctional and the strain produces no autoinducer). In the study by 

Tang et al, (1996), the PAO-RI strain was es.sentially avirulent while the parent strain 

PAOl was fully virulent. In contrast, in the study by Sawa et al. (1998), the PA103 strain 

was the most virulent in the mouse lung infection model while strain PAOl was the least 

virulent. The most likely explanation for the observed differences between these studies 

is that quorum sensing does not control the P. aeruginosa cytotoxic phenotype. For 

example, strain PA 103 produces the 70 kDa-secreted cytotoxin ExoU while strains 

PAOl and PAO-Rl do not (Finck-Barbancon et al., 1997). The two studies also differ 

with respect to the animal models. In the study by Tang et al (1996), neonatal mice were 

inoculated intranasally with P. aeruginosa. However, in the study by Sawa et al., (1998) 

P. aeruginosa were instilled directly into the lungs of adult mice with a gavage needle 

(Sawaetal,, 1998), 

A more comprehensive examination of the involvement of the quorum sensing 

systems in pulmonary infection was carried out recently by Pearson et al. (2000). The 

group utilized a neonatal mouse model of pulmonary infection and specific P. aeruginosa 

mutants that were defective in the lasl, rhll, or rhll and lasl genes (strains PAO-JPl, 

PDOIOO, and PAO-JP2, respectively). All the mutant strains were derived from the P 

aeruginosa strain PAOl (Pearson et al., 1997). In comparison with strain PAOl, all three 

mutant strains showed a significant reduction in their lethality and ability to cause 

pneumonia and bacteremia. However, the most dramatic reduction was detected with 

strain PAO-JP2, which carries mutations in the lasl and rhll genes. To confirm these 

results, complementation experiments, utilizing a plasmid that carries the lasl and rhll 

genes were conducted. The ability of the PA0-JP2 complemented strain to cause 

pneumonia and bacteremia was significantly enhanced and paralleled that of strain 

PAOl, Based on these results, Pearson et al. suggested that the two virulence factors, the 

elastases and rhamnolipid (which are stringently controlled by quorum sensing) may be 

instrumental in allowing P. aeruginosa to disseminate into the bloodstream (Pearson et 

al., 2000, 1997). This study provides clear evidence that quorum sensing is crucial for P. 

aeruginosa pathogenesis in pulmonary infections. 
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The first report to demonstrate the importance of quorum sensing in a human P. 

aeruginosa infection was from Storey et al. (1998). Using .specific probes. Storey et al. 

examined population tran.script accumulation to determine if there was any correlation 

between the levels of to.xA, lasA and lasB mRNA in sputum samples obtained from 23 

cystic fibrosis (CF) patients over a period of 3 years. This approach (direct examinafion 

for mRNA transcripts) bypassed the need to culture the sputum samples. These results 

revealed a close correlation among the transcript accumulation of the three genes, 

indicating that the expression of these genes might be coordinately regulated during a 

CF-lung infection. Analysis of an additional 84 sputum samples from 16 CF patients 

showed that the level of ULSR transcript accumulation correlated with that of lasA, lasB, 

to.xA and algD. Based on these results. Storey et al. suggested that the expression of 

lasA, lasB, toxA and algD is either partially regulated by, or coordinately regulated with, 

lasR during lung infections associated with CF. Consequently, this work suggests that 

quorum sensing may be an active process in the lungs of CF patients infected with P 

aeruginosa. 

Another recent study suggests that the contribution of the quorum-sensing 

systems to the virulence of P. aeruginosa depends on the type of infection. In an attempt 

to investigate the role of the elastases (LasA and LasB) in the pathogenesis of P. 

aeruginosa in an ocular infection, Preston et al. utilized strain PAO-R I (the lasR 

deficient mutant), as well as three isogenic elastase mutant strains (PAO-Bl, PAO-Al 

and PAO-Bl Al) (Preston et al., 1997). All three elastase mutant strains were constructed 

by gene replacement in the PAOl parent strain. Strain PAO-Bl produces no LasB, strain 

PAO-Al produces no LasA, and strain PAO-Bl Al produces neither LasB nor LasA. 

The wild-type and mutant strains were tested in a murine model of P. aeruginosa corneal 

infecfion. While infecdon with strains PAO-Al and PAO-Bl Al caused mild or no 

disease in the corneas of mice, strains PAO-B1 and PAO-Rl were as virulent as the 

parent strain. These results are puzzling in light of the fact that both lasB and lasA are 

strongly regulated by lasR (Toder et al., 1991). Therefore, even though LasA may not be 

completely absent in strain PAO-Rl, its level should have been sufficiently decreased to 

produce a noticeable reduction in the virulence of the mutant. Moreover, neither the 
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addition of purified LasA protease, nor the insertion of a functional copy of lasA into the 

strain PAO-A1 chromosome complemented the defect of the mutant. Preston et al. 

(1997) hinted that the avirulent phenotype of strain PAO-Al might not be endrely due to 

the loss of LasA alone. Regardless of the role of LasA, it is clear from this work that a 

defect in one arm of the quorum-sensing systems {lasR) had no obvious effect on the 

virulence of P aeruginosa in a corneal infection. However, a generalized statement 

concerning the contribution of the entire quorum-sensing systems in this type of infecfion 

will require the analysis of addifional mutants that are defecfive in other aspects of the 

systems. To explain the differences seen between strain PAO-Rl infection in corneal 

versus lung infections, the authors suggest it is possible that lasR may be a fissue-specific 

regulator. However, with the limited and puzzling experimental evidence available, it is 

difficult to speculate whether the host tissue plays a role in inducing or suppressing 

specific quorum-sensing related-virulence factors. 

The role of quorum sensing in P. aeruginosa infection 
of Caenorhabiditis elegans 

In examining host-pathogen interactions, Ausubel and colleagues hypothesized 

that plant, mammalian, and invertebrate hosts may utilize similar pathways in their 

defense against pathogens (Mahajan-Miklos et al., 1999; Rahme et al., 1995; Tan et al., 

1999a). By extension, pathogens may utilize common strategies for invading the host, 

i.e, by producing common virulence factors that target these host defense pathways. 

Based on these assumptions, and due to the difficulty of examining host defense 

pathways using animal models, Ausubel and colleagues have used a simple and 

genetically tractable host, the soil nematode Caenorhabditis elegans. as a model. As a 

pathogen, they used the P. aeruginosa strain PA 14, a clinical isolate that causes 

significant lethality to bumed mice and disease in a variety of plants (Rahme et al., 1995). 

Specific strain ^A\4-toxA, gacA andplcS mutants showed a significant reduction in 

virulence in both plant {Arabidopsis thaliana) and animal (bumed mouse) models 

(Rahme et al., 1995). In the C. elegans model, strain PA14 caused two types of killing: 

slow killing, which required live bacteria (Tan et al., 1999a), and fast killing (Mahajan-
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Miklos et al., 1999) that did not. Using TnplwA mutagenesis, the Ausubel group isolated 

PA 14 mutant strains that were defective in either fast or slow killing. Many of these 

mutants were less virulent in both plants and animals. Among the different slow-killing 

mutants, three were defective in specific components of the quorum-sensing system: 

gacA, lasR and lemA (Tan et al,, 1999b). The failure of the lasR and gacA mutant strains 

to accumulate within the gut of C. elegans prompted Tan et al. (1999b) to suggest that the 

quorum-sensing system is required for the establishment and/or proliferafion of P. 

aeruginosa within the host. Tan et al, (1999b) suggested that because lasR. lemA, and 

gacA are conserved in many plant and animal pathogens, they might represent an early 

evolutionary mechanism of pathogenesis. These genes might once have been used to 

assist prokaryotes in adapting to their environment, but now function to allow bacteria to 

establish infections in eukaryotic tissues. Conversely, none of the characterized fast 

killing mutants carried a defect in quorum-sensing related genes (Mahajan-Miklos et al,, 

1999; Rahme et al,, 1995). However, it is possible that these mutafions may be indirectly 

linked to the quorum-sensing systems. Two of the fast killing mutants produced 

significantly lower levels of pyocyanin, which is known to be regulated by the rhlllrhlR 

quorum-sensing system (Latifi et al,, 1995; Mahajan-Miklos et al,, 1999). Whether the 

effect on pyocyanin production occurs through the quorum-sensing system or not is 

unclear since the slow killing lasR mutant strain described in this study produced 2-3 fold 

higher levels of pyocyanin than strain PA14 (Mahajan-Miklos et al., 1999). Mahajan-

Miklos et al. (1999) suggested that this increase in pyocyanin producfion is due to a 

second mutation. 

More recently. Darby et al. (Darby et al., 1999) reported a third type of C. elegans 

killing by P. aeruginosa that is associated with rapid neuromuscular paralysis. This type 

of killing (which was detected with strain PAOl but not strain PA 14) appears to be 

induced by a diffusible factor(s) that required both the las and rhl quorum-sensing 

systems for its production. Although the group was not able to provide an exact 

identification of the factor(s) that caused the paralysis, the quorum-sensing controlled 

virulence factors, exotoxin A, LasA, LasB and alkaline protease, do not seem to be 

responsible. 
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The role of quorum sensing in the formation of P. aeruginosa 
Biofilms 

Biofilms are formed by bacteria attached to surfaces, which upon their 

aggregation release extracellular polysaccharides that form a polymeric matrix or 

glycocalyx. Biofilms are architecturally complex structures made up of microcolonies 

and characteristic mushroom or pillar-like arrangements that are separated by channels 

that permit the circulation of water and nutrients (Costerton et al,, 1999). Medically 

important biofilms, which can be found on catheters, artificial joints and sfints for 

example, are extremely difficult to eradicate because they are shielded from host defenses 

such as phagocytosis or antibodies and are resistant to antibiotics. In addition, biofilms 

can be the source of chronic infections since they continuously shed planktonic bacteria 

that can multiply. Biofilms produced by P aeruginosa are thought to be a main cause of 

persistent infections in the lungs of cystic fibrosis patients as well as ocular infections 

associated with the wearing of contact lenses (Costerton et al., 1999). 

The formation of a biofilm occurs in three stages: initial attachment, proliferation 

resulting in the formation of microcolonies, and differentiation of the microcolonies into 

distinct structures. Since quorum sensing occurs at high cell densities, it is not likely to 

be involved in the attachment or proliferation stages. However, it has been speculated 

that quorum sensing may be required for differentiation of a P. aeruginosa biofilm. 

Based on this speculafion, Davies et al. (1998) tested two P. aeruginosa quorum-sensing 

mutant strains that were defecfive in the lasl or rhll genes for their ability to form 

biofilms. Similar to their parent strain PAOl, both mutant strains were able to bind to 

surfaces and produce microcolonies. However, while strain PAOl and the rhll mutant 

strain produced thick differenfiated biofilms with characteristic structures, the lasl mutant 

strain formed thin biofilms (only 20% of the thickness of the PAOl strain biofilms) of 

densely packed cells that lacked characteristic architecture. In addition, the 

undifferentiated biofilm formed by the lasl mutant strain was sensitive to biocide, a 

treatment to which biofilms are usually resistant. When the biofilm formed by this lasl 

mutant strain was treated with 0,2% SDS (detergent), the cells detached and dispersed 

within 5 minutes, whereas similar treatment had no effect on the biofilms formed by 
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strains PAOl or the ///// mutant strains. Finally, the addition of PAl-1 (which the lasl 

mutant strain cannot produce) to the biofilm chamber of the las! mutant strain resulted in 

the formation of a differentiated biofilm that was resistant to 0,2% SDS. 

Using the AHL (acylated homoserine lactone) responsive. Agrohacterium 

tumefaciens strain and the in vitro cross-feeding assay (McLean et al., 1997), Sfickler et 

al. provided evidence that autoinducers are produced by P. aeruginosa biofilms growing 

on urethral catheters (Stickler et al., 1998). Autoinducers were produced by several 

isolates that were obtained from patients' catheters and by P. aeruginosa biofilms that 

were produced //; vitro using a physical model of a bladder. In addition, autoinducer 

production was detected in sections of catheters that were freshly isolated from patients. 

While these studies give validity to the notion that quorum sensing is an essenfial 

mechanism that allows P. aeruginosa to form effectual biofilms, they also suggest a 

potential means to eliminate biofilms. Exploiting cell-to-cell signaling by autoinducer 

analogues or other treatments that block quorum sensing are expected to be important 

avenues for antibacterial therapy (Finch et al., 1998; Hartman and Wise, 1998). In fact, 

efforts are currently underway to develop these types of novel therapeutic agents (Kline 

et al„ 1999), 

Effects of quorum sensing on the host response 

With the idea that prokaryotic cell-to-cell communication through autoinducers is 

an early mechanism that has been selected through evolution, there is a distinct 

possibility that autoinducers may have direct effects on host cells. While eukaryotic 

organisms use hormones and pheromones that are chemically similar to autoinducers for 

their own cell signaling, it is possible that bacteria may have adapted to exploit these 

signaling pathways for their own uses. Although it has not been verified that bacterial 

autoinducers are capable of crossing eukaryotic cell membranes and effecting molecular 

mechanisms, there are several studies that give credence to the idea that autoinducers 

may act as virulence factors themselves. 

One possible way in which autoinducers may act as virulence factors is through 

the modulation of the host immune response. To examine such a possibility, Telford et 
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al. analyzed the immunomodulatory properties of two P. aeruginosa autoinducers, 

OdDHL (PAl-1) and OHHL, using murine leukocyte immunoassays in vitro (Telford et 

al., 1998). Their results revealed that only one autoinducer, OdDHL, inhibited both 

lymphocyte proliferation and the production of tumor necrosis factor a (TNF-a) by LPS-

stimulated macrophages. In addition, OdDHL treatment decreased the production of IL-

12. Furthermore, high concentrations of the same autoinducer inhibited antibody 

production by keyhole limpet hemocyanin-stimulated splenic cells, while low 

concentrations increased antibody production, Telford et al, (1998) proposed two models 

to explain their findings. First, the reduction in the producfion of TNF-a and IL-12 is 

part of the P aeruginosa strategy to minimize the adverse effect of the immune system. 

TNF-a, which is strongly induced by the LPS of the infecting P. aeruginosa, has been 

previously shown to play an important protective role against P aeruginosa lung 

infections in mice. Similarly, the reducfion in IL-12 production by OdDHL would 

indirectly reduce the amounts of TNF-a and thus affect the Th-1 vs. Th-2 balance in the 

host. Second, a reduction in the level of antibodies against different virulence factors 

could provide an advantage to the infecting P, aeruginosa. Several studies have 

previously shown that the host produces antibodies against P, aeruginosa virulence 

factors; and in certain cases, such as CF patients, the titers of the antibodies correlate with 

the severity of the P. aeruginosa infection. However, since this study was conducted 

using in vitro assays, these findings may not directly correlate with in vivo situations. In 

addition, as pointed out by Telford et al. (1998), the amount of autoinducer was higher 

than that usually produced by stationary-phase in vitro cultures of P aeruginosa. 

Moreover, the role of quorum sensing in modulating the host response may vary 

according to the type of P. aeruginosa infection. 

Another in vitro study analyzed the possible effects of the P, aeruginosa 

autoinducers on the physiology of pulmonary epithelial cells using the human 

submucosal tracheal gland serous cell line (HTGS) (Saleh et al,, 1999), HTGS cells are 

involved in the secretion of antibacterial and antiproteolytic proteins. Similar to normal 

HTGS cells, CF-HTGS, although lacking in cAMP-dependent chloride channel activity, 

respond to nucleotides (secretagogues), such as ATP and UTP by an increase in chloride 
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transport, AH tested autoinducers had no effect on the ATP and UTP induced secretion 

by normal HTGS cells. However, the ATP and UTP-induced secretion by the CF-HTGS 

cells was significantly inhibited in the presence of small amounts of the OdDHL and 

OHHL autoinducers (0,3 and 0.4 pmol, respectively). In addition, the autoinducers 

appciued to down regulate the expression of the nucleotide receptors P2Y2 and P2Y4 in 

CF-HTGS cells only. Saleh et al. (1999) suggested that OdDHL may affect (directly or 

indirectly) the expression of the nucleotide receptors through an inhibitory transcriptional 

factor. This suggestion is interesting since it hints at the presence of a possible target or 

receptor within the host cells for the P. aeruginosa autoinducer. Although this work was 

conducted on cell lines, the possibility that P aeruginosa autoinducers may be affecting 

receptor expression on the lung cells of cysfic fibrosis pafients is intriguing. This study 

represents the first evidence that autoinducers may influence the host immune response 

by affecting eukaryotic gene expression at the transcriptional level. However, it is clear 

that the analysis of the transcriptional response of eukaryotic cells to autoinducer, 

including the identification of DNA elements that mediate such responses, is critical to 

determine whether this represents an authentic mode of autoinducer action. 

From the available evidence, it appears that quorum sensing is an important 

mechanism that facilitates the pathogenesis of P. aeruginosa in several different in vivo 

situations, including lung infections. Additionally, cell-to-cell signaling via autoinducers 

is important in biofilm differentiation and in pathogenesis in C. elegans. Furthermore, 

there is preliminary evidence suggesting that P. aeruginosa may use its quorum-sensing 

systems to modulate the host immune system or effect host transcription. However, one 

essential question regarding quorum sensing has still been left unanswered. That 

question is, do autoinducers themselves act as virulence factors. Based on the in vitro 

work of Telford et al. (1998), DiMango et al. (1995), and Saleh et al. (1999), researchers 

have postulated that, in addition to activating the transcriptional activators LasR and 

RhlR, these small chemicals may have direct effects on eukaryotic cells. However, while 

several purified P. aeruginosa virulence factors, such as exotoxin A and elastase, have 

been examined in vivo, the effect of purified autoinducers has not. 
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p. aeruginosa infection of burn wounds 

P aeruginosa is one of the most common causes of mortality in thermally injured 

people. Although significant advances have been made in the last decade, such as eariy 

excision of burned tissue and patient isolation, approximately 10% of bum patients 

become bacteremic with P. aeruginosa (Oliver, 1998). Of those 80% die from the 

infection (Oliver, 1998). The rates of mortality from P. aeruginosa infection are highest 

in developing countries where the newest antibiotics and treatments may not be available 

(Oliver, 1998), The process of P, aeruginosa infection in burn wounds begins with the 

initial attachment and colonization of a low number of bacteria within the bumed tissue 

(Holder, 1993b), The source of the infecting bacteria may be the patient's normal flora 

or nosocomial in nature (Holder, 1993b). The moist warm fissue of a bum wound 

provides an excellent environment for bacterial growth. The necrotic tissue lacks 

sufficient blood flow to infuse the tissue with immune cells. Without the presence of 

surveillance cells such as macrophages and neutrophils, bacteria are free to multiply 

unimpeded. However, it has been shown that P. aeruginosa is outstandingly efficient at 

colonizing bum fissue and causing a lethal infecfion (Holder, 1985). Once the level of P 

aeruginosa cells reaches to about 10̂  CFU/g of wet weight tissue within the skin, the 

bacteria can be detected in the blood and rapidly reach most of the major organs (Holder, 

1993b). In the disseminated infection, focal points of infection include the liver, spleen 

and lungs (Holder, 1993b). It is assumed that the disseminafion phase of the infection 

results from the bacteria gaining access to blood vessels (Holder, 1993b). As the 

bacterial load increases, mortality presumably results from septic shock and multiple 

organ failure mediated by extensive amounts of LPS (Holder, 1993b). The cytotoxic 

damage to host cells by the P. aeruginosa exotoxins may also contribute to mortality 

(Holder, 1985, 1993b). 
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Examination of P. aeruginosa virulence factors in pathogenesis 
of burn wound infections 

Burned mouse model 

An animal model representative of the systemic infection caused by P. aeruginosa 

in burn patients was developed in 1975 by Stieritz and Holder (1975). Outbred mice 

were anesthetized and given a 30% body surface burn. The nonlethal, partial thickness 

burn was induced by ethanol flame. After burning, mice were given NaCl as fluid 

replacement. Using this model, Stieritz and Holder determined the LD50 for different 

microorganisms that commonly cause infections in bum wounds. While the LD50 for 

Escherichia coli, Klebsiella sp,. Staphylococcus aureus and Candida albicans ranged 

from 10^-10^ colony forming units (CFU)/g of wet weight fissue, the LD50 for different P. 

aeruginosa strains was <10 CFU/g of wet weight tissue (with a mean time to death of 32 

hours). Furthermore, in most experiments Stieritz and Holder found that just one viable 

P. aeruginosa organism could cause a lethal infection. In addition, while the P. 

aeruginosa LD50 increased to approximately 10^ in normal (unbumed) mice, the LD50 for 

the other organisms was the same for unbumed or bumed mice. This indicated that the 

enhanced susceptibility of mice in this model was unique for P. aeruginosa infection, 

Stieritz and Holder studied the dissemination of P. aeruginosa in their model and found 

that there were detectable levels of microorganisms in the organs at approximately 20 

hours post-bum, after bacterial levels in the skin had reached 10-10 CFU/g. The 

highest levels of P. aeruginosa were detected in the bumed skin, liver, spleen, kidney, 

lung and heart, in descending order. P. aeruginosa was found at low or undetectable 

levels in the blood. Stieritz and Holder also examined the susceptibility of bumed mice 

to P. aeruginosa infection following different routes of inoculation. Mice were bumed 

and given P. aeruginosa subcutaneously under the bumed skin or under the unbumed 

skin, intraperitoneally or intravenously. The only route of inoculation that correlated 

with significantly enhanced susceptibility to <10 P. aeruginosa organisms was 

subcutaneously under the bumed skin. Furthermore, this enhanced susceptibility was 

noted only unfil 24 hours post-bum. At time points after 24 hours, the mice were no 

more susceptible to P. aeruginosa infection than unbumed mice. Modifications of the 
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Stieritz and Holder bumed mou.se model have been used for over 25 years by many 

researchers (Pavlovskis and Wretlind, 1979; Rahme et al., 2000; Silver et al., 1989; 

Wilkinson and Fishman, 1999). It is considered to be an excellent model, specific for P. 

aeruginosa infection in burn wounds and clinically relevant to events that take place in a 

human infection with P, aeruginosa. 

Methods of examining P, aeruginosa virulence factors in vivo 

Sexeral researchers have examined the specific roles of different P. aeruginosa 

virulence factors in burn wound infections (Nicas and Iglewski, 1985b; Pavlovskis and 

Wretlind, 1979; Snell et al,, 1978), However, most of these studies have been limited to 

determining the effects of the purified factors /// vivo, or examining the pathogenesis of 

mutants defective in the production of these factors. While both methods can provide 

valuable clues to the roles of the P. aeruginosa vimlence factors in the infection process, 

they have their drawbacks. For example, when studying the effects of a purified 

vimlence factor such as exotoxin A, it is often difficult to estimate the physiological 

levels that would be produced in an infection. Therefore, one must constantly question 

the authenticity of any effects that are seen. Although the use of mutants that are 

defective in particular factors is a very attractive tool, these mutants were often made by 

non-specific mutagenesis (created by chemical mutagens or spontaneous mutants). 

Commonly, non-specific mutants have additional mutations that may result in unexpected 

phenotypes. Thus, meticulous analysis of the mutants' phenotypes becomes a necessity. 

An altemative to chemical or transposon mutagenesis is gene-replacement or allelic 

exchange. In order to use this powerful genetic technique, the DNA sequence of the 

vimlence gene to be studied must be known. Once the gene has been cloned on a suicidal 

plasmid vector, an intemal fragment is deleted, using site-specific restriction 

endonucleases. An insert such as an antibiotic cassette can then be ligated into the gene. 

Once this constmct is made the plasmid is incorporated into the host P. aeruginosa strain. 

Use of a suicidal vector, which cannot replicate stably in P. aeruginosa, results in a 

double crossover event in which the wild type gene together with the plasmid are excised 

from the chromosome leaving behind the dismpted gene. The advantage of this 
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technique is that the mutant strain should be exactly the same as the parent strain except 

for the mutation in the target gene. As of this time, gene replacement is considered to be 

the premier method of constructing isogenic mutants in P aeruginosa (Toder, 1994). 

Host Response (Cytokine producfion) 

Cytokine production in respon.se to thermal injury 

The inflammatory response to thermal injury has been well documented in human 

patients and animal models (Liu, 1994; Nicas and Iglewski, 1985b; Snell et al., 1978). 

This inflammatory response can be divided into local and systemic inflammation. The 

major systemic effects of inflammation are an increase in body temperature and the 

release of acute phase proteins from the liver. "Acute phase proteins" is a collective 

name given to a set of approximately 30 proteins (mostly glycoproteins) involved in 

modulating the immune system (Gordon, 1985). Locally, inflammation is characterized 

by an increase in blood flow to the site of injury with enhanced vascular permeability 

(Gordon, 1985). This results in an early influx of neutrophils into the damaged tissue, 

with macrophages, T cells and B cells recruited at later stages. 

Inflammation is expedited by the production of several cytokines collectively 

known as proinflammatory cytokines. These include tumor necrosis factor-alpha and 

beta (TNF-a and P), interferon-gamma (IFN-y) and interleukin-1, 2 and 6 (IL-1, 2 and 6) 

(Youn et al., 1992). These cytokines have complex and sometimes overlapping 

biological functions and are produced by a variety of different cells (Abbas, 2000). 

When kept in check, the inflammatory response provides beneficial effects to the host, 

such as wound healing (Youn et al., 1992). However, the uncontrolled production of 

these cytokines may occur when a thermal injury is compounded by a bacterial infection. 

This can result in tissue destmction and further immune suppression, as well as leading to 

septic shock and multiple organ failure (Youn et al., 1992). In addition to the 

proinflammatory cytokines, inflammation also results from the production of abundant 

amounts of chemokines and hematopoiefic cytokines (Gordon, 1985). Chemokines are 

cytokines involved in the chemotaxis of immune cells (especially neutrophils) into 

inflammatory sites, while hematopoietic cytokines act as colony stimulating factors for 
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different populations of immature immune cells (Abbas, 2000). The major cytokines 

shown to be up-regulated in response to thermal injury are lL-6 and TNF-a (Kawakami 

et al., 1997; Neely et al., 1996). However, the extent of the inflammatory response is 

dependent on the size and degree of the bum (Vico and Papillon, 1992). 

Cytokine production in response to P. aeruginosa infection 

Several studies have examined the cytokine response to P. aeruginosa infection in 

both the corneal and lung infection models (Cole et al,, 1999a, 1999b; Kemacki and 

Berk, 1994; Kernacki et al., 1998; Yanagiharaet al., 2000), Collectively, these studies 

indicate that P aeruginosa infection results in the up-regulation of several 

proinflammatory cytokines. This is seen in most infections with Gram-negative bacteria, 

and should be expected considering that lipopolysaccahride is a potent stimulator of 

proinflammatory cytokines (Ulevitch and Tobias, 1995), The cytokine response to a P 

aeruginosa infection in a bum wound, however, has not been determined. 

Aims of this study 

Despite the mortality and morbidity P. aeruginosa causes in bum wound 

infections, the pathogenesis of this very important opportunistic pathogen is not 

completely understood. It is not known why P aeruginosa is so much more efficient 

than other species of bacteria at causing lethal infections in bum patients. It is also not 

completely understood how and at what times in the infection process different vimlence 

factors are needed or if QS contributes to pathogenesis in vivo. Answering these 

questions is an essential step in developing new treatments that may prevent or delay the 

infection process at early stages. Thus, our goals for this project, described in the 

following chapters, were to: 

1. Examine the contribution of the regulatory gene lasR in P. aeruginosa infection 

of bum wounds; 

2. Analyze the roles of different components of the quomm sensing systems in the 

pathogenesis of P. aeruginosa in bum wounds; 
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3, Determine the involvement of specific factors controlled by quorum sensing in 

the infection process; 

4. Examine the host respon.se to a P aeruginosa infection in a burn wound. 
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CHAPTER II 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and growth conditions 

Bacterial strains and plasmids that were used in this work are listed in Table 2.1. 

Esclierichia coli and P, aeruginosa strains were routinely grown in Luria Britani (LB) 

medium (Ausubel, 1988), Antibiotics (Sigma, St. Louis, MO.) were used at the 

following concentrations: for E. coli, carbenicillin 100|ig/ml and nalidixic acid 20|lg/ml, 

and for P aeruginosa, carbenicillin 300^g/ml, rifampicin 80|Lig/ml, streptomycin 

100|lg/ml, tetracycline 50|Llg/mI. Mercuric chloride (Sigma) was used at 15|Llg/ml in solid 

medium and 7.5|ig/ml in LB, The P aeruginosa wild-type strain PAOl is a prototrophic 

strain that was originally isolated from a wound (Holloway et al., 1979). This P 

aeruginosa strain produces most of the extracellular vimlence factors including exotoxin 

A, elastase, LasA, alkaline proteases, exoenzyme S and phospholipase C (Hamood et al., 

1996b). 

Protease assay 

Protease production by P aeruginosa strains was determined using skim milk 

plates and Hide Powder Blue assays (Hamood et al., 1996a, 1996b). Elastase producfion 

was determined by the Elastin Congo Red assay as previously described (Hamood et al,, 

1996a), 

In vitro growth 

To determine the overall growth characteristics of the different P aeruginosa 

mutants, the strains were grown overnight in LB with the appropriate antibiotics. For 

subculturing, the cells were pelleted, washed in LB and inoculated (1:50) in fresh 

medium at a starting optical density (OD540) of 0.02. At hourly intervals, samples were 

taken and the optical density (OD540) was determined. In addition, a 100 )J.l aliquot of 

cell culture was obtained, serially diluted and plated on LB agar plates. The plates were 
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Table 2.1. Bacterial strains and plasmids 

Strains or plasmids 

Pseudonumas 

aeruginosa 

PAOl 

PAO-Rl 

PDOIOO 

PAO-JPl 

PA0-JP2 

PAO-Al 

PAGE 

PAO-toxA 

PAO-A IB 1 

?\0-toxAAasB-

PAO-rpoS 

Relevant genotype/phenotype 

wild-type, prototrophic .strain, a clinical 

isolate 

PAOl. AlasR, Tc' 

PAOl,ArhlI::Tn50l,Ug' 

PAOl, AlasI, Tc' 

PDOIOO, AlasI, Hg',Tc' 

PAOl,AlasA,Tc' 

PAOl,AlasB,Sm' 

PAOl,AtoxA,Tc' 

PAOl, AlasAAasB, Sm', Tc' 

PAO-toxA, Sm', Tc' 

PA01,Ar/7oS, Gm' 

Source/ 

Reference 

(Holloway et al., 

1979) 

(Gambello and 

Iglewski, 1991) 

(Brint and 

Ohman, 1995) 

(Pearson et al., 

1997) 

(Pearson et al., 

1997) 

(Toder et al,, 

1994) 

This study 

This study 

(Preston et al,, 

1997) 

This study 

(Suhetal,, 1999) 
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Table 2.1. Continued. 

Escherichia coli 

DH5a 

Plasmids 

pSW200 

pLASI-2 

pJPP42 

pJPP45 

pRB1804 

pUC18T2 

pMJ21 

supE44, thi I, recA I, gyrA, naf 

pUC18 cloning vector carrying the 1.8 kb 

Pstl fragment that allows ColEl plasmid 

to replicate stably in P. aeruginosa 

Ch\ pSW200 carrying a 989 bp fragment, 

which contains lacp-lasl 

pLASl-2 carrying a 1,5 kb fragment, 

which contains lacp-rhll 

pSW200 carrying a 1.5 kb fragment, 

which contains lacp-rhll 

pUC18 carrying a 2,7 kb EcoRl-Pstl 

fragment, which contains lasB 

pUC18 carrying the 1.8 kb tet' gene from 

pBR322 

pUC 18 carrying the PAOl toxA gene on 

a 2700 bp Pstl-EcoRl fragment 

(Ausubel, 1988) 

(Gambello and 

Iglewski, 1991) 

(Passador et al., 

1993) 

(Pearson et al,, 

1997) 

(Pearson et al., 

1997) 

(Bever and 

Iglewski, 1988) 

(Lory, 1988) 

(Wick and 

Iglewski, 1988) 

Abbreviations: Tc, tetracycline; Hg, mercuric chloride; nal, nalidixic acid; Cb, 
carbenicillin; Sm, streptomycin; Gm, gentamycin; r, resistant 
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incubated at 37*̂ C, The number of colonics on each plate was counted to determine the 

colony forming (CFU) units per ml at each time point, 

Bumed mouse model 

The virulence of different P. aeruginosa mutants was examined using the 

modified Stieritz and Holder burned mouse model (Rumbaugh et al., 1999a; Sfieritz and 

Holder. 1975), In this modified model, the type of induced burn is a scald and not a 

flame burn. The experiments were conducted using adult female ND4 Swiss Webster or 

C57B1/6 mice weighing 20-24 grams. The mice were anesthetized by the intraperitoneal 

injection of 0,4 ml of 5mg/ml Nembutal (5% sodium pentobarbital; Abbot Laboratories, 

North Chicago, IL) and their backs were shaved. The mice were securely placed into a 

template with a 4,5cm X 1.8cm opening, exposing their shaved back. About 15% of the 

total surface area of the mouse was exposed through the opening on the template. The 

thermal injury was induced by placing the exposed area of the shaved skin in 90°C water 

for 10 seconds. Such an injury is non-lethal, but causes a third degree (full thickness 

bum). Fluid replacement therapy consisfing of a subcutaneous injection of 0,8 ml 0.9% 

NaCl solution was administered immediately following the bum. Mice were challenged 

by the subcutaneous inoculation of 100|ll of the bacterial inoculum (see below) directly 

under the bum. Control mice were subcutaneously injected with 100 |il sterile phosphate 

buffered saline (PBS) directly under the burn. During recovery, the mice were kept under 

warming lights and observation. Mortality among infected mice was recorded at 48 

hours post bum-infection. In some cases, infected mice were monitored for death until 4-

5 days post bum-infection. Animals were treated humanely and in accordance with the 

protocol approved by the Animal Care and Use Committee at Texas Tech University 

Health Sciences Center in Lubbock, TX. 
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Preparation of the P. aerugino.sa inoculum 

Fifty microliter aliquots of overnight culture of PAOl and different P. aeruginosa 

mutants were subcultured in fresh LB broth with antibiotics. The cultures were grown at 

37''C for 3-4 hours to an OD,s4() of approximately 1,0 (some cultures were adjusted to an 

OD54() of 1,0 by the addition of sterile PBS), A lOOftl aliquot of each culture was then 

pelleted, washed in PBS, and serially diluted (10-fold serial dilufions) in PBS. A 100|il 

aliquot of the 10 ' dilution was injected in each animal. As we have previously 

determined (Rumbaugh et al., 1999a), this dilution contains approximately 2-3x10" 

colony forming units (CFU) of P. aeruginosa. We have also shown previously that this 

dose of PAOl produces 94-100% lethality in ND4 Swiss Webster mice by 48 hours post 

bum-infection (Rumbaugh et al., 1999a), The pre-injection CFU of each strain was 

determined by plafing serial dilutions of the inoculum on LB agar plates. 

Quantitation of bacteria within the skin, liver and spleens of 
infected mice at 24 hours post-burn/infection 

At 24 hours post-bum/infection, the mice were euthanized by a intracardial 

injection of 0.2ml Sleepaway (sodium pentobarbital, 7.8% isopropyl alcohol euthanasia 

solution. Fort Dodge Laboratories, Inc., Fort Dodge, Iowa). Skin sections of 

approximately 5mm x 5mm were obtained from the bumed skin of both the control and 

challenged mice. Similarly, the heart, liver and spleens of each animal were obtained. 

Individual skin sections and organs were weighed, suspended in 2 ml of PBS, and 

homogenized (Wheaton overhead stirrer, Wheaton Instmments, Millville, NJ), A lOOfil 

aliquot of each homogenate was plated on LB plates to determine the post bum-infection 

CFU. The CFU from each organ was calculated per gram of fissue. 

Horizontal spread of P. aeruginosa through the burned skin 

Groups of mice (4-5 mice/group) were bumed and infected with different P 

aeruginosa strains as described above. At a specific time period post bum-infection, the 

mice were euthanized and specific skin sections (approx. 5mm x 5mm in size) were 

obtained from the bumed skin of each animal. One section was obtained from the 
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inoculation site of the burned skin. The other .section was obtained from about 15mm 

distant from the inoculation site (distant site section). In addition, to determining the 

spread of P acrugino.ui within the burned skin (horizontal spread), we have tried to 

determine the spread of P. aeruginosa from the infected skin to the underlying tissue 

(vertical spread). Sections of the connective tissue underneath the skin at the inoculation 

site were obtained. The skin and connective tissue sections were suspended in PBS, 

homogenized and plated on LB plates as described above. 

Transfer of plasmids into the P. aeruginosa mutant PA0-JP2 

Plasmid DNA was isolated from E. coli by the alkaline lysis procedure (Ausubel, 

1988). The plasmids were then introduced into PAO-JP2 by electroporation as 

previously described (Smith and Iglewski, 1989). 

In vitro and in vivo stability of plasmids in PA0-JP2 

In vitro stability was examined by the repeated subculturing (5-6 times) of PAO-

JP2 containing different plasmids in antibiotic free LB broth. Individual colonies from 

the last subculture were inoculated onto LB plates and LB containing carbenicillin. The 

stability of different plasmids in PAO-JP2 was determined //; vivo (within the infected 

mice) by inoculating the individual colonies from the spleens, livers, and skins of 

infected mice onto LB plates and LB plates containing carbenicillin, 

Stafistical analysis 

Statistical analysis: The Wilcoxon Signed Rank Test for significance (Statworks, 

Cricket Software, Inc., Malvem, PA) (Steel RG, 1980) was done to determine significant 

differences between the CFU obtained from the livers and spleens of groups of mice 

infected with PAOl and the different quorum sensing mutant strains. To determine the 

significance between groups in the mortality experiments the one-way ANOVA with 

Tukey-Kramer Multiple Comparisons test or the Fisher Exact Test (Steel RG, 1980) was 

performed using GraphPad InStat version 3.00 for Widows 95 (GraphPad Software, San 

Diego, CA). 
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RNase protection assays 

For total RNA extraction, liver and skin samples were placed immediately into 

TRI Reagent- RNA/DNA/Protein isolation reagent (Molecular Research Center, Inc. 

Cincinnati, OH), and the tissue was homogenized. Total RNA was extracted following 

the manufacturer's guidelines. The expression of different murine cytokine and 

apoptosis-related genes was detected using four different Multi-Probe Template Sets 

(PharMingen, San Diego, CA) in the Riboquant® Ribonuclease Protection Assay System 

(PharMingen), The probes were hybridized overnight at 56° C with 20 |J.g of total RNA 

from either the liver or the skin. After the hybridizafion, the mixture was treated with 

RNase A + Tl mix (PharMingen) to digest the unhybridized single-stranded RNA. The 

protected fragments were then purified by phenol/chloroform extraction and ethanol 

precipitation. The samples were resupended in 5 l̂l loading dye and resolved on a 6% 

acrylamide/ 8 M urea gel. The gels were dried and protected bands representing different 

cytokines were detected after exposure of the gels to Kodak Scienfific Imaging film 

(Eastman Kodak Company, Rochester, NY). Three of the four templates used are 

standard sets (mCK-lb, mCK-3b, and mCK-4; PharMingen). The fourth template was 

custom designed and includes probes for additional cytokines and apoptosis-related 

genes. Together these template sets include probes for proinflammatory factors: eotaxin, 

IFN-y, IL-lp, IL-IRI, IL-6, LIE, LT-(3, MIP-lp, MIP-2, TNF-a, and TNF-(5; 

hematopoietic factors: G-CSF, GM-CSF, IL-3, IL-7, IL-11, M-CSF, MIF and SCF; 

inhibitors of inflammation: IL-10 and TGF-(3. 1,2,3 and other factors involved in the 

immune response: IFN-|3, IL-2, IL-4. IL-5, IL-10, IL-13, and IL-15; and the apoptosis-

related factors: Bad, Bax, Bcl-2, and Fas. Each set also contains two housekeeping 

genes that code for L32 and GAPDH (as intemal standards). 
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CHAPTER III 

CONTRIBUTION OF THE REGULATORY GENE LASR TO 

THE PATHOGENESIS OF PSEUDOMONAS AERUGINOSA 

INFECTION OF BURNED MICE 

Introduction 

Pseudonumas aeruginosa is a gram-negative opportunistic bacterium that causes 

severe infections in immunocompromised hosts (Wood, 1976), These infections include 

chronic lung infections (in cystic fibrosis patients), systemic infecfions in pafients with 

acute leukemia, organ transplant infections and burn wound infecfions (Bodey et al., 

1983; Pitcher-Wilmott et al., 1982). Damage caused by P. aeruginosa is due to the 

production of several extracellular and cell-associated vimlence factors (Cash et al., 

1983). These extracellular vimlence factors include exotoxin A, exoenzyme S, elastase, 

LasA, alkaline proteases and phospholipase C (Homma, 1980; Iglewski et al., 1978; 

Peters et al., 1992; Woods and Iglewski, 1983; WreUind and Pavlovskis, 1983). The 

elastase is a metalloprotease that degrades elastin and collagen, and inactivates several 

important host proteins such as human immunoglobulin G, complement components, and 

semm protease inhibitors (Morihara K, 1985; Schultz and Miller, 1974). The other 

elastolytic enzyme produced by P. aeruginosa is LasA (Toder D, 1991; Peters J, 1990). 

LasA, which is secreted to the extracellular environment, is a 22 kDa protein with 

staphylococcal properfies (Kessler et al., 1993; Peters et al., 1992), Recent studies 

suggested that LasA enhances the activity of the elastases by cleaving their glycine-

glycine bonds (Kessler et al,, 1993). 

Several animal models have been used to examine the in vivo vimlence of P. 

aeruginosa including the rat lung infection model (Woods et al., 1991), the corneal 

infection model (Ohman et al., 1980), and the bumed mouse model (Sfieritz and Holder, 

1975). The bumed mouse model, which was developed by Stieritz and Holder (1975), is 

relevant to bum wound infections caused by P. aeruginosa and was used to examine the 

importance of different vimlence factors in the pathogenesis of P. aeruginosa infections 

(Pavlovskis et al., 1977; Saehnger et al., 1977). Using P aeruginosa protease deficient 
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mutants and the burned mouse model, several previous studies produced evidence that 

the proteolytic activity of P. aeruginosa is essential for the pathogenesis in burn wounds 

(Nicas and Iglewski, 1985b; Pavlovskis and Wretlind, 1979), However, these mutants 

were not specific (either spontaneous or chemically induced). In addition, these studies 

examined the function of two P. aeruginosa virulence factors in.stead of one (both 

elastase and alkaline protea.se are proteolytic enzymes). 

Gambello and Iglewski (1991) described the isolation of the P. aeruginosa 

isogenic mutant PAO-Rl, This mutant (which was constmcted by the gene replacement 

technique) carries a specific deletion within the lasR gene (Gambello and Iglewski, 

1991). The lasR gene codes for a 30 kDa protein which funcfions as a transcriptional 

activator of the two elastase genes lasB (the elastase gene) and lasA (Gambello and 

Iglewski, 1991; Toder etal,, 1991). Thus, PAO-Rl produces neither/<3,yfi andlasA 

mRNA, nor elastase and LasA protein (Gambello and Iglewski, 1991; Toder et al,, 1991). 

In addition, the mutant produces reduced levels of toxin A and alkaline protease 

(Gambello et al., 1993), In this study we have compared the lethality and local damage 

of the bumed skin produced by PAO-Rl with that produced by its parent strain PAOl. 
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Results 

Mortality experiments 

To determine the virulence of PAO-Rl in burn wound infections, we used the 

previously described mouse bum model. Groups of mice were burned and then infected 

with 10" P. aeruginosa. These mice were then monitored at specific time intervals for 

death. The percent mortality was calculated for both PAOl and PAO-Rl (Table 3,1). 

While the parent strain caused 96,8% mortality by 48 hours, PAO-Rl caused only 26.3% 

mortality by 48 hours. In addition, PAO-Rl was not fatal to al! mice by one week post

infection as was PAOl (data not shown). It is clear that there is a considerable difference 

in the percent mortality between PAOl vs. PAO-Rl challenged mice at 48 hours (Table 

3,1), This difference suggests that PAO-Rl is less virulent in the bumed mouse than 

PAOl. The reduction in virulence may reflect a reduced ability of PAO-Rl to either 

establish an infection or to disseminate throughout the body. 

One possible factor which may contribute to the observed defect in the vimlence 

of PAO-Rl is a reduction in the growth of this strain (in comparison with its parent 

strain). To examine such a possibility, the growth rates of PAOl and PAO-Rl were 

compared in vitro. Throughout the growth cycle of both strains, the optical density of 

PAOl and PAO-Rl at each fime was comparable (Fig. 3.1). This indicates that the 

growth characteristics of PAO-Rl are not affected by the lasR mutation. 
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Table 3.1. Mortality of burned mice infected with P, aeruginosa strains PAOl and PAO-Rl 

Strain 

PAOl 

PAO-Rl 

Mortality" 

Experiment Number 

I 11 III IV Average'' 

Percent Mortality 

7/7^100)'-' 

2/5 (40) 

6/6(100) 

1/4 (25) 

4/5 (80) 

1/5 (20) 

6/6(100) 

1/5 (20) 

96,8% 

26,3% 

''Four groups of mice were bumed and given approx. 2x10" CFU of P aeruginosa, as 
described in Materials and Methods. Mortality was recorded at 48 hours post-infection, 

''Number of animals that died over total number of animals. 

'̂ Number in parenthesis represents percent mortality. 

''Average percents were determined for the four groups combined and found to be 
significant by the Fisher Exact Test (p<0.05) (Steel RG, 1980). 
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Figure 3,1, Comparison of the in vitro growth of P aeruginosa strains PAOl and PAO-
Rl, The strains were grown ovemight in LB and subcultured in fresh LB as described in 
materials and methods. At the indicated time, a lOOul aliquot was taken, added to 900ul 
of fresh LB, and the optical density (OD54()) was recorded. 
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Dis.semination of PAOl and PAO-Rl within the body 
of the burned Mouse 

fhe reduced in vivo virulence of PAO-R I may be due to its inefficient 

dis.semination within infected mice. We postulate that the elastases are the es,senfial 

factors that allow the infecting PAOl to spread through the skin, into the blood supply 

and then to different organs of the infected animals. To examine this possibility, we 

compiued the CFU per gram of tissue of PAOl and its mutant in the inoculation area of 

the burned skin, and in the spleens, livers and hearts of infected mice at 16 and 24 hours 

post-infection. As expected, in PAOl infected animals, the highest CFU/g of fissue was 

within the infected skin at both 16 and 24 hours. At 16 hours, no microorganisms were 

detected in the internal organs of infected mice (data not shown). At 24 hours post

infection, considerable numbers of microorganisms were found in the spleen and liver, 

but none in the heart (Fig, 3,2, data not shown). For PAO-Rl infected mice, the CFU/g 

of tissue within the infected skin was comparable to that of PAOl at 24 hours (Table 3.2). 

However, the number of microorganisms that were recovered from the livers and spleens 

of PAO-Rl infected mice was significanfly lower than that of PAOl (P< .01) (Fig. 3.2, 

data not shown). Similar to PAOl, no PAO-Rl microorganisms were detected in the 

heart (data not shown). These results suggest that although PAOl and PAO-Rl have 

reached similar numbers in the skin by 24 hours post-infecfion, PAO-Rl appears to have 

a reduced ability to reach the intemal organs. We have also examined the possibility that 

the passage of either PAOl or PAO-Rl may affect their proteolytic/elastolytic activities. 

Both, PAOl and PAO-Rl strains from the pre-infection and post-infection inocula were 

analyzed for proteolytic and elastolytic activities, using the Hyde Powder Blue and the 

Elastin Congo Red assays, respectively. There were no changes in the levels of the 

proteolytic/elastolyfic acfivifies produced by PAOl (data not shown). In addifion, PAO-

Rl from pre and post-infected mice produced no detectable proteolytic/elastolytic 

activities (data not shown). Thus, the passage of these two strains in mice neither 

reduced the proteolytic/elastolytic activities of PAOl, nor restored the 

proteolytic/elastolytic activities of PAO-Rl. 
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Table 3.2. The spread of the P. aeruginosa strains PAOl and PAO-Rl within the burned 
skin at 8 and 24 hours post-infection 

Strain Colony forming units / gram of tissue" 

8 hours post-infection 

PAOl 

PAO-Rl 

24 hours post-infection 

PAOl 

PAO-Rl 

Inoculation Site** 

1.8x10^ ±7.0x10^ 

1,0x10*̂  + 2,8x10'̂  

Inoculation Site 

3.8x10% 1.2x10^ 

6.4x10''±9.8x10^ 

Distant Site*̂  

3.0x10^7.6x10'* 

0.0 

Distant Site 

1,2x10% 1.4x10^ 

9.8x10% 1.1x10^ 

"Four groups of mice were bumed and given 2x10" CFU of P aeruginosa, as described in 
Materials and Methods, Select areas of the bumed skin were homogenized and plated on 
agar plates to determine the CFU of P. aeruginosa microorganisms, 

''Skin sections were taken from the inoculation site on the bumed skin, 

""Skin sections were taken from approximately 15mm distant from the inoculation site on 
the bumed skin. 
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Figure 3.2. The number of P. aeruginosa PAOl and PAO-Rl microorganisms that were 
recovered from the spleens of bumed and infected animals at 24 hours post-infection. 
The animals were bumed and infected as described in Materials and Methods, 
indicates (P<0.001). 
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Spread of PAOl and PAO-Rl within the skin of burned 
and inleeted animals 

One possible reason for the observed variation in the dis,semination of PAOl and 

its mutant is that the initial spread of the mutant within the burned skin is hindered. 

Among P. aeruginosa virulence factors, elasta,se functions in destroying the elasfin 

within the skin and connective tissue. In consideration of this, we compared the 

horizontal spread of PAOl and PAO-Rl strains from the site of inoculafion within the 

bumed skin. Groups of mice were burned and infected as above. At 8 hours post

infection the mice were sacrificed and 5mm x 5mm skin sections were removed. Since 

we had detected both strains within the intemal organs of the infected animals at 24 hour 

post infection (Fig, 3.2, data not shown), and because we have seen that at 24 hours the 

numbers in the skin were very similar (Table 3.1), we tried an earlier time point (8 hours 

post-infection) to obtain these skin sections. One of the skin sections was within the 

inoculation site. The other section was about 15mm distant from the inoculation site (to 

show the horizontal spread of the microorganisms through the bumed skin). In addition, 

the connective tissue in the underlying area of the inoculation site was removed (to 

demonstrate the vertical spread of the microorganisms). The CFU of PAOl and PAO-Rl 

in these different sections were compared. At 24 hours post-infection the CFU of PAOl 

and PAO-Rl were comparable (Table 3.2). However, at 8 hours post-infection, and in 

contrast to PAOl, no PAO-Rl microorganisms were recovered from the distant site of 

the bumed skin (Table 3.2). Equivalent numbers of microorganisms of both strains were 

recovered from the connective tissue below the inoculation site (data not shown). 
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Discussion 

The results presented in this study suggest that in the P. aeruginosa infection of 

the burned mou.se, the lasR mutant strain, PAO-Rl, is defective in three major aspects: 

(I) the /// vivo virulence (as determined by the mortality of the experimental animals, 

Table 3.1), (2) the disseminafion within the infected animals (Fig, 3,2 and data not 

shown) and (3) the horizontal spread within the burned skin (Table 3.2), As stated 

earlier, PAO-Rl produces no elastolytic activity, and reduced levels of exotoxin A and 

alkaline proteases. Although we cannot rule out this possibility, the reduction in exotoxin 

A and alkaline protease is less likely to be a major reason for the observed defect in the 

pathogenesis of PAO-Rl infection in the bumed mouse. Unlike the defect in the 

elastolytic acfivity (PAO-Rl produces neither elasta.ses protein nor elastases mRNA), 

levels of exotoxin A and alkaline protease by PAO-Rl vary. Depending on different 

environmental conditions (including the growth temperature, the growth medium, and the 

stage of growth), PAO-Rl may produce more than half the levels of exotoxin A and 

alkaline proteases produced by its parent strain PAOl (data not shown). 

The two elastases that are controlled by the lasR gene are LasB and LasA 

(Gambello and Iglewski, 1991; Toder et al., 1991). These two proteases are likely to 

have both a general effect on the host, as well as a local effect at the bumed skin area. 

One way that the elastases accomplish their general effects may be by deteriorating the 

already compromised host resistance (by the bum) and enhancing the susceptibility of the 

bumed patient to further P. aeruginosa infection. Through its proteolytic acfivity, 

elastase is known to cause degradation of IgG, complement components and the semm 

protease inhibitors (al protease inhibitor, a2 inhibitor and CI inhibitor) (Morihara K, 

1985; Schultz and Miller, 1974), Such acfivities may enhance the lethality of the P 

aeruginosa infecfion in bum wounds. It is known that a thermal injury increases the total 

proteolyfic activity in the blood of experimental animals (Neely et al,, 1988), Holder and 

Neely (Holder and Neely, 1991) suggested that in a bumed, P, aeruginosa infected 

animal, the additional proteolytic activity produced by the microorganisms would 

increase the already elevated total proteolytic activity. However, the lethality of PAOl 

was not completely eliminated in PAO-Rl (Table 3,1), This may be due to the fact that 
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besides the two elasta.ses, P. aerugino.sa produces other virulence factors (including toxin 

A, exoenzyme S, phospholipase C, and LPS) that contribute to the lethality (Cash et al., 

1983; Woods and Iglewski, 1983). 

The more significant role of the elastases as virulence factors is likely to be their 

local effect on the burned, P. aeruginosa infected skin. Through both their proteolytic 

and elastolytic activities, LasB and LasA would exacerbate the damage to the host's 

initial biurier (skin and tissue) that is cau.sed by the thermal injury. Such exaggerated 

damage would enhance the access of the microorganism into the blood stream of the 

burned animal. Once in the blood stream, P. aeruginosa can then reach different organs 

and cause severe damage through its elastases and other vimlence factors. This scenario 

is clearly supported by the results of the present study. The number of P. aeruginosa 

microorganisms that were recovered from the organs (liver and spleen) at 24 hours post

infection correlates closely with the lethality in mice (Table 3.1). At 24 hours post

infection, the number of microorganisms of the PAO-Rl strain that reached the liver and 

spleen of bumed mice was lower than that of PAOl (Fig. 3.2, data not shown). However, 

at 48 hours post-infection the number of microorganisms of PAOl and PAO-Rl that 

were recovered from the liver and spleen of bumed animals were comparable (data not 

shown). Thus, the first 24 hours post-infection appears to be critical for the development 

of a lethal infection with P. aeruginosa. It is possible that the combined effects of the 

thermal injury and P. aeruginosa elastases reach their maximum at about 24 hours post-

bum. At 48 hours post-bum, the host may start to recover from the thermal injury and 

reduce the effect of the P aeruginosa elastases. This indicates that the elastases are 

critical for the local spread of the P. aeruginosa within the bumed skin only for a few 

hours post-infection. The importance of the elastases in the initial stages of P. aeruginosa 

infection was further confirmed by examining the local spread of PAOl and PAO-Rl 

within the bumed skin. At 8 hours post- infection, no PAO-Rl microorganisms were 

detected within 15 mm of the inoculafion site (Table 3.2). In contrast, the number of 

PAOl microorganisms was about 3.0x10^ (Table 3.2). However, at 24 hours post

infection, the number of PAOl and PAO-Rl microorganisms that were recovered at 15 

mm from the inoculation site were about the same (Table 3.2). Based on our results, it is 
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possible that the effect of P. aerugino.m elastases occurs in two stages. In the first stage 

(within 8 hours post-infection), the elastases help the P, aeruginosa .spread within the 

burned skin and reach a critical level (10^ microorganisms). Once this critical level is 

reached (between 8 and 24 hours post-infection), the microorganisms will invade the 

bloodstream and cau.se a systemic infection (the beginning of the second stage of 

infection). Between 24 and 48 hours po.st-infection, sufficient numbers of 

microorganisms would reach different organs and produce considerable levels of 

vimlence factors that result in the observed mortality. 

The unique aspect of this study that differentiates it from previous studies is that it 

was conducted using a specific P aeruginosa mutant that was deficient in the production 

of LasB and LasA. The role of the elastases in the virulence of P, aeruginosa infecfion of 

bumed skin has been demonstrated by several previous studies (Holder, 1983; Nicas and 

Iglewski, 1985b; Pavlovskis and Wreflind, 1979). Using the mouse bum model, 

Pavlovskis and Wretlind (Holder, 1983; Nicas and Iglewski, 1985b; Pavlovskis and 

Wretlind, 1979) showed that the lethality of a protease deficient mutant of P. aeruginosa 

was lower than that of a protease positive strain. The addition of purified protease to the 

inoculum of the protease-deficient strain increased its lethality (Holder, 1983; Nicas and 

Iglewski, 1985b; Pavlovskis and Wreflind, 1979). Similarly, the elastase-deficient 

temperature-sensitive PAOE64 was less lethal in the bumed mouse model than its PAOl 

parent strain (Nicas and Iglewski, 1985b). These protease deficient strains were originally 

isolated as either spontaneous mutants or chemically induced mutants (Nicas and 

Iglewski, 1985b; Pavlovskis and Wretlind, 1979). Strains that are isolated by nonspecific 

mutagenesis are known to carry mutafions in other genes (besides the selected mutation). 

These unselected mutations may contribute to the reducfion in the vimlence of P. 

aeruginosa. 

Based on the results of our present studies, it is difficult to determine if the defect 

in PAO-Rl is due to the lack of proteolytic or elastolytic acfivities or both. In an earlier 

study, Ian Holder (1983) attempted to determine the specific contribution of proteolyfic 

and elastolytic activities to the pathogenesis of P. aeruginosa infection of burn wounds. 

Holder (1983) examined the effects of protease and elastase inhibitors on the vimlence of 
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p. aeruginosa. His results showed that the survival of burned and infected mice was 

enhanced by treatment with a-2 macroglobulin (a protea.se inhibitor), but not with 

phosphoramidon (an elastase inhibitor) (Holder, 1983). Treatment with a-2 

macroglobulin resulted in the reduction of P. aeruginosa microorganisms within the skin 

and liver of infected, burned animals at about 30 hours post-burn (Holder and Neely, 

1991). However, at 36 hours post-burn, no difference was detected in the number of P. 

aeruginosa microorganisms that were recovered from either a-2 macroglobulin treated 

animals or the control animals. Additional in vitro analysis of protease deficient strains 

showed that the proteolytic activity was important for the growth of P. aeruginosa within 

the bumed skin (Cicmanec and Holder, 1979). In comparison with its parent strain, the 

growth (generation time) of an elastase deficient mutant of P. aeruginosa within the 

bumed skin extract (BSE) was reduced (Cicmanec and Holder, 1979). The growth of the 

mutant was enhanced upon the addition of a purified protease (Holder, 1983). Based on 

these results, Cicmanec and Holder (Cicmanec and Holder, 1979) suggested that the 

proteolytic activity within the bumed skin allows P. aeruginosa to grow to sufficient 

numbers for either growth or establishment of an infection. Despite the similarities 

between these findings and our present study, our in vivo and in vitro analyses of PAO-

Rl confirmed that the growth of the PAO-Rl mutant is not compromised (Fig, 3.1 and 

Table 3,2). Instead, our results show that the loss of the elastase interfered with the spread 

of P. aeruginosa within the bumed skin, but not with the growth of P aeruginosa at the 

inoculation site (the number of PAOl and PAO-Rl at the inoculation site at 8 hours post

infection are comparable) (Table 3.2). The difference between our findings and previous 

findings is likely due to several factors including the P. aeruginosa strains that were used 

in each study, the specific experimental procedures and experimental designs (such as the 

specific part of the bumed skin that was used in detecting the growth and spread of P. 

aeruginosa). We hypothesize, as suggested by Holder (1983), that degradation of 

nutrients by the elastases is essential for the spread of P aeruginosa within the bumed 

skin and the establishment of an infection. 

The PAO-Rl strain carries a specific mutation in the lasR gene, which is a 

transcriptional activator of the lasB and lasA genes (Gambello and Iglewski, 1991). 

44 

http://protea.se


Although most of the elastolytic activity produced by P aeruginosa is attributed to LasB, 

LasA has its own, independent elastolytic activity (Toder et al., 1991), Thus, based on 

the present results with the PAO-Rl strain, it is difficult to determine if LasB, LasA or 

both contribute to certain aspects of the virulence. For example, it is possible that the 

spread of P. aeruginosa within the skin is largely due to the function of LasA whereas the 

elastase is important in the spread from the skin into the bloodstream and to different 

organs. Alternatively, LasA may be necessary for the function of LasB, especially during 

the spread of P, aeruginosa within the burned skin. 
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CHAPTER IV 

CONTRIBUTION OF QUORUM SENSING TO THE VIRULENCE OF 

PSEUDOMONAS AERUGINOSA IN BURN WOUND INFECTIONS 

Introduction 

Pseudonumas aeruginosa is an opportunistic Gram-negative bacillus that rarely 

causes infections in healthy individuals, but can cau.se serious infections in 

immunocompromised hosts (Bodey et al., 1983). These immunocompromised hosts 

include: cystic fibrosis patients (Doring, 1993), cancer patients (Bergen and Shelhamer, 

1996), patients with human immunodeficiency virus infections (Fichtenbaum et al,, 1994) 

and patients with severe bum wounds (Holder, 1993a), One of the most serious 

complicafions of bum injury is bacterial infection of the bum wound (Holder, 1993a). 

The ability of P aeruginosa to survive under different environmental conditions, 

combined with its inherent resistance to several antibiotics, allows it to colonize and 

proliferate within the bumed tissues. This localized proliferation may lead to systemic 

sepsis that is often associated with a high degree of mortality (McManus et al., 1985). 

The pathogenesis of P. aeruginosa infection is attributed to the production of both cell-

associated and extracellular vimlence factors. The cell-associated factors include the 

flagellum (Mahenthiralingam et al., 1994), the adhesion factors (e.g., pill and other 

possible adhesins [Simpson et al., 1992]), and alginate (Gilligan, 1991; May and 

Chakrabarty, 1994). The extracellular vimlence factors include exotoxin A, exoenzyme 

S, elastases (LasA and LasB), alkaline protease, and phospholipase C (Berka et al., 1981; 

Gilligan, 1991; Homma, 1980; Nicas and Iglewski, 1985b; Woods and Iglewski, 1983). 

The vimlence of P. aeruginosa (as well as the role of specific factors in its vimlence) has 

been examined using different animal models that simulate the types of clinical infection 

caused by the organism (Ohman et al., 1980; Stieritz and Holder, 1975; Tang et al., 1996; 

Woods et al., 1991). However, the main problem inherent in the animal model is the 

difficulty in correlating the results obtained from the model with clinical infections. 

Among the factors that contribute to this difficulty are the large dose of the 

microorganism required to produce an infection in the animal model and the severe 
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traumatization of the animals. The non-lethal burned mou.se model, which was 

developed by Stieritz and Holder (1975), has been used successfully to examine the 

pathogenesis of P, aeruginosa infection of burn wounds, P. aeruginosa infection 

produced in the burned mouse model resembles human wound sepsis to a great extent 

(Stieritz and Holder, 1975), Using the burned mouse model, several previous studies 

have demonstrated the important role of different virulence factors (such as the elastases, 

exotoxin A, and exoenzyme S) in the pathogenesis of P aeruginosa infection of the bum 

wound (Nicas and Iglewski, 1985b; Pavlovskis and WreUind, 1979; Saelinger et al., 

1977). 

In addition to the individual factors mentioned, the vimlence of P. aeruginosa 

may also be affected by the newly described quomm sensing systems, which controls the 

production of several virulence factors (Van Delden and Iglewski, 1998), The typical 

quomm sensing system, which appears to function in response to cell density, is 

composed of a transcriptional activator protein and a small diffusible molecule 

(autoinducer) (Fuqua et al,, 1994; Salmond et al,, 1995), In P aeruginosa two complete 

quomm sensing systems, {las and rhl) have been described. The las quomm sensing 

system is composed of the transcriptional activator LasR (which is encoded by lasR), and 

the diffusable extracellular signal 3-oxo-Ci2-HSL or OdDHL [N-(3-oxododecanoyl) 

homoserine lactone] (Gambello and Iglewski, 1991; Pearson et al,, 1994), This signal 

(which is also called the Pseudomonas autoinducer 1 [PAI-1]) is synthesized by the P 

aeruginosa autoinducer synthase Lasl (which is encoded by the lasl gene) (Gambello and 

Iglewski, 1991; Pearson et al., 1994). At a certain cell density, P, aeruginosa produces 

sufficient levels of PAI-1 which complexes with and acfivates LasR (Passador et al., 

1993), Activated LasR then enhances the transcription of several vimlence genes, 

including lasA, lasB, toxA, arpA, lasl and rhlR (Gambello et al, 1993; Passador et al., 

1993; Pesci et al,, 1997; Toder et al„ 1991). Similar to the las system, the rhl system is 

composed of the transcriptional activator RhlR (which is encoded by rhlR) and the 

diffusable molecule C4-HSL or BHL (N-butyryl-L-homoserine lactone) {Pseudomonas 

autoinducer 2 [PAl-2]) (Ochsner et al., 1994; Ochsner and Reiser, 1995; Pearson et al„ 

1995), PAl-2 is synthesized by the P. aeruginosa autoinducer synthase Rhll (which is 
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encoded by the rhll gene) (Ochsner et al., 1994; Ochsner and Rei.ser, 1995), RhlR is 

activated by binding to PAl-2 (RhlR-PAl-2) (Pearson et al., 1995). Activated RhlR then 

enhances the transcription of the lasB, rpoS, rhlA and rhll genes (Brint and Ohman, 1995; 

Latifi et al„ 1996; Pearson et al., 1997), 

Using the burned mouse model, we have recently examined the role of lasR in the 

pathogenesis of P aeruginosa infections of burn wounds (Rumbaugh et al,, 1999a). 

This was done using a specific lasR deletion mutant of PAOl, PAO-Rl (Rumbaugh et 

al,, 1999a). In comparison with PAOl, PAO-Rl showed a significant reducfion in in vivo 

virulence, systemic spread within the body of infected mice, and the spread within the 

burned skin (Rumbaugh et al,, 1999a). Ba.sed on these results, and since lasR is a major 

regulator of lasB and lasA, we suggested that the observed defects in the vimlence of 

PAO-Rl were due to the loss of the elastolytic activity produced by LasA or LasB 

(Rumbaugh et al,, 1999a). However, further analysis (using specific PAOl deletion 

mutants defective in lasA, lasB or lasA/lasB) did not support this hypothesis. The degree 

of the decrease in vimlence seen with PAO-Rl in the bumed mouse was not detected in 

any of these specific mutants (see Chapter V). Since LasR plays an important role in the 

function of the las and rhl quomm sensing systems, we then speculated that the defect in 

PAO-Rl is due to the inactivation of the quomm sensing systems. In this study, we have 

examined the contribution of quomm sensing to the pathogenesis of P aeruginosa 

infections in bum wounds. This was done using specific PAOl mutants that are 

defective in the producfion of certain components of the quomm sensing systems. Our 

results showed that the vimlence of PAOl mutants defective in either lasl, lasR or rhll is 

reduced. However, the most significant reduction was detected with the mutant that is 

defective in both lasl and rhll. 
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Results 

The role of the quorum sensing systems in the pathogenesis of P aeruginosa 

infection of burn wounds was examined using several P, aerugino.sa mutants that are 

defective in certain aspects of the quorum sensing systems (Table 2,1), These mutants 

were defective in the lasR (PAO-Rl), lasl (PAO-JPl), rhll (PDOIOO), and lasI/rhll 

genes (PA0-JP2) (Brint and Ohman, 1995; Gambello and Iglew.ski, 1991; Pearson et al., 

1997). All mutants were generated from the P aeruginosa strain PAOl which is a 

virulent strain originally isolated from a wound infection (Stieritz and Holder, 1975). 

Mutants PAO-Rl and PAO-JPl were generated by the gene replacement technique using 

tetracycline resistant (Tc') cassettes (Gambello and Iglewski, 1991; Pearson et al., 1997). 

The PAOl mutant PDOIOO was generated by transposon mutagenesis (Tn501) (Brint 

and Ohman, 1995), PA0-JP2 was generated using both gene replacement (Tc^ cassette) 

and transposon mutagenesis (Tn501) (Brint and Ohman, 1995; Pearson et al., 1997). We 

have excluded the possibility that mutations in the quomm sensing genes affect the 

general growth characteristic of PAOl. The PAOl strain and the different quomm 

sensing mutants were grown individually in antibiotic-free Luria Bertani (LB) broth and 

their growth was monitored throughout the growth cycle (about 20-22 hours). No major 

differences between the growth rate of PAOl and any of the quomm sensing mutants 

were detected (data not shown). We have also excluded the possibility that the elastase 

deficient phenotype of PAO-Rl, PAO-JPl, PAO-JP2 and PDOIOO was altered upon the 

growth of these mutants in antibiotic-free medium. The strains were extensively 

subcultured in LB broth and plated on LB agar plates for isolated colonies. Two hundred 

isolated colonies of each mutant were inoculated on LB plates, selective antibiotic plates 

(Tc or Hg plates), and elastin plates. All isolated colonies were antibiotic resistant and 

elastase deficient (data not shown). 

In vivo vimlence of the quomm sensing mutants 

Groups of mice (5-7 mice per group) were bumed and inoculated with 

approximately 2x10" CFU of each of the tested strains as described in Materials and 

Methods, Three separate experiments were conducted with each strain. The mortality of 
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the mice was recorded at 48 hours post-burn/infection. As shown in Table 4,1, the 

percent mortality of mice infected with PAO-Rl was significantly (P< 0,001) lower than 

those infected with PAOl, These results are similar to our previously reported results 

(Rumbaugh et al,, 1999a), In addition, the percent mortality among mice infected with 

PDOIOO or PAO-JPl was 46.7%, which is also .significantly (P<0.01) lower than the 

mortality of mice infected with PAOl at 48 hours post-bum/infection (Table 4,1), 

However, the most significant reduction in the percent mortality was .seen in mice 

infected with JP2 (only 6,7%, P<0.001) (Table 4.1), These results suggest that in the 

burned mouse model, the /// vivo virulence of P, aeruginosa is significantly reduced upon 

the loss of any one of three components of the quomm sensing systems {lasl, rhll, or 

lasR). However, the reduction is most prominent when both quomm sensing systems 

{lasl and rhll) are defective (Table 4.1). 

The systemic spread of the quomm sensing mutants within bumed 
and infected mice 

Mutations in the quomm sensing systems may affect the dissemination (the 

systemic spread) of P. aeruginosa within the bodies of bumed mice. The systemic spread 

of PAOl and the quomm sensing mutants was examined by determining the CFU of 

these different strains within the livers and spleens of bumed/infected mice. The livers 

and spleens of infected mice were harvested at 24 hours post- bum/infection and 

homogenized. The homogenates were plated on LB plates to determine the CFU of each 

strain. As shown in Figure 4.1 A, at 24 hours post-burn/infection, the number of 

microorganisms of the different quomm sensing mutants (CFU/gm of tissue) that were 

recovered from the livers of infected mice were significantly (P<0.01) lower than that of 

PAOl. Comparison of the quomm sensing mutants with each other revealed that the 

number of microorganisms that were recovered from the livers of mice infected with 

PA0-JP2 were significantly (P<0.01) lower than the number of microorganisms that 

were recovered from livers of mice infected with either PAO-JPl, PDOIOO, or PAO-Rl 

(Fig. 4. IB). Similar results were obtained from the spleens of infected mice (data not 

shown). Previous in vitro analysis has shown that the phenotypes of these mutants are 
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Table 4.1. Mortality of burned mice infected with the P aeruginosa strain PAOl and 
quorum sensing mutant strains 

Strain 

PAOl 

PAO-Rl 

PDOIOO 

JPI 

JP2/pSW200' 

Mortality" 

(percent mortality) Average percent 

Exp. I Exp. II Exp. Ill mortality'' 

7/7(100) 

2/5 (40) 

2/5 (40) 

3/5 (60) 

0/5 (0) 

5/6(83.3) 

1/4(25) 

3/5 (60) 

2/5 (40) 

1/5 (20) 

6/6(100) 

1/5 (20) 

2/5 (40) 

2/5 (40) 

0/5 (0) 

94.3 % 

28,3 % 

46.7 % 

46,7 % 

6,7% 

Â total of 2-3x10" CFU of each strain was injected subcutaneously at the bum site 
immediately after buming. The mice were bumed and inoculated with each strain as 
described in Materials and Methods. The mortality among mice infected with each strain 
was determined at 48 hours post bum-infection as previously described (Rumbaugh et al., 
1999a). Three separate experiments (I, II and III) were conducted with each strain. The 
percent mortality in each experiment is indicated by parenthesis, 

''The average percent mortality indicates the average of percent mortality of the three 
independent experiments. 

'Plasmid pSW200 is a cloning vector (see Table 2.1), Strain JP2/pSW200 was used as a 
negative control for other complementation studies (Table 4,2). The presence of pSW200 
in JP2 had no effect on its in vivo vimlence. 
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Figure 4.1. The CFU of PAOl and different quomm sensing mutants that were obtained 
from the livers of bumed/infected mice. Groups of mice were bumed and infected with 
each strain and the CFU within the livers was determined as described in Materials and 
Methods. A) Comparison of CFU from the livers of PAOl, PAO-Rl, PDOIOO, PAO-JPl 
and PA0-JP2 infected mice, B) Comparison of CFU obtained from the livers of mice 
infected with the quomm sensing mutants (PAO-Rl, PDOIOO, PAO-JPl and PA0-JP2), 
Values represent the average of three independent experiments + SEM. Shaded areas 
represent the SEM. * indicates P<0.05, ** indicates P<0.01 and *** indicates P<0.001. 
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stable (Pearson et al,, 1997), Wc have al.so confirmed the stability of these phenotypes in 

vivo. About 200 colonies of PAO-R I, PDO100, PAO-JP1, and PA0-JP2 that were 

obtained from the livers, spleens, and skin of infected mice were examined for anfibiotic 

resistance and elastase production (using elastin plates). All tested colonies retained their 

respective antibiotic resistant phenotypes and were elastase deficient (data not shown). 

These results suggest that a mutation in either one of the quomm sensing systems 

interferes with the systemic spread of P, aeruginosa within the bodies of burned and 

infected mice. 

Horizontal spread of the quorum sensing mutants within the bumed skin 

We have tried to determine if the defect in the in vivo vimlence and the systemic 

spread of the different quomm sensing mutants within the bodies of burned mice is due in 

part to the inability of these mutants to efficiently spread within the bumed skin. At 8 

and 24 hours post-bum/infection, mice were euthanized and two sections (about 5x5 mm 

each) of the bumed skin were removed from each animal. One section was obtained 

from the inoculation site, while the other was obtained at about 15 mm distant from the 

inoculation site (distant site). At 8 hours post-infection, comparable numbers of 

microorganisms (CFU/gram of fissue) of PAOl, PDOIOO, and PAO-JPl were obtained 

from both the inoculation and distant sites (Fig. 4.2A and B). In contrast, at 8 hour post 

infecfion comparable numbers of microorganisms of PAO-Rl and PA0-JP2 were 

obtained from the inoculation site only and no microorganisms were obtained from the 

distant site (Fig. 4.2A and B). At 24 hours post-infection, comparable numbers of all the 

quomm sensing mutant strains were obtained from both the inoculation and the distant 

sites (Fig. 4.2A and B). These results suggest that PAOl carrying mutations in either the 

lasR (PAO-Rl) or the lasl and rhll (PA0-JP2) genes is defective in the horizontal spread 

within the bumed skin at eariy stages of the infection (8 hours post-infection). 
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Figure 4.2. The spread of PAOl and different quomm sensing mutants within the bumed 
skin at 8 and 24 hours post bum-infection. A total of 2-3x10" CFU of each strain was 
injected subcutaneously at the bum site immediately after buming, as described in 
Materials and Methods. At the specified time, the mice were euthanized, two separate 
skin sections were obtained and the CFU in each section was determined. A 5 mm x 5 
mm section of the bumed/infected skin at the site of the inoculation was isolated, 
homogenized and the CFU was determined. A similar 5 mm x 5 mm section was 
obtained from the bumed/infection skin at a distance of 15 mm away from the inoculation 
site (distant site). A) the CFU at the inoculafion site, B) the CFU at the distant site. Each 
value represents the average of three independent experiments + SEM, 
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Although PAO-Rl and PAO-JP2 are defective in their spread within the burned 

skin at 8 hours post-infection, they spread efficiently by 24 hours post-infection (Fig. 

4.2A and B). Thus, we tried to determine the possible time (between 8 and 24 hours) at 

which PAO-Rl and PAO-JP2 start to spread within the burned skin. Groups of mice 

were infected post burn-infection with PAOl, PAO-R I or PAO-JP2, Skin .secfions were 

obtained at 8, 16, 20 and 24 hours post-infection respectively. As shown in Figure 4,3A 

and B. at 8, 16, 20 and 24 hours post-infection, comparable numbers of CFU were 

obtained from the inoculation and distant site of mice infected with PAOl, However, at 

8 and 16 hours post-infection, both PAO-Rl and PAO-JP2 were recovered from the 

inoculation site only (Fig, 4.3B), These results suggest that PAO-Rl and PAO-JP2 

would not overcome the defect in the spreading within the burned skin unfil after 20 

hours-post-infection. None of the mutants appeared to be defective in their spread from 

the bumed skin to the tissues immediately underlying it (vertical spread). Beside the two 

skin sections described above, we have obtained sections of the connective tissues 

underneath the skin at the inoculation site only. The CFU/gram of tissue of PAOl and 

all tested mutants in these connective tissue sections were comparable (data not shown). 

Complementation of the defect of PAO-JP2 with plasmids that 
carry the lasl and rhll genes 

The above results showed that the loss of either the lasR or the both the lasl and 

rhll genes contributed to the significantly reduced in vivo vimlence, systemic spread and 

the local spread of PAOl within the bumed skin. Thus, to confirm this possibility, we 

have conducted several complementation experiments, Plasmids that carry lasl, rhll, or 

both lasl and rhll (pLASI-2, pJPP45 and pJPP42, respectively) were introduced into 

PA0-JP2. The ability of these plasmids to complement the defect of PAO-JP2 in elastase 

and rhamnolipid production was previously confirmed (Pearson et al., 1997). A PAO-

JP2 strain carrying each of the three plasmids was compared with PAOl in its in vivo 

vimlence, systemic spread and local spread within the skin of bumed mice. PAO-JP2 

carrying cloning vector (pSW200) was used as a negative control. Prior to these in vivo 

experiments, the segregation of the plasmids from PA0-JP2 was determined. As shown 
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in Table 4.2, the presence of a plasmid carrying either lasl or rhll in PAO-JP2 increased 

its //( vivo virulence. In comparison with the control strain (JP2/pSW200), the percent 

mortality of JP2/pLASI-2 was increa.sed by 11 fold, while that of JP2/pJPP45 was 

increased by 7 fold (Table 4.2), However, the most significant enhancement (P<0.001) 

occurred when both genes were complemented (JP2/pJPP42). The percent mortality of 

JP2/pJPP42 is 14 fold higher that that of JP2/pSW200 (Table 4.2), Similariy, the 

presence of lasl. rhll or both significantly enhanced the systemic spread of PAO-JP2 

within the burned mice. The number of microorganisms of JP2/pLASL2, JP2/pJPP45, 

and JP2/pJPP42 that were obtained from the livers and spleens of infected mice were 

significantly higher (P<0,01) than those of JP2/pSW200 (data not shown). Finally, the 

defect of PAO-JP2 in the horizontal spread within the burned skin was complemented by 

lasl rhll or both (Table 4.3). In contrast to mice infected with JP2/pSW200 (where the 

microorganisms were obtained from the inoculation site only), comparable numbers of 

microorganisms were obtained from both the inoculation and the distant sites of bumed 

skin from mice infected with JP2/LASI-2, JP2/pJPP45 and JP2/pJPP42 (Table 4). 

Individual colonies of JP2/pLASI-2, JP2/pJPP45 and JP2/pJPP42 that were obtained 

from livers, spleen, and skin of infected mice were tested and produced elastolytic 

activity and retained carbenicillin resistance, which indicates that the plasmids did not 

segregate from PAO-JP2 in vivo (data not shown). These results suggest that the defect 

in the vimlence of PAO-JP2 is due to the loss of the PAI-1 and PAI-2 (the synthesis of 

which are directed by lasl and rhll. respectively). We have tried to determine if plasmids 

carrying the lasR gene would complement the defect of PAO-Rl (specifically the defect 

in its spread within the skin). However, despite several attempts (including the utilization 

of two different lasR-plasmids), both plasmids segregated from PAO-Rl at a high rate 

under in vitro and in vivo conditions (data not shown). 
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Figure 4.3. The spread of PAOl, PAO-Rl and PA0-JP2 within the bumed skin at 8, 16, 
20 and 24 hours post bum-infection. At the specified time, the mice were euthanized and 
the CFU within the inoculation site and the distant site of the bumed skin were 
determined as described in Fig. 4.2. A) the CFU of PAOl, PAO-Rl and PA0-JP2 at the 
inoculafion site. B) the CFU of PAOl, PAO-Rl and PA0-JP2 at the distant site. Each 
value represents the average of three independent experiments + SEM. 

57 



Table 4.2. The effect of plasmids that carry the lasl, rhll or both lasl and rhll genes on 
the virulence of the P. aeruginosa strain PAO-JP2 

Strain 

PAOl 

JP2/pSW200' 

JP2/pLASl-2' 

JP2/pJPP45'-

JP2/pJPP42' 

Exp. I 

7/7(100) 

0/5 (0) 

4/5 (80) 

2/5 (40) 

4/5 (80) 

Mortality" 

(percent mortality) Average percent 

Exp. II Exp. Ill mortality'' 

5/6(83.3) 

1/5 (20) 

3/5 (60) 

3/5 (60) 

5/5(100) 

6/6(100) 

0/5 (0) 

4/5 (80) 

2/5 (40) 

5/5 (100) 

94.3 % 

6.7% 

73.3 % 

46.7 % 

93,3 % 

Â total of 2-3x10" CFU of each strain was injected subcutaneously at the bum site 
immediately after buming. The mice were bumed and inoculated with each strain as 
described in Materials and Methods, The mortality among mice infected with each strain 
was determined at 48 hours post bum-infection as previously described (Rumbaugh et al., 
1999a). Three separate experiments (1, II and 111) were conducted with each strain. The 
percent mortality in each experiment is indicated by parenthesis. 

''The average percent mortality indicates the average of the percent mortality of the three 
independent experiments. 

'Plasmid pSW200 is a cloning vector (negafive control), plasmid pLASl-2 carries a DNA 
fragment containing the intact lasl gene, plasmid pJPP45 carries a DNA fragment 
containing the intact rhll gene and plasmid pJPP42 carries a DNA fragment containing the 
intact lasl and rhll genes 
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Table 4.3. Effects of the lasl or rhll gene or both the lasl and rhll genes on the spread of 
P. aeruginosa quorum-sensing mutant PAO-JP2 within burned skin at 8 h post 
burn/infection 

Strain 

PAOl 

PAO-Rl 

JP2/pSW200' 

JP2/pLASI-2'-

JP2/pJPP45' 

JP2/pJPP42' 

Colony forming units (CPU)" that were recovered from: 

Inoculation site'' 

1,8x10" ±7.0x10' 

1.0x10% 2.8x10' 

5.3x10% 7.2x10^ 

8.3x10% 2.8x10^ 

3.4x10% 8.5x10̂ ^ 

9.2x10% 8.2x10^ 

Distant site'' 

3,0x10% 7,6x10^ 

0.0 

0.0 

4.6x10% 1.4x10-̂  

5.4x10% 2,4x10^ 

3,2x10% 5.2x10^ 

'A total of 2-3x10" CFU of each strain was injected subcutaneously at the bum site 
immediately after buming. The mice were bumed and inoculated with each strain as 
described in Materials and Methods. At 8 hours post bum-infection, the mice were 
euthanized and two separate skin sections were obtained. The CFU for each section was 
determined as described in Materials and Methods, 

''A 5 mm x 5 mm section of the bumed-infected skin at the site of the inoculation was 
isolated, homogenized and the CFU was determined (the inoculation site). A similar 5 
mm x 5 mm section was obtained from the bumed-infection skin at a distance of 15 mm 
away from the inoculation site (distant site). 

'Plasmid pSW200 is a cloning vector (negative control), plasmid pLASI-2 carries a DNA 
fragment containing the intact lasl gene, plasmid pJPP45 carries a DNA fragment 
containing the intact rhll gene and plasmid pJPP42 carries a DNA fragment containing the 
intact lasl and rhll genes. 
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Discussion 

In the present study we have examined the role of quorum sensing in the 

pathogenesis of P aerugino.sa infection of bum wounds. Our results suggest that both 

quorum sensing systems (the las and rhl) contribute to the virulence of P. aeruginosa. In 

comparison with the P. aerugino.sa parent strain PAOl, /«.v/(PAO-JPl), and rhll 

(PDOIOO) mutants showed a significant reduction in their virulence (Table 4,1). In 

addition, both mutants were significantly less efficient than PAOl in their spread within 

the body of burned-infected mice (Fig. 4,1 A). Our results also suggest that both quorum 

sensing systems are required for the optimum vimlence of P aeruginosa in the burn-

infection model. Although the /// vivo virulence of PAO-JPl and PDOIOO is reduced, the 

most significant reduction in the in vivo virulence was detected with PAO-JP2 in which 

both quorum sensing systems are inacfivated (Table 4.1). In addition, PAO-JP2 is 

defective in its spread within the burned skin at 16 hours post-bum/infecfion (Fig. 4.3). 

These two defects of PA0-JP2 were complemented by plasmids that carry either lasl or 

rhll (Tables 4.2 and 4.3). However, a complete complementation was achieved using a 

plasmid that carries both lasl and rhll (Tables 4.2 and 4.3). Our results provide 

additional evidence supporting the hypothesis that the P. aeruginosa quomm sensing 

systems function in a hierarchy and that the lasR gene plays an essential role in this 

hierarchical function (Pesci and Iglewski, 1997). As we have previously shown 

(Rumbaugh et al., 1999a), and confirmed in this study, the in vivo vimlence of the lasR 

mutant (PAO-Rl) is significantly lower than that of PAOl (Table 4,1), In comparison 

with JPI and PDOIOO, the in vivo vimlence of PAO-Rl is lower (Table 4.1). In addition, 

similar to PA0-JP2, PAO-Rl was defecfive in its spread within the bumed skin by 8 and 

16 hours post bum-infection (Fig. 4.3). Unfortunately, we were not able to provide a 

definite confirmation of these results by complementation experiments. In the absence of 

antibiotic selective pressure, plasmids carrying the lasR gene segregated from PAO-Rl at 

a high rate (data not shown). 

Among the different mutants that carry deletions in quomm sensing genes, the 

PAO-Rl mutant that carries a deletion in the lasR gene was analyzed by several previous 

studies (Preston et al., 1997; Rumbaugh et al., 1999a; Tang et al., 1996), In these 
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studies, the effect of a lasR mutation on the virulence of P aerugino.sa was examined by 

different animal models. Using the burned mouse model, we have previously shown that 

the /// \7\(' virulence of PAO-Rl as well as its ability to disseminate within the body of 

burned-infected mice were significantly lower that tho,se of PAOl (Rumbaugh et al,, 

1999a), In addition, PAO-Rl was not able to spread within the burned skin at 8 hours 

post-burn/infection (Rumbaugh et al., 1999a). In contrast to the results of the bumed 

mouse studies, experiments with the murine model of corneal keratitis indicated that lasR 

is not necessary for the establishment or maintenance of corneal infecfions (Preston et 

al,, 1997). There was no significant difference between the infectious dose (ID50) of 

PAOl and PAO-Rl (Preston et al., 1997). In addition, the numbers of microorganisms 

that were recovered from the corneas that were infected with either PAOl or PAO-Rl 

were similar (Preston et al., 1997). However, in the neonatal mouse model of P. 

aeruginosa pneumonia, PAO-Rl was shown to be significantly less vimlent than PAOl 

(Tang et al., 1996), In comparison with PAOl, PAO-Rl produced no mortality in 

infected mice (Tang et al., 1996), In both the bumed mouse model and the neonatal 

mouse model of P aeruginosa pneumonia, PAO-Rl was able to establish an infection at 

the inoculation site ((Tang et al., 1996), Fig, 4,2). At 24 hours post-infection, PAO-Rl 

had successfully colonized the lung fissue (Tang et al., 1996). However, it did not 

replicate efficiently within the lung tissue, produced very litfle damage and it did not 

disseminate as well as PAOl (Tang et al., 1996). In the bumed mouse model, PAO-Rl 

failed to spread within the bumed skin at 8 and 16 hours but not at 20 or 24 hours post 

bum-infecfion (Fig. 4.3). Thus, as previously suggested (Tang et al., 1996), the 

contribution of the lasR gene to the pathogenesis of P. aeruginosa may depend on the 

type of infected tissue. The defect in the vimlence of PAO-Rl in the bumed mouse 

model at least is likely to be due to the loss of the elastases (LasB and LasA) as well as 

other vimlence factors that are controlled by the quomm sensing systems. Other than 

PAO-Rl, none of the lasB or lasA mutants have been examined in the neonatal mouse 

model of P. aeruginosa pneumonia. 

h is clear from the present results that mutations in the quomm sensing systems 

interfered with the ability of P. aeruginosa to cause general and local damage in the bum 
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wound infection. Interference with general damage (which was detected with all quorum 

sensing mutants) involved a significant reduction in both the /// vivo virulence and the 

dissemination of the microorganisms within the bodies of infected mice (Table 4,1, Fig. 

4.1). Interference with the local damage, which was detected with the lasR mutant PAO-

Rl and the lasl/rhlI double mutant PAO-JP2, included the defect in the horizontal spread 

within the burned skin prior to 20 hours of post burn-infection (Fig. 4.3). In contrast to 

PAO-JP2, neither PAO-JPl (which carries a deletion in lasl) nor PDOIOO (which carries 

a deletion within rhlT) was defective in its spread within the bumed .skin (Fig, 4,2). In 

addition, the observed defect in PA0-JP2 was complemented by plasmids that carry 

either the lasl or the rhll genes (Table 4.3), 

One possible explanation for these findings is that the spread of P. aeruginosa 

within the bumed skin requires a low level of elastase, rhamnolipid, or other factors that 

are controlled by either quomm sensing system. These factors include pyocyanin, the 

stationary phase sigma factor RpoS, or the P. aeruginosa secretion apparatus XCP which 

are controlled by the rhl system (Chapon-Herve et al„ 1997; Lafifi et al,, 1996; Pesci and 

Iglewski, 1997) and exotoxin A and alkaline protease which are controlled by the las 

system (Gambello et al,, 1993). Based on our recent analysis of elastase-deficient 

mutants, elastase is not likely to be the required factor. In comparison with PAOl, a 

lasB/lasA double mutant spread just as efficiently within the bumed skin at 8 and 16 

hours post-bum/infection (see Chapter V). The role of rhamnolipid (and possibly other 

factors) is supported by previous analysis of PAO-JPl, PDOIOO, and PAO-JP2 (Pearson 

et al., 1997), In comparison with PAOl, PAO-JPl and PDOIOO produced reduced levels 

of rhamnolipid whereas PAO-JP2 produced none (Pearson et al,, 1997), In addition, and 

similar to the present complementation is the spread of PAO-JP2 within the bumed skin, 

rhamnolipid production by PAO-JP2 was partially complemented by either a lasl or a 

rhll plasmid and completely complemented by a plasmid that carried both genes (Pearson 

et al., 1997), Thus, it is possible that the production of a sufficient amount of an rhl-

controlled factor by PAO-JPl and JP2/pJPP45/(r/?// "̂ ) facilitates their horizontal spread 

within the skin. The spread of PDOIOO and JP2/pLASI-2/(/a5/ *) may be explained by 

the ability of lasl to provide some activation for the rhl system bypassing the need for 
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rhll. Pciu.son et al. (1997) have previously suggested that, besides its involvement in the 

synthesis of the PAl-1, Lasl may synthesi/.e small amounts of other autoinducers (such as 

VAM (Eberhiud et al., 1981)) that may activate the rhl .system, thus partially 

complementing the defect of PAO-JP2. Similarly, rhll may activate the las system and 

enhance the production of exotoxin A or alkaline protea.se which might be needed for the 

spread of PAO-JP2 within the burned skin. The failure of PAO-Rl to efficiently spread 

within the burned skin is probably due to the lack of activation of the las or the rhl 

systems (Latifi et al„ 1996; Pesci and Iglewski, 1997; Pesci et al., 1997), Currenfly, we 

are conducting experiments to determine the spread of specific toxA, apr, rhlA, and rpoS 

mutants within the burned skin. 

Another possible explanafion of our results is that, besides their funcfion in the 

activation of the quomm sensing systems, the P. aeruginosa autoinducers themselves 

may function as vimlence factors. According to this hypothesis, the production of a 

sufficient level of PAI-1 by PDOIOO and JP2lpLASl-2l{lasF) may facilitate their spread 

within the bumed skin. Similarly, JP2/pJPP45/(r/z//^ ) may produce a sufficient amount 

of PAI-2 to allow for its spread. In PAO-JPl, the level of RhlR is expected to be low. 

However, the activation of this small amount of RhlR (through a secondary mechanism) 

may provide sufficient PAl-2 for PAO-JPl to spread, hi PAO-JP2 and PAO-Rl, both 

quomm sensing systems are not functional and neither PAI-1 nor PAI-2 is produced. A 

recent study has suggested that PAI-1 may play a direct role in P. aeruginosa vimlence 

by modulating the host inflammatory response (Telford et al., 1998). Thus, further 

experiments, including the inoculation of either PAI-1 or PAI-2 (alone or in conjuncfion 

with PAO-JP2) in the bum mouse model, will be necessary to determine if the 

autoinducers function as vimlence factors. 

The observed defect in the spread of PAO-JP2 and PAO-Rl within the bumed 

skin is temporary (observed only until 20 hours post bum-infection). By 24 hours post 

bum-infection, PAO-JP2 and PAO-Rl spread efficiently (Figs. 4.2 and 4.3). The reason 

for their spread at 24 hours post bum-infection is not known at this time. It is unlikely 

that the observed spread is due to the selection for supressor mutations within PAO-Rl or 

PAO-JP2. Van Delden et al. (1998) have recenfly shown that starvation of PAO-Rl (by 
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using casein as the sole carbon and nitrogen source in the growth medium), resulted in 

the selection of rare suppressor mutations. At late stationary phase, the elastolytic 

activity produced by these suppressor mutants was about 30% of that of PAOl (Van 

Delden et al., 1998), However, when the same approach was used with PA0-JP2, no 

suppressor mutants were obtained (Van Delden et al,, 1998). The conditions within the 

burned skin are less likely to induce the .selection for PAO-Rl suppressor mutants 

(bumed tissues may provide sufficient nutrients for PAO-Rl that can be used as carbon 

and nitrogen sources). In addition, we have excluded the possibility that PAO-Rl and 

PAO-JP2 that were recovered from the distant site at 24 hours post-bum/infection 

represent possible suppressor mutants. Several colonies of PAO-Rl and PAO-JP2 that 

were obtained from the distant site were screened on elastin plates and all were elastase 

deficient even after 72 hours of incubation (data not shown). 

The defect in the spread of P. aeruginosa within the bumed skin may contribute 

(directly or indirectly) to the observed general defect. The simplest explanation for this 

contribution is that a reduction in horizontal spread of P. aeruginosa within the bumed 

skin may cause a concomitant reduction in the numbers of the microorganisms that 

spread vertically (through the connective and lymphoid tissues undemeath the bumed 

skin). This may lead to a reduction in the number of microorganisms that are 

disseminated within the body of the bumed mice and an eventual reduction in the in vivo 

vimlence. Such a scenario may be plausible with PAO-JP2 but not with PAO-Rl. In 

comparison with the other two quomm sensing mutants (PAO-JPl and PDOIOO), the 

systemic spread as well as the in vivo vimlence of PAO-JP2 is significantly reduced 

(Table 4.1 and Fig. 4.1). However, the systemic spread of PAO-Rl is more efficient than 

that of PAO-JPl and PDOIOO (Fig. 4. IB). In addifion, the in vivo vimlence of PAO-Rl 

is not as significantly low as that of PA0-JP2 (while the percent mortality of infected 

mice is 28,3% with PAO-Rl, it is 6.7% with JP2) (Table 4.1). At this fime, the reason for 

the differences between PAO-RI and PAO-JP2 are not known. Analyses of additional 

quomm sensing mutants may clarify these differences. 
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CHAPTER V 

THE CONTRlBU'f ION OF TOXA, LASB, LASA AND RPOS TO 

THE VIRULENCE OF P. AERUGINOSA IN A BURN WOUND INFECTION 

Introduction 

Pseudomonas aeruginosa is an opportunistic Gram-negative pathogen that can 

cause lethal infections in patients with burn wounds. P aeruginosa rapidly colonizes the 

burn wound, growing to high numbers within the necrotic skin and underlying fissues. 

When a threshold number of microorganisms are reached (approx. lO'), P. aeruginosa 

disseminates via the blood causing septicemia and high mortality rates (Holder, 1993b). 

A large arsenal of extracellular virulence factors produced by P. aeruginosa presumably 

facilitates the infection. These factors include proteases such as elastase and alkaline 

protease, pigments such as pyocyanin and pyoverdine, hemolysins, lipases, alginate and 

several others. The production of most of the P. aeruginosa extracellular factors is 

controlled by the cell-density dependent quomm sensing systems (Rumbaugh et al., 

2000). Some investigators have also reported that the stationary-phase sigma factor rpoS 

is controlled by the QS systems and may have a role in vimlence (Lafifi et al,, 1996), P. 

aeruginosa has two complete quomm sensing systems {las and rhl) that have been shown 

to be essential in biofilm production as well as in pathogenesis of P. aeruginosa lung and 

bum infecfions (Davies et al., 1998; Pearson et al., 2000; Rumbaugh et al., 1999b). 

We have previously shown that a quomm-sensing mutant that is defective in the 

two autoinducer synthase genes {lasl and rhll) has decreased vimlence in a bumed mouse 

model (Rumbaugh et al., 1999b). The isogenic mutant PA0-JP2, which was derived 

from the PAOl parent strain, showed significantly reduced vimlence in a bumed mouse 

model. The overall percent mortality of thermally-injured mice infected with PAO-JP2 

was significantly less than those infected with PAOl. Additionally, the ability of the 

mutant to spread both locally within the bumed skin and within the body of the mice was 

compromised. However, with the addition of a plasmid carrying intact copies of the 

defective genes, the vimlence was restored to that of the parent strain. While the loss of 

the QS systems reduces vimlence in the bumed mouse model, it is not known which 
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specific QS-controllcd factors are responsible for this decrea.se in virulence. LasA and 

LasB are stringently controlled by quorum .sensing in P aeruginosa (Brint and Ohman, 

1995). LasB is capable of degrading several host components including ela.stin, collagen 

and fibrin and inactivating IgG and IgA, While both have elastolytic activity, LasA has 

generally been considered a minor protein, which may act in synergy with LasB (Holder, 

1993b), The ADP-ribosylating enzyme exotoxin A is also partially controlled by quomm 

sensing. Thus, in this study, we attempted to examine the roles of the elastases, exotoxin 

A and RpoS in P. aeruginosa infections of burn wounds, in order to determine if it is the 

loss of these factors which results in the decreased virulence of PA0-JP2, We tested 

isogenic mutants defective in lasA, lasB, lasA/lasB, toxA, lasB/toxA and rpoS in the 

burned mouse model. All of the mutants were derived from PAOl. The overall 

virulence, ability to spread locally, and ability to disseminate were determined for each 

strain. Additionally, we also attempted to examine the effect of purified autoinducers in 

vivo. 

Results 

Constmction of the lasB, to.xA and lasB/toxA mutants 

The lasB (PAGE), toxA {PAO-toxA) and lasB/toxA {PAO-lasBtoxA) mutants were 

all constmcted by the gene replacement technique. For the constmction of PAGE, a 500 

bp Sail intemal fragment was removed from pRB1804 (a pUC18 vector carrying lasB as 

an EcoRl-Pstl fragment and carbenicillin resistance (Bever and Iglewski, 1988)) and 

blunt-ended. The 2 kb Omega fragment was cloned into this site. The Omega fragment, 

which carries streptomycin and spectinomycin resistance, also carries transcriptional 

termination signals and translational stop codons in both orientations. The resulting 

constmct was electroporated into PAOl. Since this plasmid is incapable of replicating in 

P. aeruginosa, it integrates into the chromosome; and then the wild type copy of the lasB 

gene together with the plasmid vector is excised from the chromosome in a rare double 

crossover event leaving the interrupted lasB gene on the chromosome, Transforments 

were selected for streptomycin resistance and carbenicillin sensitivity. Selected colonies 

were examined for the producfion of both elastase activity and protein, ufilizing the 
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Elastin C\mgo Red assay and immunoblotting with antibody specific for elastase (data 

not shown). Chromosomal DNA from elasta.se negative clones was probed for the 

presence of the Omega fragment. As shown in Fig. 5.1, the Omega fragment was 

detected in the chromosomes of the elastase mutant clones, but not in that of PAOl. 

The PAO-rav/\ mutant was also constructed by gene replacement as described 

above. Briefly, the tetracycline cassette was removed from pUC18T2 (Lory, 1988), as a 

1.8 kb Blgll fragment, and cloned into the BamHl site of pMJ21 (Wick and Iglewski, 

1988) from which a 1.8 kb BamHl internal fragment of the toxA gene has been deleted. 

This suicidal plasmid was transformed into PAOl by electroporation and the 

transforments were recovered on LB plates with tetracycline. Loss of the carbenicillin 

resistance marker was confirmed. Disruption of toxA was confirmed by ADP-ribosyl 

transferase assay as previously described (Vasil et al., 1977) for exotoxin A activity and 

Westem Blot for exotoxin A protein; both were negative (data not shown). The PAO-

lasB/toxA mutant was constmcted by the procedure described above for PAGE; however, 

pRB1804 carrying the Omega fragment in the lasB gene was electroporated into PAO-

toxA. The PAO-Al {lasA-) and PAO-AIBI {lasA-AasB-) were constmcted by gene 

replacement as previously described (Preston et al., 1997; Toder et al,, 1994) (Table 2.1). 
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Fig. 5.1. Southem blot hybridization of chromosomal DNA with an Omega fragment 
probe. (C) purified omega fragment DNA, (1-4) chromosomal DNA from prospective 
elastase mutants, (5) chromosomal DNA from PAOl. 
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Overall lethality ol the elastase, toxA and rpoS mutants 

We first st>ught to determine the overall virulence of the mutants by determining 

the average percent mortality in the burned mou.se model. Groups of mice were infected 

with PAOl, PAO-A 1, PAGE , PAO-A IBI, PAO-toxA , PAO-toxA/lasB-, or PAO-rpoS 

(Table 2,1), Mice were given a thermal injury as described in Materials and Methods and 

injected subcutaneously with 2 x 10"P, aeruginosa organisms or PBS as a negafive 

control. At 48 hours post-burn/infection the percent mortality was determined. None of 

the control mice died. As shown in Table 5.1, the percent mortality of burned mice 

infected with each of the mutant strains (except PAO-rpoS) was significantly decreased. 

However, the largest reduction in percent mortality was observed with PAO-toxA/lasB-. 

The percent mortality observed with PAO-rpoS was not decreased. While the vimlence 

of the mutants was reduced, they were not completely avimlent. Mice infected with the 

mutant strains eventually died at approximately 4-7 days post bum/infection (data not 

shown). Additionally, none of the mutants that were tested displayed as dramatically 

reduced vimlence as previously seen with PAO-JP2 (Table 5.1). 

Spread of the mutants within the bumed skin 

We have previously seen that PAO-JP2 is defective in its ability to spread 

horizontally within the bumed skin at early hours of the infection (8 and 16 hours post-

bum/infection) (Rumbaugh et al,, 1999b). Thus, we sought to determine the ability of 

our elastase and exotoxin A mutants to spread from the site of inoculation under the 

bumed skin to a site approx. 15 mm away at 8 hours post-bum/infection. As shown in 

Fig, 5.2, none of the mutants examined in this study displayed any defects in their ability 

to spread at 8 hours post-bum/infection. Thus, it appears that they are able to multiply in 

the bumed skin and establish an infection at early fime points, similar to PAOl, 
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Tabic 5.1. Mortality of burned mice infected with the P. aerugimmi strain PAOl and 
PAOl mutant strains 

Strain 

PAOl 

PA0-JP2' 

PAOE (lasB-) 

PAO-Al ilasA-) 

PAO-Al Bl 
ilasA-ZlasB-) 

PAO-to.xA 

PAO-to.xA/lasB-

PAO-rpoS 

I 

7/7 (100) 

0/5 (0) 

2/5 (40) 

2/5 (40) 

2/5 (40) 

2/5 (40) 

2/5 (40) 

5/5(100) 

MORTALITY" 
Experiment Number 

II III 

5/6 (83.3) 

1/5 (20) 

3/5 (40) 

1/5 (20) 

2/5 (40) 

2/5 (40) 

1/5 (20) 

5/5(100) 

6/6 (100) 

0/5 (0) 

3/5 (60) 

2/5 (40) 

2/5 (40) 

1/5 (20) 

1/5 (20) 

5/5(100) 

Ave. Percent ** 
Mortality 

94.3 7c 

6.7 % 

53.3 9c 

33.3 7c 

40.0 9c 

33.3 7o 

26.7 7c 

100 7c 

'A total of 2-3x10" CFU of each strain was injected subcutaneously at the burn site 
immediately after buming. The mice were bumed and inoculated with each strain as 
described in Materials and Methods, The mortality among mice infected with each strain 
was determined at 48 hours post burn-infection as previously described (Rumbaugh et al,, 
1999a), Three separate experiments (1,11 and III) were conducted with each strain. The 
percent mortality in each experiment is indicated by parenthesis. 

''The average percent mortality of the three independent experiments. 

' Results, shown for comparison, are from previous studies with PA0-JP2 (Rumbaugh et 
al., 1999b). 
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PAOl PAOE PAO-Al PAO-AIBI 

strains 

toxA- toxA/lasB-

Figure 5.2. The spread of PAOl and different PAOl mutant strains within the bumed 
skin at 8 hours post-bum/infection. A total of 2-3x10" CFU of each strain was injected 
subcutaneously at the bum site immediately after buming, as described in Materials and 
Methods. At the specified time, the mice were euthanized, two separate skin sections 
were obtained and the CFU in each section was determined, A 5 mm x 5 mm section of 
the bumed-infected skin at the site of the inoculation was isolated, homogenized and the 
CFU were determined, A similar 5mm x 5mm section was obtained from the bumed-
infection skin at a distance of 15mm away from the inoculation site (distant site). A) the 
CFU at the inoculation site, B) the CFU at the distant site. Each value represents the 
average of these independent experiments + SEM. 
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Dissemination of the mutant strains within the body of burned mice 

We next wanted to examine the ability of our mutants to spread systemically 

through the body of the burned mice. Mice were burned and infected with the different 

mutant strains as described above. At 24 hours post-burn/infection mice were euthanized 

and their livers and spleens were harvested as described in Materials and Methods, The 

CFU were determined for each tissue sample. As shown in Fig. 5.3, we detected a 

significant decrease in the number of CFU from the spleens and livers of mice infected 

with all the mutant strains. This indicates that although the mutant strains are readily able 

to spread within the burned skin and establish an infection, they are defective in their 

ability to spread systemically. This finding is similar to the results seen with the systemic 

spread of PAO-JP2. 

Examination of purified autoinducers ;"/; vivo 

To examine the posibility that P. aeruginosa autoinducers may act as vimlence 

factors per se, we aquired purified autoinducer from Dr. Douglas Storey (University of 

Calgary, Calgary ON). The autoinducer preparations were cmdely extracted from 

stationary phase cultures of P aeruginosa with dichloromethane and redissolved in ethyl 

acetate. The extract from PAOl supematant was used as a positive control, while that 

from PAO-JP2 was used as a negative control. In vitro growth curve analysis confirmed 

that the presence of the autoinducers in the growth medium did not interfere with the 

growth of PAO-JP2 (data not shown). We have also shown that elastase production (as 

determined by the Hide Powder Blue and Congo Red assays) was detected in PA0-JP2 

that was grown in the presence of PAOl-extracted autoinducer (data not shown). 

However, no elastase was detected when PA0-JP2 was grown in the presence of PAO-

JP2-extracted autoinducer (data not shown). No lethality was detected when the mice were 

injected with the purified autoinducers, indicating that the autoinducers by themselves do 

not function as vimlence factors. However, when either the PAOl or PA0-JP2-extracted 

autoinducer was injected with PA0-JP2, the percent mortality was increased (Table 5.2 

and data not shown). In addition, the horizontal spread of PAO-JP2 within the bumed 

skin was enhanced with either autoinducer extract (data not shown). One possibility for 
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these observations is that there are additional non-QS related factors in both the PAOl and 

PAO-JP2 extracts that may be exerting the effects. Secondly, the chemicals used to 

extract the autoinducers may have damaging effects on host cells. 

To avoid the problems that may be associated with the cmde autoinducer 

preparations we obtained purified OdDHL (PAl-1) and BHL (PAl-2) from Dr, Barbara 

Iglewski (University of Rochester School of Medicine and Dentistry, Rochester, NY), 

These autoinducers were extracted from late exponential cultures of PAOl with ethyl 

acetate and ethanol as previously described (De Kievit and Iglewski, 1999). After 

evaporation of the ethyl acetate, the material was extracted with methanol and applied to 

a C18 reverse phase HPLC column in a linear gradient of methanol in water. For PAI-1, 

active fractions were pooled, extracted with ethyl acetate, dissolved in methanol and 

applied to HPLC using a step gradient from 60 to 65% methanol in water. PAI-1 was 

obtained as a single peak at 65% methanol. PAI-2 was recovered as a single peak in 5 % 

methanol. The advantage to using purified autoinducers is that we can separately 

examine the two major autoinducers and there should be no other chemical contaminants 

from the supematants. During the purification procedure, the autoinducers are purified 

into a powder form. The autoinducers are solubilized in ethyl acetate with 0.001% 

glacial acetic acid. For use in vivo, the ethyl acetate is evaporated off with nitrogen gas, 

and the residue is reconstituted with PBS. PAI-1 complemented the production of 

elastase by PAO-JP2 in vitro. As seen with the cmde autoinducers, purified PAI-1 and 

PAI-2 enhanced the lethality and spread of PAO-JP2 in vivo. However, control solutions 

that were prepared by adding ethyl acetate and glacial acetic acid alone to tubes (no 

autoinducer), then evaporating off the solvent with N2 and reconsfituting in PBS, 

enhanced the lethality of PAO-JP2 (data not shown). Thus, a definite conclusion 

regarding the contribution of each autoinducer to the in vivo vimlence of P. aeruginosa 

can not be made at this time. 

73 



*** J -I-- ••'(•• 

: y/, /y, yz. 
*** 

PAOl PAO-JP2 PAO-Bl PAO-AI PAO-AIBI PAO-toxA PAO-

Bl/toxA 

strains 

B. 

PAOl PAO-JP2 PAO-Bl PAO-Al PAO-AIBI PAO-toxA PAO-
Bl/toxA 

strains 

Figure 5.3. The CFU of PAOl and different mutants that were obtained from the livers 
(A) and spleens (B) of burned/infected mice, at 24 hours post-bum/infection. Groups of 
mice were bumed and infected with each strain and the CFU within the livers was 
determined as described in Materials and Methods. Values represent the average of three 
independent experiments + SEM. Shaded areas represent the SEM. Previously reported 
data for PA0-JP2 is shown for comparison (Rumbaugh et al,, 1999b). *** indicates 
P<0.001. 
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Table 5.2. The effect of the autoinducers on the virulence of PA0-JP2 

Strain 

PAOl 

PA0-JP2 

PAO-JP2-I-
Autoinducers'' 

Percent Mortality" 

94.3 

6,7 

73.3 

Local spread at 8 hours post-burn/infection 
CFU/ gm of tissue'' 

Inoculation Site Distant Site 

1.8 X 10% 7.0 X lO' 

5,3 X 10% 7.2 X 10̂  

6.92 X 10% 1.1 X lO' 

3.0 X 10% 7.6 X lO'* 

0.0 

6,1 X 10% 2.2 x lO'* 

^ Data represent the average of three independent experiments using groups of 5 mice 
each, 

'' Data represent the results of three independent experiments + SEM. 

' PAG 1-extracted autoinducers were used for these studies. 
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Di.scussion 

We have previously shown that P aerugino.sa .strain PAO-JP2 that carries 

mutations in both QS systems was significantly reduced in its virulence in the bumed 

mouse model. In this study, we attempted to determine which QS-controlled vimlence 

factors contribute to this phenotype by examining the virulence of specific mutants that 

lack one or more of three QS-controlled factors (LasA, LasB and exotoxin A), We have 

also examined the virulence of a mutant defective in rpoS, which codes for a stafionary 

phase sigma factor thought to be controlled by quomm .sensing (Latifi et al., 1996). 

Additionally, several quorum sensing controlled vimlence factors including catalase, 

exotoxin A and alginate are thought to be regulated through RpoS (Suh et al., 1999). 

Several previous studies have shown that LasB and exotoxin A play a role in the 

pathogenesis of P aeruginosa infecfion of burn wounds (Holder, 1993b; Pavlovskis et 

al„ 1978; Saelinger et al„ 1977; Snell et al., 1978), However, the roles of LasA and 

RpoS have not been examined. 

With the exception of the rpoS mutant, all the tested mutants showed a significant 

reduction in their lethality (Table 5.1). However, these reducfions were not as dramafic 

as that previously detected with PA0-JP2 (Table 5.1). Two possibilifies can be 

suggested to explain these findings. The first is that different QS-controlled P. 

aeruginosa vimlence factors contribute to lethality in differing degrees. For example 

exotoxin A, LasB, LasA, or combinations of these factors may contribute to 50-70% of 

the vimlence (based on values obtained in mortality studies [Table 5.1]). Although PAO-

JP2 carries specific mutations in the lasl and rhll genes, its defect in the production of 

different vimlence factors is pleiotropic. Thus, the remaining 30-50% of the vimlence 

may be contributed to by other QS controlled vimlence factors. These factors could be 

other degradative proteins, such as hemolysin, alkaline protease, catalase or superoxide 

dismutase, which may function to degrade host tissue components that elastase and 

exotoxin A do not. Furthermore, many of these extracellular factors are secreted via the 

XCP translocafion machinery, which itself is QS controlled (Chapon-Herve et al., 1997). 

In addition, the QS controlled pigment pyocyanin and the pyoverdine siderophores are 

also considered to be P. aeruginosa virulence factors (Meyer et al., 1996; Suh et al.. 
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1999), Alternatively, the unaccounted for QS-controlled factors may be twitching or 

swarming motility, both of which are controlled by QS (Kohler et al., 2000; Rashid et al,, 

2000). Besides these QS-controlled factors, the autoinducers themselves may function 

as virulence factors. Recent /// vitro studies demonstrated that purified autoinducers 

enhance the production of IL-8 by epithelial cells in culture (DiMango et al„ 1995), Due 

to the interference of the autoinducer solvent (ethyl acetate + 0.001% glacial acetic acid), 

the possible role of the autoinducers as virulence factors could not be ascertained in our 

animal model at this time; however, we were able to determine that the autoinducers 

themselves do not cause mortality in our model (data not shown), A second possibility 

for the observed reduction in the in vivo vimlence of PA0-JP2 may be due to the 

combined loss of different vimlence factors. Therefore, the phenotype that was detected 

with PAO-JP2 may not be reproducible with specific mutants that carry mutations in only 

one or two QS-controlled vimlence genes. Thus, further analysis, including examining 

the vimlence of pyocyanin, hemolysin, pili, and other QS-controlled vimlence factors, as 

well as finding an altemative way to examine the vimlence of the purified autoinducers 

will be essential to examining these two possibilities. 

The mutations in lasB and lasA resulted in a similar reduction in the vimlence of 

PAOl. As shown in table 5.1 the percent mortality for PAOE was 53%, while that of 

PAO-Al was 33%. This is a surprising finding considering that LasA has been viewed 

as a minor protein (Peters and Galloway, 1990). The reducfion in lethality of PAO-Al is 

not likely to be due to its elastolytic activity, since LasA possesses only a fraction of the 

elastolytic activity of LasB (Peters and Galloway, 1990). In fact, it has been suggested 

that the function of LasA is to work synergistically with the LasB protein, enhancing its 

elastolytic activity (Peters and Galloway, 1990). However, as we have shown in this 

study, a mutant that carries defects in both las A and lasB (PAO-A IB 1) was not 

significantly different than either PAOE or PAO-Al in its vimlence. Other groups have 

provided evidence that LasA has staphylolytic activity and may enhance elastolysis by 

cleaving the glycine-glycine bonds found in elastin (Kessler et al., 1997), Thus, it is 

possible that the previously overlooked LasA protein may have an important role in P, 

aeruginosa infections of bum wounds. Besides the present study, only one other study 
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examined the contribution of la.sA to /// vivo virulence. Preston et al., using the murine 

model of keratitis, examined a la.sA isogenic mutant of PAOl (Preston et al., 1997). In 

compiuison to the parent strain, the LasA negative mutant cau.sed no disease or mild 

disease to infected corneas. However, these results are difficult to interpret since in the 

same study a mutant defective in the lasR gene (which strongly regulates both lasB and 

lasA) was fully virulent. 

The elastases and exotoxin A deficient mutants were similar to PAO-JP2 in 

regards to systemic spread, but not in local spread. As shown in Figure 5.3, the decrease 

in the systemic spread of the elastase and exotoxin A mutants was equivalent to that of 

PA0-JP2, However, only PAO-JP2 was deficient in its local spread (Fig. 5.2). It would 

be expected that since in vivo conditions are multifactorial, it would be difficult to 

determine exactly which specific factors are responsible for different stages of systemic 

spread. However, we can speculate that because the elastases degrade elastin and 

collagen (important components of blood vessels) they may be essential components that 

facilitate the translocation of P. aeruginosa into the bloodstream. Additionally, because 

exotoxin A causes tissue damage, it can be hypothesized that it too would be essential in 

the dissemination stage. However, the extent of exotoxin A damage on host cells in vivo 

is not known. With respect to the local spread, our results clearly show that none of the 

QS controlled factors by themselves is responsible for the local spread of P. aeruginosa. 

The stationary phase sigma factor, RpoS, is believed to be an important regulatory 

factor controlling the production of factors needed during stress responses or stationary 

growth (Latifi et al., 1996). Furthermore, it is known that the production of RpoS is 

intimately involved with the P. aeruginosa QS systems (Latifi et al., 1996). Utilizing 

lacZ transcriptional fusion studies, it was originally observed that rpoS expression was 

dependent on the lasR gene, but was directly regulated by RhlR/BHL (Latifi et al., 1996), 

Consequently, a hierarchical dogma was established that clearly identified RpoS as a 

quomm sensing controlled factor (Latifi et al., 1996). Later, in an attempt to determine 

the role of RpoS in vimlence, Suh et al. examined an rpoS isogeneic mutant in a rat 

chronic lung infection model (Suh et al., 1999). The rpoS mutant produced increased 

amounts of the Rhll/RhlR controlled factors, pyocyanin and pyoverdine, suggesting that 
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RpoS may act in a regulatory capacity for RhlR/Rhll controlled factors (Suh et al., 1999). 

The rpoS mutant was able to survive in the lungs of rats as well as the parent strain 

PAO1. Additionally, the mutant appeared to cau.se greater damage to the lungs than 

PAOl did. The authors hypothesized that this enhanced vimlence may be due to the 

increased pyocyanin production of the rpoS mutant (Suh et al., 1999). RecenUy, 

Whiteley et al. have provided additional evidence that challenges the QS hierarchal 

dogma (Whiteley et al., 2000), In their examination of rpoS expression, Whiteley et al. 

observed that instead of the rhl QS system regulafing the production of RpoS, the rpoS 

gene negatively regulates rhll. This new regulatory scenario provides an explanation for 

the increased pyocyanin and pyoverdine production and hypervimlence of the rpoS 

mutant. Our results are consistent with the results of Suh et al. in that the rpoS mutant 

was as virulent as PAOl in our model. However, the exact mechanism of this vimlence 

(possibly increased pyocyanin production) is not known at this time. 

79 

http://cau.se


CHAPTER VI 

EFFECTS OF INFECTION OF THERMAL INJURY BY PSEUDOMONAS 

AERUGINOSA PAOl OR A PAOl QUORUM SENSING MUTANT 

ON THE MURINE CYTOKINE RESPONSE 

Introduction 

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes 

serious infections in different immunocompromised hosts including: cystic fibrosis (CF) 

patients, cancer patients, and severely bumed patients (Bodey et al., 1983). Proliferation 

of P. aeruginosa within the burn wound leads to septicemia which is usually associated 

with a high degree of mortality (Richard et al,, 1994). Damage caused by P. aeruginosa 

is due to the production of cell-associated as well as extracellular virulence factors. 

Among the cell-associated factors are the endotoxin (lipopolysaccharide or LPS), 

flagellum, pili and alginate (Bergan, 1981; Doring et al., 1987). Extracellular vimlence 

factors include exotoxin A, exoenzyme S, pyocyanin, elastase, alkaline protease, and 

several others (Wretlind and Pavlovskis, 1981 and 1983). Several previous studies, using 

the bumed mouse model, have indicated the importance of some of these factors, such as 

elastase, exotoxin A and exoenzyme S in the pathogenesis of P. aeruginosa infection of 

bum wounds (Nicas and Iglewski, 1985b; Pavlovskis and Wreflind, 1979; Stieritz and 

Holder, 1975). 

Quomm sensing (QS) is a cell density dependent signaling mechanism through 

which bacteria judge their overall density and regulate diverse activities including; 

bioluminescence, conjugation of plasmids, swarming, and more importantly, the 

producfion of different vimlence factors (Bassler, 1999; Dunny G.M., 1999; Fuqua and 

Greenberg, 1998; Gray, 1997; Salmond et al., 1995; Shapiro, 1998). P. aeruginosa 

contains two complete QS systems, las and rhl (Gambello and Iglewski, 1991; Latifi et 

al., 1996; Ochsner and Reiser, 1995; Pearson et al., 1997; Pesci and Iglewski, 1997; Pesci 

et al., 1997). The las system controls the expression of several vimlence factors 

including elastase {lasB and lasA), alkaline protease {apr), pyoverdine {pvd) and exotoxin 

A {toxA) (Gambello et al, 1991; Toder et al, 1991; Gambello et al„ 1993; Stintzi et al„ 

80 



1998), Similariy, the rhl system controls the expression of rhamnolipid {rhl), pyocyanin, 

cyanide, chitinase, lipase, Xcp translocation and others (Brint and Ohman, 1995; Chapon-

Herve et al., 1997; Ochsner and Reiser, 1995; Pearson et al., 1997; Reimmann et al., 

1997). Recently, we provided evidence that suggests that the QS systems play an 

important role in P, aeruginosa virulence during a burn wound infection (Rumbaugh et 

al., 1999a, 1999b), In comparison with the parent strain PAOl, the percent mortality of 

mice that were infected with the PAO-JP2 strain (which carries defective lasl and rhll 

genes) was significantly reduced (Rumbaugh et al., 1999b), In addifion, the PAO- JP2 

strain was significantly defective in its ability to spread within the bumed/infected mice 

(Rumbaugh et al., 1999b). 

During sepsis, and in response to bacterial infection, uncontrolled production of 

different inflammatory cytokines occurs (Casey et al., 1993; Walley et al., 1996). 

Bacterial endotoxins have been shown to induce the production of different inflammatory 

cytokines including interleukin-6 (IL-6), interleukin-1 (IL-1), tumor necrosis factors 

(TNF) and interferons (IFN) (Freudenberg et al,, 1993; van Deuren et al., 1992). In 

addition to the inflammatory cytokines, the host produces anti-inflammatory cytokines 

that regulate or modulate the production of inflammatory cytokines (Antonelli, 1999; 

Dinarello, 2000). Among these anti-inflammatory cytokines is interleukin-10 (IL-10), 

which down regulates the production of several inflammatory cytokines, including TNF-

a (Moore et al., 1993). Several of the host responses to the burn injury, such as tissue 

inflammation, wound healing, immune defense and hypermetabolism, involve cytokine 

producfion (Youn et al., 1992). Recent studies demonstrated the presence of IL-6, TNF-

a and IL-8 in the circulation of bum patients as well as bum patients infected with P. 

aeruginosa (Guo et al., 1990; Hack et al., 1992; Liu et al., 1994; McMillen et al., 1996; 

Stmzyna et al., 1995), In addition, animal experiments showed that bacterial infection of 

bum wounds enhanced the level of TNF-a and IL-6 beyond those produced in response 

to bum injury alone (Neely et al., 1996). However, despite those studies, the effect of P. 

aeruginosa infection of the bum wound on the production of different cytokines (other 

than IL-6 and TNF-a) is not known. In addition, the type of cytokines that are produced 

locally within the vicinity of the bumed and infected tissues was not determined. 



FurthenTKMc, the specific bacterial virulence factors (other than LPS) that mediate the 

production of certain cytokines is not known. In this study, we have ufilized the Multi-

Probe Template/RNa.se protection assay and the burned mouse model to examine the 

effect of P. aeruginosa infection of burn wounds on the expression of different cytokines 

(both in the burned skin area and within the liver of infected mice). We have also 

determined the expression of different cytokines in burned mice that were infected with 

the P, aerugino.sa mutant PAO-JP2, which is defective in both QS systems. 

Results 

The main objective of this study was to examine the host immune response to P. 

aeruginosa infection of bum wounds. Thus, we tried to determine the effect of P 

aeruginosa infection of the thermally injured mouse on the expression of different 

cytokines using Multi-Probe Templates and RNase protection assays. In a typical 

experiment, the animals were thermally-injured and infected with the P. aeruginosa 

strains as described in Materials and Methods. At specific times post-bum/infection, the 

mice were euthanized and samples from the intact skin around the bum (for local 

cytokine expression) and the livers (for indication of systemic infection with related 

cytokine production) were harvested. Total RNA was obtained from samples collected at 

5, 8, 16, 24, and 40 hours post-bum, infecfion, or bum plus infecfion. The 40-hour end 

point was selected as our previous studies have shown that approximately 95% of 

thermally-injured mice infected with the P. aeruginosa strain PAOl die within 48 hours 

post-bum/infecfion (Rumbaugh et al., 1999a, 1999b). 

One of the major advantages of the Multi-Probe Template RNase protection assay 

is that it allows the detection of up to ten cytokines from each RNA sample in one 

hybridization reaction. Therefore, we were able to examine the effect of P aeruginosa 

infections of bumed mice on the expression of mulfiple cytokine-related genes (most 

either proinflammatory or hematopoietic) as well as several apoptosis-related genes. The 

animal model that we utilized involves two major insults to the body, the thermal injury 

and the P. aeruginosa infection. Therefore, cytokines may be produced in response to 

the thermal injury, the P. aeruginosa infection, or both. 
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No expression was detected in the skin samples or livers of any of the 

experimental animals for many of the cytokines: IL-2, IL-3, IL-4, IL-5, IL-7, IL-9, lL-11 

and IL-13, Low levels of IL-10 and IL-15 were detected in the livers and skin of both 

infected and bumed and infected mice (data not shown). Expression of eotaxin, stem cell 

factor (SCF), and leukocyte inhibitory factor (LIF) was ob.served only in the skin, while 

macrophage inhibition factor (MIF) expression was detected in all circumstances. As 

expected, the types of cytokines expressed and their levels varied with the type and extent 

of the tissue insult. The apoptosis-related genes fas, bax, bcl-2, and had also seemed to 

be expressed under every circumstance examined. At this time, further investigation is 

needed to determine the significance of this response. 

The effect of thermal injury on the expression of different cytokines 

It has been documented that several proinflammatory cytokines are induced by 

thermal injuries (Harris and Gelfand, 1995; Konig et al., 1992; Youn et al., 1992). Thus, 

we first determined which cytokines are expressed due to thermal injury alone. As 

shown in Figure 6,1, the expression of the macrophage inflammatory protein genes MIP-

IP and MIP-2 (a homologue of human IL-8) is up-regulated in burned skin at 24 hours 

post bum. Expression of the cytokine genes for IL-1 [3 and IL-IRI was detected in both 

bumed and normal skin (Fig, 6,1); however, they appeared to be up-regulated in bumed 

skin. Additionally, the apoptosis-related genes bax, bad and bcl-2 appear to be up-

regulated. No other differences in the expression of any other tested genes was observed 

(data not shown). Similar results were obtained with the liver samples. 

The effect of P. aeruginosa PAOl infection in non-injured mice 
on the expression of cytokines 

For accurate assessment of the effect of P. aeruginosa infection of bumed wounds 

on the host response, we also determined the effect of P. aeruginosa infection in normal 

(nonbumed) mice. The mice were handled exactly as described in Materials and 

Methods except they were not bumed. They were injected subcutaneously at the shaved 

skin area with 2 x 10" CFU of PAOl. Liver and skin samples were obtained at 5, 8, 16, 
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24, or 40 hours post infection. As shown in figure 6.2, bands representing up-regulation 

of TNF-a and TGF-(3 (A); M-CSF and IL-6 (B); and IL-IRI, M1P-1|3, IL-lp, and MIP-2 

(C) were detected in the skin. The expression of TNF-a, IL-6, and M-CSF was transient, 

appeiu-ing as eariy as 5 hours post infection (M-CSF, IL-6) and disappearing or 

decreasing by 40 hours (Fig. 6.2), In contrast, the expression of TGF-p appeared at 5 

hours and increased at 24 and 40 hours (Fig, 6,2), In the liver samples, expression of 

fewer cytokines was detected. Bands were observed only for TGF-P and M-CSF, both 

appearing at 40 hours (Fig. 6.3). 

The effect of PAOl infection on the expression of different 
cytokines by thermally- injured mice 

Mice were thermally injured and infected with PAOl as described in Materials 

and Methods. Liver and skin samples were obtained at 5, 8, 16, 24, and 40 hours post-

bum/infection. In comparison with the nonbumed PAO 1-infected mice, several 

additional cytokines were detected within the skin samples of PAOl-infected mice that 

had sustained thermal injury. In addition, expression of several cytokines was enhanced. 

At 40 hours post-bum/infection, the proinflammatory cytokines TNF-a, LT-P, TNF-a, 

lL-6, EFN-y, and IFN-P; the hematopoietic cytokines M-CSF and G-CSF; and the anti

inflammatory cytokine TGF-P were all detected (Fig. 6.2), GM-CSF was expressed at 8 

hours only (Fig. 6.2B) and LIF at 8 and 24 hours (Fig. 6.2B). Levels of TNF-a, IL-6 and 

M-CSF had increased. In addifion, the levels of IL-ip, MIP-ip, and MIP-2 appeared 

higher than those seen in infection without thermal injury (Fig, 6,2C), 

In the liver, the changes in the pattern of cytokine expression observed were more 

striking. As expected, few cytokines were expressed early; only M-CSF appeared at 8 

hours (Fig. 6.3). By 16-24 hours, TGF-P and G-CSF were present, while by 40 hours 

(similar to the skin) most of the proinflammatory cytokines were expressed, including 

TNF-a, LT-p, TNF-a, IL-6, IFN-y, and IFN-p (Fig. 6,3). G-CSF expression and TGF-p 

expression were enhanced (Fig. 6.3). 
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Figure 6.1. Examining the expression of different cytokines and apoptosis genes within 
the skin of thermally-injured mice. Total RNA was extracted from the intact skin 
surrounding the bum as described in Materials and Methods. The expression of the 
different genes was determined by the Multi-Probe Template RNase protection assay. 
The left lane indicates the position of the unprotected probe, which was used as a 
reference to determine the identity of the protected RNA fragments. Arrows indicate the 
cytokines or apoptosis genes that were either induced or considerably enhanced in 
thermally-injured mice. Hours indicate the time post-bum. 
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Figure 6.2. The expression of different inflammatory and hematopoietic cytokine genes 
and apoptosis genes within the skin of normal (unbumed) mice or PAOl infected 
thermally injured mice. Mice were injected with 10" CFU P. aeruginosalmouse as 
described in Materials and Methods. Total RNA extraction and Multi-Probe 
Template/RNase protection assays were conducted as described in Figure 1. The RNase 
protection assay panels mCK-3b (A), mCK-4 (B) and a custom-made template (C) were 
utilized. Hours indicate the time post-PAOl infection or bum/PAOl infection. 
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Figure 6,3. The expression of different inflammatory and hematopoietic cytokine genes 
within the livers of normal (unbumed) mice or PAOl infected thermally-injured mice. 
Mice were injected with 10" CFU P. aeruginosalmouse as described in Materials and 
Methods. Total RNA extraction and Multi-Probe Template/RNase protection assays 
were conducted as described in Figure 6.1. The RNase protection assay panels mCK-3b 
(A) and mCK-4 (B) were utilized. Hours indicate the fime post-PAOl infection or 
bum/PAOl infection. 
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Close comparison of bands in the autoradiograms suggests that the expression of 

lL-6, G-CSF, M-CSF and LIF varies at different intervals. The levels of G-CSF and lL-6 

appear to be enhanced at 8 hours, reach a peak at 24 hours, and decline at 40 hours post-

burn/infcction (Fig. 6.2B), LIF expression appears to be significanfly enhanced at 24 

hours post burn/infection, but was not detected at 40 hours (Fig, 6,2B). The highest level 

of M-CSF expression was detected at 8 hours post-burn/infection and gradually declined 

towaids 40 hours post-burn/infection (Fig. 6.2B), These results suggest that P. 

aeruginosa infection of burn wounds affects the expression of several proinflammatory 

and hematopoietic cytokine genes. 

Cytokine production in thermally-injured mice infected with 
the OS-deficient mutant PA0-JP2 

We have previously shown, using the thermally-injured mouse model, that the in 

vivo vimlence of the PAOl isogenic mutant PAO-JP2 (which carries delefions within the 

lasl and rhll genes) was significantly reduced (Rumbaugh et al., 1999b), Therefore, we 

tried to determine if the cytokine profiles expressed in bumed mice that are infected with 

PAO-JP2 are different from those in bumed mice infected with PAOl. 

In general, detection of cytokine expression in the skin of bumed mice infected 

with PAO-JP2 was delayed in comparison to that expression seen in PAO 1-infected/ 

bumed mice. Expression of TNF-a and IL-6, apparent at 24 hours in bumed mice 

infected with PAOl, did not appear until 40 hours in bumed mice infected with PAO-

JP2; whereas TGF-p did not appear at all (Figs. 6.2A, 6.4A). Similarly, expression of G-

CSF, GM-CSF, and LIF appeared at 40 hours while M-CSF appeared at 24 hours (Fig 

6.4B), To determine if other cytokines detected in PAO 1-infected bumed mice would 

follow this delayed pattem of appearance, additional skin and liver samples were 

collected at 94 hours post bum/infecfion. In contrast to PAOl infection of the bumed 

mice, no expression of TNF-P, LT-p, IFN-y, IFN-p or TGF-p was observed (Fig. 6.4A), 

even at this late time period. However, the expression of LIF, M-CSF, and GM-CSF was 

even stronger (Fig. 6.4B). The expression of IL-lp, IL-IRI, MIP-lp and MIP-2 was 

similar to that seen in bumed mice infected with PAOl (data not shown). 
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Figure 6.4. The expression of different inflammatory and hematopoietic cytokine genes 
within the skin of thermally-injured mice infected with PAOl, PAO-JP2 or PA0-JP2 
containing pJPP42 that carries the intact lasl and rhll genes. Mice were injected with 
10" CFU P. aeruginosalmouse as described in Materials and Methods. Total RNA 
extraction and Multi-Probe Template RNase protection assays were conducted as 
described in Figure 6.1. The RNase protection assay panels mCK-3b (A) and mCK-4 (B) 
were utilized. Hours indicate the time post-bum/infection. 
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A similar delay in cytokine expression was ob.served in the livers of PA0-JP2-

infecled bumed mice as well as the lack of expression of any of the proinflammatory 

cytokines except TNF-a and IL-6 (Fig. 6.5A). The expression of these two cytokines 

was detected only at 94 hours post burn/infection (Fig. 6,5A). The expression of M-CSF 

and G-CSF was afso delayed, with strong expression not apparent unfil 94 hours (Fig. 

6,5B), 

Complementing the defect of PAO-JP2 with a lasI/rhll plasmid 

We have previously shown that the in vivo vimlence of PA0-JP2 was 

significantly enhanced upon the introduction of plasmid pJPP42 (which carries the intact 

lasl and rhll genes) (Rumbaugh et al., 1999b). Therefore, we tried to determine if the 

cytokine profile within the skin of thermally injured mice infected with PAO-JP2/pJPP42 

is different from those infected with PAO-JP2 alone. As shown in figure 6.4, the 

expression of TNF-a, IL-6, TGF-P, M-CSF, G-CSF, and LDF was restored at 40 hours, 

similar to infection with wild-type PAOl (Fig. 6.2). GM-CSF was not detected at 40 

hours (perhaps restored to the PAOl-type pattem of expression at 8 hours only). 

However, other cytokines, TNF-P, LT-P, IFN-y, and IFN-P that were detected in PAOl-

infected bumed mice were still not detected in mice infected with the complemented 

PAO-JP2 strain at 40 hours (Figs, 6.2, 6.4). Similar results were obtained in the liver 

samples that were obtained from thermally-injured mice that were infected with PAO-

JP2/pJPP42 at 40 hours post-bum/infection (Fig. 6.5). 
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Figure 6.5. The expression of different inflammatory and hematopoietic cytokine genes 
within the livers of thermally-injured mice infected with PAOl, PA0-JP2 or PA0-JP2 
containing pJPP42 that carries the intact lasl and rhll genes. Mice were injected with 
10" CFU P. aeruginosalmouse as described in Materials and Methods, Total RNA 
extraction and Multi-Probe Template RNase protection assays were conducted as 
described in Figure 6,1, The RNase protection assay panels mCK-3b (A) and mCK-4 (B) 
were utilized. Hours indicate the time post-bum/infection. 
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Evaluation of the effect of purified autoinducers on cytokine production 

To examine the posibility that P. aeruginosa autoinducers may modulate the host 

immune system, we attempted to determine the cytokine production due to purified 

autoinducer. Purified OdDHL (PAl-1) and BHL (PAI-2) were obtained from Dr, Barbara 

Iglewski, These autoinducers were purified as prevously described (De Kievit and 

Iglewski, 1999), The autoinducers are solubilized in ethyl acetate with 0.001% glacial 

acetic acid. For use /'// vivo, the ethyl acetate is evaporated off with nitrogen gas, and the 

residue is reconstituted with PBS, For Multi-Probe Template RNase protecfion assays 

100 |lM concentrations of PAl-1 and PAl-2 were subcutaneously injected into normal 

(unbumed mice). For control mice, 100 ^1 of autoinducer solvent was evaporated and the 

residue resuspended in 100 |il of PBS, At 24 hours post-treatment the mice were 

euthanized and skin samples near the injection site were harvested. Total RNA was 

extracted as in Materials and Methods. As shown in Fig. 6.6, MlP-2 and MIP-ip, which 

we do not detect in normal skin, are up-regulated due to PAI-1 and PAI-2. However, 

these same cytokines are up-regulated in response to the PBS control alone (Fig. 6.6). 

Thus, it appears that additional chemicals in the autoinducer solvent have an effect on 

cytokine production. We did not detect an up-regulation of any other cytokines. 
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Figure 6.6, The effect of purified autoinducers on cytokine production in the skin of 
normal (unbumed) mice. Mice were subcutaneously injected with 100 |il of PBS control 
(which consists of the evaporated autoinducer solvent reconstituted in PBS), 100 fj.M of 
PAl-1, or 100 ^M of PAI-2. Total RNA extraction and Mulfi-Probe Template RNase 
protection assays were conducted as described in Figure 6.1. Hours indicate the time 
post-bum/infection. 
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Histopathology of burned/infected skin 

Due to the up-regulation of different cytokines within the burned and infected 

skin under different conditions, we attempted to determine if we could correlate the 

production of these cytokines with the presence of different populafions of immune cells. 

Thus, skin .sections from mice that had been burned only, burned and infected with 

PAOl, or burned and infected with PAO-JP2 were extracted and sent for 

histopathologieal examination by Dr, Jeff Oliver. Analysis of all the skin samples 

revealed the presence of a large infiltrate of neutrophils (Fig. 6.7A). This inflammatory 

infiltrate is presumably due to the thermal injury. Due to masking by the large neutrophil 

population, it was not possible to determine the extent of other immune cells, such as 

macrophages, lymphocytes or eosinophils. However, upon examinafion of the blood 

vessels in the bumed and PAOl-infected skin, numerous bacilli could be detected in a 

perivascular pattem (Fig. 6.7B). This swarming of P. aeruginosa around the blood 

vessels results in thrombosis of the affected vessel, which can be seen in Fig. 6.7B. In 

contrast, in the PAO-JP2 infected skin, the stmcture of the vessels was intact, and the 

bacilli were scattered around the underlying tissue, not concentrated around the 

vasculature (Fig. 6.7C). In order to determine if this swarming phenotype could be 

complemented by the addition of the lasl and rhll genes, we infected bumed skin with 

PAO-JP2/pJPP42, As shown in Fig. 6.8A, extensive swarming around the vessels was 

seen when the bumed skin was infected with PAO-JP2/pJPP42. This swarming was even 

more pronounced than seen with PAOl, Inoculafion of purified autoinducers with PAO-

JP2 also complemented the swarming phenotype. however, the swarming was not as 

extensive as seen with PAOl (Fig, 6,8B). 
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Figure 6.7. Histopathologieal examination of thermally-injured skin infected with PAOl 
or PAO-JP2: A) Inflammatory infiltrate consisting primarily of neutrophils in skin that 
has been thermally-injured; B) Perivascular pattem of bacilli around a blood vessel in 
thermally-injured skin that has been infected with PAOl; C) Healthy blood vessel from 
the thermally-injured skin of a mouse infected with PAO-JP2. 
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Figure 6. 8. Histopathologieal examination of thermally-injured skin infected with PAO-
JP2/pJPP42 or PA0-JP2 -I- purified autoinducers: A) Extensive perivascular pattem of 
bacilli around a blood vessel in thermally-injured skin that has been infected with PAO-
JP2/pJPP42; B) Mild swarming of bacilli around a blood vessel in thermally-injured skin 
that has been injected with PA0-JP2 plus purified autoinducers. 

96 



Di.scussion 

Our results clearly show that the expression of the greatest numbers of cytokines 

was detected in skin samples from burned mice that were infected with P aerugino.sa 

strain PAOl (Figs. 6.2 and 6,3), Very low levels of IL-lp and IL-IRI expression were 

seen in the skin tissues of normal (nonbumed, noninfected mice) (Fig, 6,1), In mice that 

were burned but not infected, the expression of these two genes within the skin was 

enhanced plus the expression of MlP-ip and MlP-2 was detected (Fig. 6,1). Mice that 

were infected but not burned also showed a restricted pattern of cytokine expression, 

adding transient expression of lL-6 and TNF-a, plus the expression of M-CSF in 

decreasing amounts from 5 to 40 hours (Fig. 6.2). In addifion, these animals also 

expressed TGF-P (Fig. 6,2), the anfi-inflammatory cytokine needed for tuming down 

proinflammatory cytokine expression, with increasing amounts appearing at 40 hours 

post-infection. These results are different from previous findings, which showed that the 

production of certain cytokines such as lL-6 and TNF-a is significantly increased in 

either bumed patients or in bacterial infections in general (Guo et al., 1990; Liu et al,, 

1994; McMillen et al., 1996; Stmzyna et al., 1995). The main reason for the observed 

difference is the extent and degree of the bum, which is critical in determining the level 

of the inflammatory response (Foex and Shelly, 1996; Youn et al., 1992). While the 

thermal injury inflicted in our model is third degree, the total bum surface area (TBSA) is 

only 15%, which may not be large enough to cause a significant inflammatory response 

(Vico and Papillon, 1992). In contrast, the TBSA in previously described patient studies 

ranged from 30-80% (Yeh et al., 1999). In addition, the present study examined the level 

of expression of different cytokines within specific tissues (liver and skin) by detection of 

transcription, whereas other studies examined the level of cytokine protein within the 

blood of bum patients (Stmzyna et al., 1995; Yeh et al., 1999). The low level of cytokine 

response in P. aeruginosa infection without bum is likely to be due to the fact that P. 

aeruginosa injected subcutaneously into normal mice usually results in abortive 

infection. Normal mice can rapidly clear as many as 10̂  CFU of P. aeruginosa and do 

not develop an infection (Holder, 1985). 
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In mice that were burned and infected with PAOl, the expression of the 

proinflammatory cytokines (tho.se involved in the acute response) lL-6 and LIF was 

observed at 8 hours post burn/infection (Fig. 6.2B). The hematopoietic cytokines GM-

CSF, M-CSF, and G-CSF were also expressed eariy (Fig. 6.2B), Previous studies have 

shown that both lL-6 and G-CSF play an important role in the response of burned 

patients to infection (Arslan et al„ 2000; Stmzyna et al., 1995; Yalcin et al., 1997). The 

level of IL-6 within the plasma of severely infected burn patients is significanfly higher 

than in burn patients that are not infected (Yeh et al., 1999). The experimental 

administration of G-CSF has shown beneficial effects during bum wound sepsis (Arslan 

et al., 2000; Yalcin et al,, 1997), including reduction of disseminafion of P aeruginosa to 

the mesenteric lymph nodes, livers, and spleens of bumed rats (Yalcin et al,, 1997). The 

most likely early sources for IL-6 and G-CSF within the local area of the bum are the 

endothelial cells and fibroblasts. In addition, IL-1 production by stimulated 

keratinocytes, endothelial cells, and fibroblasts enhances the production of these 

cytokines and others by tissue macrophages and endothelial cells. It is likely that 

sufficient levels of IL-6 and G-CSF are required at early stages of infection to activate 

other inflammatory cells, enhance phagocytic activity, and stimulate the production of 

additional cytokines. IL-6, which is a major mediator of the acute phase response, is 

known to activate leukocytes, fibroblasts and endothelial cells to produce other cytokines 

(Thomson, 1998). G-CSF and GM-CSF are both hematopoietic cytokines that facilitate 

the maturation and activation of the phagocytes (G-CSF stimulates the differentiation of 

myeloid progenitor cells to neutrophils and activates fully differentiated neutrophils) 

(Thomson, 1998). The producfion of both lL-6 and G-CSF is known to be sfimulated by 

IL-1, TNF-a, IFN-y and endotoxin (Thomson, 1998). Examinafion of our present results 

suggests that in our mouse model, and within the area of the bum and infection, lL-1 and 

endotoxin may be the direct cause of the early expression of IL-6 and G-CSF. Up-

regulation of IL-lp was detected in mice that were either bumed only or infected with 

PAOl only. However, apparenfly higher levels of IL-ip was seen in bumed/infected 

mice (Fig. 6.2C). With respect to G-CSF, one possible factor that may have contributed 

to its early expression is GM-CSF (which is expressed at low levels at 8 hours post-
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burn/infection) (Fig. 6,2B). G-CSF production is known to be stimulated by GM-CSF 

(Thomson, 1998). 

Close examination of Figures 6.2 and 6.4 suggests that the level of expression of 

lL-6, G-CSF, GM-CSF and M-CSF varies at different intervals post-bum/infecfion. The 

expression of both lL-6 and G-CSF appears to peak at 24 hours post-bum/infecfion and 

decline after that, whereas GM-CSF expression was detected at 8 hours post-

burn/infection only (Fig. 6.2B). A similar variation in the level of cytokine expression 

within P. aeruginosa infected tissue has been previously reported (Kemacki et al., 1998), 

Using the P aeruginosa corneal infection model and RNase protection assays, Kernacki 

et al. have shown that the local expression of certain cytokines, such as IL-6 and G-CSF 

increased as early as 6 hours post-infection, reached a peak at 1-3 days post-infection and 

declined after that (Kemacki et al., 1998), In contrast, the expression of both GM-CSF 

and M-CSF occurred at 1 day post-infection only (Kemacki et al,, 1998). However, in 

our model M-CSF expression was detected in both burned and normal mice that were 

infected with P. aeruginosa (Fig. 6.2B). 

Additional cytokines that were up-regulated in PAOl bumed/infected mice at 40 

hours post-bum/infection include TNF-a, TNF-p, IFN-y, IFN-P, and TGF-p. The 

increased expression of these cytokines was detected within both the area around the bum 

and the liver (Fig. 6.2A and 6.3A). Both TNF-a and IFN-y are proinflammatory 

cytokines that are known to enhance the inflammatory response through different 

functions (Thomson, 1998). TNF-a is considered a proinflammatory cytokine 

responsible for some of the severe effects seen during Gram-negative sepsis (Thomson, 

1998). TNF-p is a chemoattractant for neutrophils and enhances their phagocytic activity 

(Thomson, 1998). However, TGF-P is an anti-inflammatory cytokine that inhibits the 

activation of macrophages and counteracts the effects of the inflammatory response 

(Thomson, 1998). TGF-p inhibits the synthesis of TNF-a, TNF-p and IFN-y (Thomson, 

1998). The presence of elevated levels of both proinflammatory and anti-inflammatory 

cytokines, which is known as a "cytokine storm," is one of the indications of the septic 

shock response (Abbas, 2000). In our mouse model, bumed mice usually die within 48 

hours of a PAOl infection (Rumbaugh et al., 1999b). Thus, at 40 hours post-
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burn/infection, the animals are likely to be in a septicemic state. Therefore, the excessive 

and uncontrolled production of these different cytokines (specifically the 

proinflammatory cytokines) is likely to play an important role in the lethality of P 

aeruginosa burned/infected mice. 

As our results clearly show, the QS systems appear to have an effect on cytokine 

expression in P, ne'n/is'/>/o.va-infected/burned mice. The expression of certain cytokines in 

burned mice infected with the QS mutant PAO-JP2 was either delayed or not detected. In 

contrast to PAOI-infected/bumed mice, the expression of IL-6, G-CSF, and M-CSF 

within the skin of PAO-JP2-infected/burned mice was detected at 40 hours rather than 24 

hours post bum/infection (Fig. 6.4B). The expression of TNF-a, LT-p, IFN-y, IFN-p, 

and TGF-P was not detected, even at 94 hours post-bum/infection (Fig. 6.4A). In 

addition, the presence of a lasI/rhll plasmid in PAO-JP2 complemented the defect of 

PAO-JP2 in the expression of IL-6 and TGF-P only. At this time, the reason for the 

failure of pJPP42 to fully complement the defect in PAO-JP2 is not known. Using the 

same mouse model, we have previously shown that pJPP42 complemented the in vivo 

vimlence of PAO-JP2 (Rumbaugh et al,, 1999b), The percent mortality of mice infected 

with PAO-JP2/pJPP42 was restored to the level seen with the PAOl wild type strain. In 

addition, pJPP42 restored the ability of PAO-JP2 to spread locally within the bumed skin 

and systemically within the infected mice (Rumbaugh et al., 1999b). 

Based on available evidence, the defect in cytokine response to PA0-JP2 is likely 

to be caused indirectly by endotoxin (which is not known to be regulated by the QS 

system) and directly by QS-controlled factors. We have previously shown that PA0-JP2 

is deficient in its spread within the bumed skin at earlier stages of infection (Rumbaugh 

et al., 1999b). At 8 and 16 hours post bum/infecfion the number of PAOl and PAO-JP2 

microorganisms detected at the inoculation site of bumed skin were similar (Rumbaugh 

et al,, 1999b). However, in contrast to PAOl, no PA0-JP2 microorganisms were 

detected 15 mm distant from the inoculation site (Rumbaugh et al., 1999b). Therefore, 

higher levels of endotoxin may be present within the skin of PAOl-infected mice than in 

the skin of PA0-JP2-infected ones. The two QS-related factors that are known to affect 

cytokine production are autoinducer and pyocyanin. Previous studies have shown that 
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the autoinducers stimulate the production of lL-8 (the human homologue of murine MIP-

2) in vitro (DiMango et al., 1995; Smith, 1999). Similariy, pyocyanin was shown to 

increase the release of IL-8 by normal and cystic fibrotic primary human airway 

epithelial cells (Denning et al„ 1998). At this time, it is not known if either the 

autoinducer or the pyocyanin produce a similar response on the expression of MIP-2 in 

our model. Even if they produce such an effect it would be difficult to assess in our 

animal model, with our purified autoinducer, as a high level of MlP-2 expression 

occurred in response to thermal injury alone and autoinducer solvent alone (Fig, 6.1 and 

6,6). It is also not known if the autoinducers or other QS-controlled factors, such as 

LasA, LasB, and exotoxin A, affect the expression of IL-6, G-CSF, or GM-CSF. 

Although we attempted to examine the immune cell populations present within 

the thermally-injured skin, the large infiltrate of neutrophils masked any other cell types 

that may be present. Thus, at this time we cannot make any correlations as to the 

different cytokines we have detected and the presence of specific cell types. It is 

interesting to note the pattem of bacilli in the skin samples, however. While, PA0-JP2 

was seen scattered around the underlying tissue, PAOl was detected in a perivascular 

pattem around the blood vessels (Fig. 6.7). This pattem is similar to the ecthyma 

gangrenosum characteristic of human P. aeruginosa infections (Oliver, 1998). At this 

time the reason PAOl assumes this pattem around the blood vessels, but PAO-JP2 does 

not can only be speculated. The inability of PA0-JP2 to swarm around the vessels may 

be due to defects in quomm sensing. It is known that quomm sensing controls swarming 

motility in several other bacteria, and it controls twitching motility in P. aeruginosa 

(Eberl et al., 1996; Rashid et al., 2000). Thus this may be yet another indication of the 

inability to spread that we have previously observed for PA0-JP2 (Rumbaugh et al., 

1999b). Additionally, it may provide further information as to the reason PAO-JP2 does 

not disseminate into the bloodstream as efficiently as PAOl, Further confirmation that 

this swarming behavior is quomm sensing related comes from the observation that the 

phenotype is restored when the bumed skin is infected with PAO-JP2/pJPP42 (Fig, 6,8). 

Additionally, when autoinducer is injected with PA0-JP2 we detected some ecthyma 

gangrenosum (Fig, 6,8), 
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CHAPTER VII 

GENERAL DISCUSSION 

With its diverse metabolic capabilities and vimlence factors, P. aeruginosa is a 

highly successful opportunistic pathogen. In burn patients, P. aeruginosa is particulariy 

aggressive in its ability to rapidly colonize the burn and cause a systemic bacteremia, 

which is often fatal. Cell-to-cell communication systems, or quomm sensing (QS) 

systems have been the subject of intense study in P. aeruginosa in the last decade and 

there have been great strides in deciphering the intricacies of the molecular interworkings 

of these systems. However, studies examining the function of quomm sensing in vivo 

have just begun. It has been well documented that quomm sensing is essenfial in the 

building of biofilms (Davies et al,, 1998) and limited studies have shown that mutafions 

in components of the QS systems result in reduced vimlence in lung infections (Pearson 

et al,, 2000). By taking a systematic approach to studying QS in P. aeruginosa bum 

wound infections; we have determined that both the las and rhl systems are needed for 

full vimlence. Mutations in either branch of QS result in significant reductions in 

mortality in the bumed mouse model. Based on our results, we propose a putative model 

that explains the possible role of the quomm-sensing systems in the pathogenesis of P 

aeruginosa infecfion of bum wounds (Fig. 7.1). The quomm sensing systems appear to 

be involved in both the initial spread of P. aeruginosa within the bumed tissue and the 

systemic spread, which leads to bacteremia. At early stages of infection, due to the loss 

of non-specific host defenses, P. aeruginosa spreads vertically into the underlying fat and 

connective tissue and horizontally through the bumed skin. This is shortly followed by 

systemic spread through the bloodstream to the organs (Fig. 7.1 A). In contrast, the 

quomm-sensing-defective strain PA0-JP2 fails to spread horizontally until late stages of 

infecfion (Figure 7. IB). Additionally, at later stages of the infection (24 hrs.), strain 

PAO-JP2 does not spread systemically as efficienfly as PAOl. The combined defect in 

local and systemic spread of strain PA0-JP2 is likely to be the cause for the significant 

reduction in its lethality. 
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Figure 7.1. Proposed model for the role of quomm sensing in the pathogenesis of P. 
aeruginosa infection of a burn wound. (A) When a P. aeruginosa strain that carries intact 
quomm-sensing systems infects the skin of a severely bumed patient, it spreads very 
efficiently within the bumed tissue. This local spread facilitates the translocation of the 
bacteria into the bloodstream, which results in septicemia and a high level of lethality. 
(B) When the bum wound is infected with a P. aeruginosa strain carrying defective 
quomm-sensing systems, the mutant strain does not spread efficienfly within the bumed 
skin; therefore, translocation into the bloodstream is hindered. This results in a low level 
of septicemia and consequently, less lethality. 
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Our strategy for studying the factors involved in P. aeruginosa bum wound 

infections was to examine different parameters of the infection. Thus we divided the 

infection into an intial local spread, to identify factors that are important to colonization 

and establishment of the infection, and a subsequent systemic stage of the infection to 

determine factors important to dissemination. We have seen dramatic differences in the 

contribution of different QS controlled vimlence factors to systemic versus local spread. 

For example, while it would be expected that elastase and exotoxin A would be critical 

factors involved in local spread, our present results are contraindicative. Locally, spread 

does not appear to be drastically influenced by elastase, exotoxin A or rpoS. In fact 

only two mutants, PAO-Rl and PAO-JP2 display deficiencies in their local spread. With 

the limited information available it is difficult to predict the exact factor(s) (extracellular 

or cell-associated) that is required for the horizontal spread of PAOl and is also missing 

in both PAO-JP2 and PAO-R 1. However, our results hint at a possible association 

between this phenomenon and lasR. The only two mutants that carry a completely 

nonfunctional LasR are PAO-JP2 and PAO-Rl (Gambello and Iglewski, 1991; Pearson et 

al., 1997). PAO-Rl, which was constmcted by gene replacement, carries an intemal 

delefion within lasR (Gambello and Iglewski, 1991). PAO-JP2 produces neither PAI-1 

nor PAI-2, which are required for LasR activity. However, how the loss of a functional 

LasR affects the spread of P aeruginosa is still to be determined. 

Additionally, we have seen that only one complete branch of the QS systems must 

be funcfional for efficient local spread. These data may provide further evidence for the 

QS hierarchy and the ability of the two QS branches to interact with each other. For 

example, although the PAO-JPl strain produces no PAl-1, LasR may be activated by 

PAI-1 or one of the minor autoinducers. Furthermore, the current QS hierarchical 

dogma places the lasR gene at the top of the regulatory cascade. Therefore, by 

inactivating lasR, we would expect to see the most dramafic reductions in vimlence 

However, although neither PA0-JP2 nor PAO-R 1 are able to spread efficiently within the 

bumed skin, there is a difference in their virulence, as evidenced by their average percent 

mortality values and systemic spread (Table 4.land Fig. 4.1). Although it would be 

expected that the inactivation of lasR in both of these strains would make them 
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phenotypically identical, the reason PAO-JP2 is significantly less virulent than PAO-Rl 

is not known. We have al.so seen that the deficiencies in local spread occur early in the 

infection, and by later time points the QS mutants are able to spread similar to wild type. 

This suggests that eariy in the establishment of the infection, P. aeruginosa may rely on 

QS mechanisms to relay information from the environment that cue the bacteria to 

spread. However, becau.se the QS mutants are eventually able to spread efficienfly, it is 

possible that at some pivotal point another regulatory mechanism may override QS. 

Furthemiore, this shift in regulation may be in response to yet another environmental 

signal. 

Our original hypothesis asserted that the elastases were most likely to be the 

critical factors involved in local spread due to their potent ability to degrade host tissue. 

However, our examination of isogenic mutants defective in LasA and LasB disproved 

this assumpfion. Thus, the question remains as to what QS controlled factor(s) are 

responsible for efficient local spread through the bumed skin. There are several QS 

controlled factors that have not been fully characterized in vivo, including hemolysin, 

pyocyanin, pyoveridne and alkaline protease that may facilitate spread. Altematively, 

this QS-controlled 'spread' factor may be twitching motility, swarming or chemotactic 

properties. Twitching motility has been shown to be involved in surface motility of P, 

aeruginosa and was described by Semmler et al. as a "highly organized mechanism of 

bacterial translocation by which P aeruginosa can disperse itself over large areas to 

colonize new territories" (Semmler et al., 1999, p. 2864). Additionally, a second class of 

QS-controlled motility in P. aeruginosa is swarming motility, which may involve 

rhamnolipids (Kohler et al., 2000). This is intriguing because while PDOIOO and PAO-

JPl (which are fully able to spread locally) produce reduced levels of rhamnolipid, PAO-

JP2 produces none (Pearson et al., 1997). In addition, rhamnolipid production by PAO-

JP2 is partially complemented by either a lasl or rhll plasmid and completely 

complemented by a plasmid that carries both genes (Pearson et al., 1997). Although 

twitching motility and swarming may be attractive candidate factors involved in P. 

aeruginosa spread through the bumed skin, their roles in vivo have not been 

characterized. Thus, future studies are needed to determine if these motility mechanisms 

105 

http://becau.se


are involved in establishing an infection. A third possibility may be based on the 

chemotactic properties ofP aeruginosa. For example, it has been shown that the 

virulence and ability of P aeruginosa to spread in an infection is dependent on having an 

intact chemotactic ability (Craven and Montie, 1981), Thus, as nutrients are depleted, 

P, aeruginosa must be able to perceive a gradient and spread to a location with higher 

nutrient concentrations. This ability of P, aeruginosa to perceive its environment is 

known to be contributed to by a number of regulatory elements, including QS (Armitage, 

1999), Alternatively, the ability of P aeruginosa to spread locally within the bumed skin 

may also be contributed to by yet undefined QS-controlled factors, or by autoinducers 

themselves. The latter possibility was examined; however, our attempt to ascertain the 

role of autoinducers as vimlence factors was confounded by the influence of the solvent 

used to purify them. 

Since there have been no studies describing the utilization of purified 

autoinducers in vivo it is important that future experiments address several important 

questions, such as: Do autoinducers act as vimlence factors themselves by damaging the 

host tissue (which may indirectly facilitate spread of P aeruginosa); and if so, will the 

autoinducers produce detectable histopathologieal changes within the tissues? Do 

autoinducers predispose the bumed skin to damage by vimlence factors, or does the 

efficient spread of P. aeruginosa depend on synergistic effects between the autoinducers 

and other P aeruginosa QS-related factors? At what stages are QS or autoinducers 

essential to the infection process? And, do autoinducers interact with host cells on a 

molecular level, possibly by interactions with eukaryotic transcriptional regulators? 

While at the present time there are difficulties associated with the in vivo use of 

autoinducers prepared from the currently available methods, there are altemative 

approaches to investigate the autoinducers and QS controlled factors in vivo. For 

example, the concentrated supematants from PAOl and PA0-JP2 could be isolated and 

examined in vivo for biological effects. More specifically, it is important to ascertain 

whether the supematants are able to cause lethality on their own, and if PAOl 

supematant can complement the defects in PAO-JP2. If the concentrated supematant is 

found to be vimlent, it can be subsequently passed through size exclusion columns to 
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isolate different fractions. These fractions could then be tested individually in vivo, alone 

or in combination with PAO-JP2. Additionally, experiments could be conducted to 

determine if the virulent components in the supernatant are proteins. For example, the 

supernatant fractions could be boiled or treated with proteases to denature the proteins. 

These experiments could provide valuable clues as to the nature of the factors involved in 

local and systemic spread of P. aeruginosa. 

We have observed that the roles of the QS controlled vimlence factors seem to be 

very different in systemic spread and local spread. With the exception of rpoS, all the 

mutants we tested displayed deficiencies in their ability to spread systemically. Similar 

to PAO-JP2 all of the elastase and exotoxin A mutants showed a significant decrease in 

the numbers of CFU obtained from the livers and spleens of infected mice. Furthermore, 

there was not a significant difference between the systemic spread of PAO-JP2 and the 

mutants tested in this study. The dramatic reduction and similarity of the systemic spread 

seen by PAO-JP2 and the elastase and exotoxin A mutants suggests that the loss of LasB, 

LasA or exotoxin A alone is sufficient to significantly delay the systemic spread of P. 

aeruginosa. These results are intriguing because it seems likely that the efficiency to 

spread locally within the bumed skin would correlate with the ability to spread 

systemically. However, we have seen several examples where this is not the case. Our 

results have shown that the elastases and exotoxin A do not appear to be necessary for 

establishing a local infection, but they are needed for dissemination. As the elastases 

degrade elastin and collagen (important components of blood vessels) they may be 

essential components that facilitate the translocafion of P. aeruginosa into the 

bloodstream. However, it is important to remember that our definition of systemic spread 

is solely based on the quanitafion of microorganisms within the livers and spleens of 

infected mice. Although this approach is the best pracfical method to examine the 

systemic spread at this time, the transfer of P. aeruginosa from infected skin to different 

organs is a complicated process and is likely to involve several vimlence factors and host 

defense mechanisms. Thus, it should not be assumed that because most of our mutants 

have defects in their ability to spread systemically, they are defective at exactly the same 

stage of dissemination. 
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Often in the study of microbial pathogenesis researchers tend to place sole 

emphaisis on determining the virulent components of the bacterium, while neglecting to 

examine the reponse the host mounts to the bacterium. However, it is by studying these 

host responses that we may gain valuable clues as to the roles of certain vimlence factors 

in an infection. By examining several different cytokines over the course of a P. 

aeruginosa infection in a burn wound, we have shown that the cytokine response is acute 

and severe. We have al.so shown that infection with a wild type versus a P. aeruginosa 

QS mutant results in a different host response. While the strength of the cytokine 

response is reflective of the severity of the infection, there are some cytokines that are 

detected in reponse to a PAOl infecfion, but not a PA0-JP2 infectioon. Furthermore, 

this difference in the host response is not solely due to the number of bacteria in the 

fissue {i.e., LPS). Thus, we believe that the difference in the cytokine response produced 

in response to PAOl and PA0-JP2 is due to a QS controlled extracellular vimlence 

factor(s). In order to investigate the nature of this factor(s), future host reponse 

experiments could be preformed with the elastase and exotoxin A mutants to determine if 

the cytokine response is altered. The conclusions that can be drawn from our 

prelimanary experiments examining the host response to purified autoinducers are 

dubious. RPA analysis on normal mouse skin that had been exposed to the PAOl-

autoinducers revealed the up-regulation of MlP-2. These data were extremely 

compelling considering that up-regulation of the human homolog of MlP-2, lL-8, has 

been associated with exposure to autoinducer in vitro. However, we also detected up-

regulation of MlP-2 with the autoinducer solvent. Thus, we can not confirm that purified 

autoinducer induces up-regulation of cytokines in vivo. However, it is possible that the 

high amounts of proinflammatory cytokines may have cytotoxic effects to the host cells, 

which results in tissue destmction. Consequently, this added tissue destruction (in 

additon to the bum) may facilitate the translocation of P aeruginosa through the skin. 

The phenonmenon of cell signaling through small molecules is not a new one. 

These mechanisms are seen in almost all living organisms and are most likely ancient, 

evolutionarily-selected communication instmments. In bacteria, cell-to-cell 

communication through small molecules provides a system that bacteria use to 
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communicate important information to each other and other .strains of bacteria in their 

surroundings. Cell-to-cell signaling is also thought to occur between prokaryotes and 

eukaryotes, as evidenced by the interspecies communication of the marine algae Delisea 

pulchra and the Gram-negative pathogen Serratia liquefaciens (Rasmussen et al,, 2000). 

Delisea pulchra produces a furanone compound that is structuraly similar to the 

autoinducer produced by Serratia liquefaciens. Serratia liquefaciens uses its QS system 

to control swarming motility, however, in the presence of Delisea pulchra furanone, 

swarming motility is inhibited (Rasmussen et al., 2000). Furthermore, this inhibifion is 

thought to be caused from interference of the furanone in the binding of the 

transcriptional activator to the autoinducer (Rasmussen et al., 2000). Thus, if bacterial 

QS systems can interact with the cell-signaling mechanisms of algae; and if bacterial and 

eukaryotic cell signaling mechanisms have evolved a long the same lines, it is possible 

that bacteria have adapted to manipulate mammalian transcriptional regulators by using 

autoinducer binding (possibly to LasR homologs). Additionally, the chemical stmctures 

of autoinducers are stmcturally similar to the pheromones and hormones used for cell-

signaling in eukaryotes. To investigate this possibility, we have searched the public 

sequence databases at the NCBI for possible regions of homology in eukaryotic proteins 

to the proposed autoinducer-binding domains of LasR. Regions of homology were 

detected in several rat, mouse and human proteins, including the estrogen receptor, the 

leukemia inhibitory factor receptor, and several ion/cation channels. However, no 

specific common motifs were found (data not shown). Although the field of quomm 

sensing is still in its infancy, continued research investigating the role that quomm 

sensing plays in mediating infections and affecting host immune responses is likely to aid 

in the understanding of host-bacterial interactions and the development of novel 

treatments to manage these infections. 
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