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ABSTRACT 

Phage therapy entails the use of bacteriophage to combat bacterial infections. With 

the increase in antibiotic resistance, the use of bacteriophage as antimicrobial agents is being 

re-examined to supplement antibiotic treatment. Potential advantages of using phage result 

from their specificity and ability to multiply. In our current model, we examine the efficacy 

of the use of Pseudomonas aeruginosa (Pa) phage to treat and prevent P. aeruginosa 

infection in thermal injuries. 

P. aeruginosa is an opportunistic pathogen, which frequently colonizes bum wounds 

that may lead to destmction of grafts, enlargement of wounds and to generalized and often-

fatal systemic infections. It has been estimated that at least 50% of all deaths caused by 

bums are the result of bacterial infection, often by antibiotic-resistant P. aeruginosa. Our 

thermal injury mouse model simulates aP. aeruginosa infection of bum wounds in humans. 

Swiss Webster mice were immunocompromised with a thermal wound and were 

subsequently treated with Pa phage intraperitoneally (IP), intramuscularly (LM) and 

subcutaneously (SC). The percent survival of the phage-treated mice was up to 100%. The 

results of our studies indicate that Pa phage can survive the circulatory system of a mouse, 

find their bacterial targets, multiply and dramatically decrease the mortality due to P. 

aeruginosa infection of bum wounds. 
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CHAPTER I 

E^TRODUCTION 

Antibiotic Resistance Displayed bv Pathogens 

Common illnesses such as pneumonia, strep throat, urinary tract infections, and 

gastrointestinal infections are the resuU of bacterial infections in our body. To treat the 

infection, medical doctors frequently prescribe antibiotics. Some antibiotics inhibit 

bacterial growth by interfering with the production of components needed for bacterial 

multiplication to form new bacterial cells. For example, penicillin inhibits the 

biosynthesis of peptidoglycan, an essential component of both Gram-negative and Gram-

positive cell walls. Although found in relatively lower amounts in Gram-negative 

bacteria, penicillin also inhibits their growth. Without peptidoglycan, the bacterium is 

more vulnerable in its environment. Vancomycin also impedes proper synthesis of the 

bacterial cell wall (Levy 1998). Other antibiotics, such as tetracycline, bind to ribosomes 

and impair protein manufacture (Levy 1998). 

Since the 1940's, antibiotics have become increasingly available. However, as a 

result of over-prescription of broad-spectmm antibiotics, wide-spread use in animal feeds 

and unregulated accessibility in many developing countries, bacteria have evolved to 

become increasingly resistant to their actions. It has been recently found that there are 

bacteria that are resistant to all known antibiotics (Levy 1998). These include 

Staphylococcus aureus, Pseuodomonas aeruginosa, and Mycobacterium tuberculosis. 

Bacteria evade antibiotics through several means: (I) they may acquire resistance 

genes through plasmids or transposons that code for enzymes that chemically alter the 



antibiotic; (2) they may acquire resistant genes that code for chemically altered antibiotic 

targets, hence eliminating the target of the antimicrobial; or (3) they may acquire efflux 

pumps that export the antibiotics out of the cell. The increasing rate of emerging 

antibiotic-resistant bacteria has become so alarming that altemative treatments to 

bacterial infection are being examined. 

One altemative method to antibiotic treatment is phage therapy, a procedure that 

employs bacterial vimses, often called "bacteriophage" or "phage," to combat bacterial 

infections. Phage therapy was first employed in the early 1900's by many countries 

including the United States (Twort 1915, D'Herelle 1917). However, incomplete 

knowledge of phage biology coupled with poor experimental design led to questionable 

results. 

Phage Therapv: An Altemative/Supplement to Antibiotic Therapv 

With our current knowledge of bacteriophage and with the emergence of 

antibiotic resistance among bacterial pathogens, phage therapy is once again being 

examined as a plausible altemative and or supplement to antibiotic therapy. 

The advantage of this treatment over the use of antibiotics lies in its infective 

process: one lytic phage that infects a bacterium makes hundreds of new phage, 

multiplying as the infection proceeds until all of the bacteria targeted have been 

destroyed. Theoretically, this would require only a few phage to rid a patient of its 

bacterial pathogen. Each type of phage will usually infect only a specific type of bacteria, 

as determined, in part, by ligand receptors on the surface of the bacteria. 



Phage can reproduce by two altemative methods: the lytic cycle and the 

lysogenic cycle. The lytic cycle is a viral reproductive cycle that culminates in death of 

the host cell. The lytic cycle was described by the combined efforts of d'Herelle, Ellis, 

Delbr ck and Doermann (d'HerelIe 1922, Ellis and Delbrtick 1939, Doermann 1952). hi 

a lysogenic cycle, the genome of the phage is replicated without destroying the cell and is 

referred to as a "prophage." Phage X, an Escherichia coli K12 phage discovered in 1951 

by Lederberg, is a classic example of a temperate phage, or one that can altemate 

between lytic and lysogenic cycles (Summers 1999). If ?̂  enters a lysogenic cycle, its 

DNA is incorporated into the host DNA by genetic recombination at a specific site of the 

bacterial chromosome. As a prophage, one gene codes for a repressor, a protein that 

represses other prophage genes. Thus, the presence of the \ phage is silent. When the 

bacterium undergoes binary fission, a copy of the entire prophage is passed onto each 

daughter cell. Theoretically, the A, DNA can remain within the bacterial chromosome 

indefmitely. However, environmental triggers, especially those which damage DNA, 

such as radiation or other chemical signals, "induces" the phage from a lysogenic mode 

to lytic mode. 

To employ phage therapy, lytic and lysogenic cycles should be considered. 

Characteristics of phage that are essential for successful use in phage therapy are: 

1. Vimlence Phage employed in phage therapy should be "vimlent" not 
"lysogenic." 

2. Specifícity Ideally, one should choose phage with receptor ligands that are 
surface agents essential to the pathogenicity of the host bacterium (e.g., 
lipopolysaccharide "LPS," attachment pili, etc.) 

3. Survivabilitv Phage used in therapy should be capable of surviving in the 
animal host harboring the infection (e.g., stomach, blood, organs). 



Earlv Trials of Phage Therapv 

Probably the earliest use of phage in the treatment of a bacterial infection, 

documented by Hankin in 1896, was the use of water from the Ganges and Jumna Ri\'ers 

in India, which had antimicrobial activity against Vibrio cholera, (Kutter 1997). Hankin 

found entities that passed through a very fíne porcelain fílter and noted that these agents 

could be destroyed by boiling. From further research, he suggested that this substance is 

what kept cholera epidemics from being spread. However, offícially "Phage Therapy" 

was not employed until after the discovery of bacteriophage in the early 1900's 

In 1915-1917, Twort and d'HerelIe independently isolated fílterable enfíties, 

which, similar to that found by Hankin, killed bacterial cultures. They described what \\ e 

know today as plaques. On a bacterial lawn composed of sensitive bacteria, phage form 

small circular clearings, or plaques. These plaques are the result of the infection of a 

bacterium by a single phage and its subsequent propagation. Upon infection the bacterial 

vims begins to multiply and eventually lyses its host releasing progeny phage, each of 

which will adsorb to nearby bacteria and continue to multiply and produce progeny 

phage. These muUiple cycles of infecfíon continue until the bacterial lawn has used up 

the nutrients and can no longer support phage multiplication. However, the phage w ill 

have destroyed all of the bacteria in a localized area, giving rise to a clear, transparent 

circular region in the turbid confluent bacterial lawn. 

D'Herelle isolated fílterable anti-Shiga "microbes," or phage specifíc for Shigella, 

in feces of recovering dysentery pafíents. He saw plaques on a plate of his '̂Shiga 

bacillus," thereby noting the role of phages in natural control of microbial infections. 



D'HerelIe was fascinated by bacteriophage and continued to isolate disease-specific 

phage from patients. However, he focused on phage biology rather than on phage 

therapy. He concentrated on proving that bacterial vimses were the entities, which killed 

bacteria, and not enzymes, or proteins (Kutter 1997). Therefore, the fírst documented 

clinical study of phage therapy came not from D'herelle but from Bmynoghe and Maisin 

who used phage to treat staphylococcal skin infecfíons in 1921 (Kutter 1997). 

Between 1917 and 1956, various diseases were widely treated with phage therapy 

(Ackermann and Dubow 1987). These include: dysentery, typhoid and paratyphoid 

fevers, cholera, pyogenic infections, and urinary tract infections. Multiple phage were 

administered with limited knowledge about host specificity or about effective 

applications. For instance, they were directly poured on lesions, given orally, applied as 

aerosols or administered with enemas. Phage were also administered by injection, to 

include intradermal, intravascular, intramuscular, intraduodenal, intraperitoneal 

injections, as well as directly into the lung, carotid artery, and pericardium (Ackermann 

andDubow 1987). 

Problems with Earlv Trials of Phage Therapv 

There were several problems with early phage therapy trials. First, there was very 

little understanding of phage biology. Second, there were split schools of support which 

had an ongoing controversy of the phage entity. For example, some supported that the 

lytic entities were bacterial vimses. Others supported the explanation that an enzyme 

produced by bacterial activity was the antibacterial agent (Kutter 1997). 



There were also many problems clinically. Phage were often administered 

uncharacterized and at unknown concentrations. Therefore, some patients could have 

been administered E. co//-specifíc phage for a Clostridium difficile infection. The E. coli-

specifíc phage would not have been effective against C. difficile. In such a scenario, 

phage therapy would have been considered ineffective. 

Additionally, some lab technicians reasoned that it would be "easier to grow one 

large batch rather than separate batches" (Kutter 1997 p. 4). So, if they inoculated an E. 

coli culture with several different species of phage, only the E. coli phage would be 

propagated. And if the targeted phage that was sought to control C. difficile infections 

was not isolated with C. difficile, then it was lost. 

In the 1940's, antibiotics became available. These agents were widely employed 

by the Westem world, and phage therapy was abandoned (Kutter 1997). 

Phage Therapv Revisited 

Animal Clinical Trials 

Interest in phage therapy began to resurface in the early 1980s. In 1982 and 1983, 

H. W. Smith and M. B. Huggins investigated the use of phage to control systemic E. coli 

infecfíons in mice (Smith and Huggins 1983). They injected mice with a pathogenic 

strain ofE. coli intramuscularly and found that they all died. However, if they injected 

an E. coli phage which could infect this pathogen (i.e., a phage specifíc for the Kl 

capsule ofE. coli) simultaneously with the E. coli pathogen, the mice lived. 

Furthermore, they were able to demonstrate that phage therapy was more effecti\ e than 



treatment with tetracycline, streptomycin, ampicillin, or trimethoprim/sulfafurazole. 

(Smith and Huggins 1982). 

These same investigators used phage to treat diarrheal disease in young calves. 

They were able to reduce the number of bacteria bound to the small intestine and to 

virtually stop the loss of fluid (Smith and Huggins 1982). They noted that the phage was 

particularly effecfíve if used prophylactically. 

In 1994, Barrow and SoothiII (Barrow and Soothil 1997) carried out skin-graft 

investigations using guinea pigs. Since skin grafts are rejected due to P. aeruginosa 

colonization, they treated the guinea pigs with Pseudomonas aeruginosa {P. a.) phage. 

In this study they showed that skin-graft rejection could be prevented by prior treatment 

with P. a. phage. 

Human Clinical Trials 

In Eastem Europe, research centers in Tbilisi, Georgia (in the Former Soviet 

Union) and in Wroclaw, Poland have been employing phage therapy to humans since the 

1920's. These research institutes are key to recent developments in phage therapy. In the 

Bacteriophage Institute of Tbilisi, phage therapy is standard care in the pediatric, bum, 

and surgical units (Kutter 1997). Much of their support comes from their military, where 

phage therapy has been used for wound and bum infections and for preventing 

gastrointestinal epidemics among troops. 

Between 1983 and 1985, the Insfítute carried out studies of phage sensitivity 

(Table 1.1). They reported high numbers of sensitive bacteria. It is their goal to use this 

information, along with their clinical studies (unavailable in publication), to obtain 
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approval for specialized delivery phage treatment from the Ministry of Health (Kutter 

1997). 

In Poland, Stefan Slopek's group at the Insfítute of Immunology and 

Experimental Medicine of the Polish Academy of Sciences in Wroclaw published a series 

of articles describing successful phage treatment in human subjects. Their studies 

involved 550 patients that were treated in 10 Pohsh medical centers from 1981-1986 

(Slopek 1983, 1985, 1986, 1987). The types of antibiotic-resistant infections that were 

treated included: long-persisting suppurative fistulas, septicemia, abscesses, respiratory 

tract infections, bronchopneumonia, and urinary tract infections. A central laboratory 

identified disease-specific phage to treat the infections. Several treatment methods were 

used: oral (10 ml of phage lysate while neutralizing gastric juices with gelatin, baking 

soda of basic Vichy water), apphcations of phage-soaked compresses, rectal infusions, in 

aerosols, and in surgical wounds. 

The group reported a 92% overall successful rate, or 506/550 successful cases 

where the patient's health was markedly improved and/or the bacteria were cleared. Two 

side effects were reported: pain in the liver area and fever at about day 7 or day 8. This 

was attributed to endotoxin (LPS) release as the phage lysed the bacteria. Furthermore, 

they noted that phage were distributed systematically. They did not inject phage 

intravenously to avoid toxic shock that could be caused by endotoxin release. 

8 



Table I.l Bacterial Sensitivity found at the Bacteriophage Institute of Tbilisi. 

Bacteria Tested 

Staphylococcus sp. 

Streptococcus sp. 

Proteus sp. 

P. aeruginosa 

E. coli 

Enterococcus sp. 

Number of Strains 

2038 

1128 

328 

373 

unknown 

unknown 

Percent Sensitive to Phage 

71% 

60% 

30% 

76% 

51% 

80% 



Pathogenesis ofP. aerusinosa 

P. aeruginosa is an opportunistic Gram-negative bacillus responsible for a wide 

range of infecfíons in both plants and animals. As an opportunistic pathogen, the 

organism affects individuals who are compromised. Examples of compromised hosts are 

patients with AIDs, severe bum wounds (Holder 1993), cystic fíbrosis (Doring 1993), 

multiple system organ failure (MSOF) (Rotstein 1986), and cancer. Recurring infections 

are the result of the bacterium's remarkable resistance to antibiofícs. This may lead to the 

eventual death of the host. 

A bum wound is particularly susceptible to a P. aeruginosa infection. Fifty 

percent of the deaths of patients with bum wounds have been linked to a P. aeruginosa 

infection (Goodwin 1986). hi 1995, it was reported that 26% of 150,000 bum victims 

developed aP. aeruginosa infecfíon (Cytovax 1995). Approximately 10% of the bum 

patients become bacteremic (Oliver 1998) and of those, 80% eventually die from the 

infection(01iver 1998). 

Current Models Used to Treat P. aeru^inosa Infections 

Antibiotics 

There are a few antibiotics that are effective in controlling P. aeruginosa 

infections. Aminoglycosides and newer broad-spectmm 6-Iactams are currently under 

investigation. Aminoglycosides include fluoroquinolones, amikacin, and gentamicin 

(Salyers, 1994). These antibiotics transit the outer membrane by porin-independent 

methods. They either bond directly to the negatively-charged lipopolysaccharide of the 

P. aeruginosa or chelate divalent cations that stabilize the LPS (Salyers, 1994). This 
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destablizes the pathogen's outer membrane barrier just long enough to allow the 

antibiotic to gain access to the periplasm. Once it crosses the irmer membrane into the 

cytoplasm, the antibiotics can reach their targets. Quinolones target the bacterium's 

DNA gyrase; aminoglycosides target its ribosomes (Holder, 1977). 

B-lactam antibiotics, such as imipenem, use outer membrane porins to enter the 

periplasmic space. Imipenem, in particular, uses a porin known as OprD, and mutants of 

this porin are usually more resistant to this antibiofíc than their wild-type counterparts. 

Unfortunately, mutants ofP. aeruginosa have been isolated which are OprD-defícient. 

Blocking of Quomm Sensing 

Of particular interest is the quomm-sensing mechanism ofP. aeruginosa. 

Bacteria appear to "communicate" through molecules known as autoinducers (Neely, 

1987). This communicafíon between P. aeruginosa appears to play a role in their 

pathogenicity in bum wound infections (Rumbaugh 1999). Theoretically, if the 

autoinducers are masked by other molecules, such as antibodies, the P. aeruginosa would 

be less pathogenic hence controlling the infection. 

Human Semm Antibody 

The Swiss Semm and Vaccine histitute Beme is currently producing a vaccine to 

a P. aeruginosa 0-poIysacchaide-toxin A conjugate (Cryz et al. 1997). In essence, this 

should provide pre-made anfíbodies to persons who are cyclically compromised. 

Antibodies are cultured and injected into patients who are immunodeficient. 

11 



Theoretically, this would aid the affected host's defense system. Treatment would be 

provided until the affected person's immune system is restabilized. 

Project Obiectives 

While the use of the above-mentioned strategies appear promising, they have yet 

to be demonstrated as fully effective treatments in combating P. aeruginosa infecfíons. 

In the following study we examine the use of bacterial vimses, which target P. 

aeruginosa, to treat a vimlent P. aeruginosa infection of a thermal wound. 

To study the effîcacy of phage therapy, we have employed a thermal wound 

mouse model as described by Hamood et al (Rumbaugh et al. 1999). The specific aim of 

this study was to determine if phage therapy can decrease the mortality of mice with P. 

aeruginosa infected bum wounds. During this study we examined: 

1. The most efficacious route of phage therapy treatment. 

2. Whether the phage could multiply in the mouse. 

3. Whether phage-resistant P. aeruginosa emerge from phage-treated infections. 

4. The clearance of phage from the mouse. 

12 



CHAPTER II 

MATEIUALS AND METHODS 

Bacterial strain 

The P. aeruginosa strain, PAOl, used in this study was originally isolated from a 

wound (Holloway et al. 1979). The strain carries the anfíbiofíc marker of rifampicin. 

The bacterial strain was grown in Luria-Bertani (LB) medium (Ausubel 1988) with 

rifampicin at 80|ig/ml. 

In vitro Vimlence Assavs 

In vitro vimlence analyses of PAOl/Pa phage were conducted using seven 

combinationsofphage:PaOI,Pa02, PalI,PaOI +02, PaOl + lI ,Pa02+ lI,andPaOI + 

02+11. Each set of phage was serially diluted to 10"̂ , 10"̂ , 10"̂  and 10"̂  from a stock of 

lO'^ PFU/ml. From each aliquot, 100-|il were inoculated into 5 ml of fresh PAOI with 

an OD at 595 nm of 0.05. Optical density readings were taken from each sample every 2 

hr over a 30-hr period. 

In vivo Thermal Wound Injury 

The vimlence of PAOl was examined by using the bumed-mouse model of 

Stieritz and Holder (Stieritz and Holder 1975) that was modifíed by Hamood et al 

(Rumbaugh et al. 1999). In this model, the bum induced is a thermal injury. The 

experiments were conducted with adult female ND4 Swiss Webster mice that were at 

least 2 weeks old. The mice were anesthetized by intraperitoneal injection of 0.5-0.8 ml 

13 



of Nembutal® at 5mg/ml, and their backs were shaved. The mice were securely placed 

into a template with a 4.5 cm by 1.8 cm opening to expose their shaved backs. The 

thermal injury was induced by placing the exposed back area in 90°C water for 10 s. 

This injury was non-lethal and caused a flill-thickness thermal injury. Fluid replacement 

therapy was administered with a subcutaneous injection of 0.8 ml of 9% NaCI solution 

immediately following the bum. Mice were challenged by subcutaneous injections of 

100 |j.l of the bacterial inoculum directly under the cranial end of the bum. To three 

separate groups, subcutaneous (SC), intramuscular (LM) and intraperitoneal (LP) injection 

of the phage inoculum was subsequently administered. The positive control group was 

injected only with the bacterial inoculum. The negative control group was injected only 

with the phage inoculum. During recovery, the mice were kept under warming lights and 

observation. Mortality among positive control mice was recorded at 24 h post thermal 

wound injecfíon; the negafíve control group was euthanized at 100 h; the mice in the 

PAOl + phage inoculum groups died between 24 h to 100 h. Animals were treated in 

accordance with Protocol No. 96020-06 approved by the Animal Care and Use 

Committee at Texas Tech Health Sciences Center in Lubbock, Texas. 

PAOl Inoculum 

A 5-mI aliquot of an ovemight culture of PAOl was subcultured in fresh LB broth 

plus rifampicin. The subculture was grown at 37°C for 4 h to an optical density (OD) at 

540 nm of 0.8. A 100-|il aliquot was serially diluted by ten-fold serial dilutions in 

phosphate-buffered saline (PBS). A IOO-|al aliquot of the 10'̂  dilution was injected into 
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each animal. The number of preinjection CFU was determined by plating serial dilutions 

of the inoculum on LB agar plates. The dilution contained approximately 2X10^ CFU 

ofPAOl. 

Phage Cocktail Inoculum 

Three different P. aeruginosa phage, PaOl, Pa02 and Pal I were purchased from 

the American Type Culture Collection (ATCC). They were tested with the PAOl strain 

using cross streaks on LB agar plates. The PAOl stock culture was deemed sensitive to 

the phage in vitro. A phage cocktail containing all three phage was titered at lO^ PFU/ml. 

Two ml of the phage cocktail was added to 4 ml of PBS to obtain the phage inoculum. 

Routes of Injection 

Mice were challenged by subcutaneous injections of 100 îl of the bacterial 

inoculum directly under the cranial end of the bum. To three separate groups, 

subcutaneous (SC), intramuscular (IM) and intraperitoneal (IP) injection of the phage 

inoculum was subsequently administered. 

Phage Distribufíon Studies 

Three groups of mice (SC, M , IP) were injected with IOO-|LII of phage inoculum. 

Mice in the SC and IM groups were anesthefízed prior to injecfíon of the phage inoculum. 

At fíme intervals of 0.5, 12, 24, 36, and 48 hr, 3 mice from each group were sacrifíced 

with Fatal PIus®. Blood, liver and spleen samples were taken from each mouse to 

quantify the PFU/ml of the phage inoculum. 
15 



Data Collection 

Quantitation of PAOl From Tissue Samples 

PAOI colonies from several tissues of infected mice were counted to verify that 

the mice died from a PAOl infecfíon. Mouse liver, spleen and lung físsue was isolated 

from the carcasses. (The mice that had not died by 100 h were euthanized by intracardial 

injection of Fatal PIus®). Individual organs were weighed and suspended in 2 ml of 

PBS. They were then homogenized using Wheaton overhead stirrers. A 100-fil aliquot of 

each organ was serially diluted by ten-fold serial dilutions in phosphate-buffered saline 

(PBS) and CFU/gm of físsue was determined as stated above on LB agar plates. 

Quantitation of Pa Phage From Tissue Samples 

Pa phage PFU from the liver, spleen and lung tissue of infected mice were also 

counted from the same mice. The serial dilutions in the above section (except for 10" ) 

were treated with chloroform once the CFU/gm of físsue was determined. This killed the 

live cells in the aliquots without harming the phage. The number of PFU/gm of tissue 

was then determined using 100-|ul aliquots of each dilufíon. They were incubated with 

lOO-̂ il aliquots of fresh PAOl for 10 minutes; they were plated in a soft LB agar overiay 

to quantify the PFU/gm of tissue. 

P. aeruginosa Sensitivity 

Once the CFU were plated, we tested them against our three Pa phage. First \ve 

suspended the CFU independently into microtiter wells fílled with L-broth. Ne\t, w c 

layed 100 \ú of each phage down the center of an L-agar plate and allowed it to dry for 10 
16 



minutes. To complete our cross streaks, we simply took a loopful of the suspended 

PAOl and cross-streaked it across the phage layout. Three possible outcomes can be 

achieved: the recovered PAOl could sfíll be sensitive to each phage; the PAOl could be 

partially sensitive; the PAOl could be resistant. 

Phage Typing 

Phage typing is the process that allows us to determine the identity of a PFU. In 

our study, we tested for PaOl, Pa02 or Pal I. To accomplish this feat, we used Pa clinical 

isolates obtained in Dr. Abdul N. Hamood's lab (Hamood 1996). Originally, we 

searched for Pa clinical isolates that were sensitive to one phage and resistant to the other 

two. This way if we picked a plaque recovered from the mice and stabbed it into a soft 

agar overlay of the Pa clinical isolate, we would see a plaque only if the Pa clinical 

isolate was sensitive to it. 

Within our search, we only found one Pa clinical isolate that met our criteria, Pa 

97-121. Pa 97-121 is sensitive only to PaOl. We foundthe antithesis to Pa02, Pa97-119. 

In other words, Pa 97-119 was sensifíve to two phage and resistant to one, Pa02. This 

would sfíll enable us to type a Pa02 plaque; hence, if we stabbed an overiay of Pa 97-119 

and did not get a plaque, we could type it as Pa02. 

The search for the Pa clinical isolate that would enable us to type Pal I was a little 

more cumbersome. We found Pa 97-101, which was sensitive to two phage and resistant 

to Pal 1, the same phenomenon used to identify Pa02. However, upon reexamination, \\ c 

noticed partial sensitivity. Therefore, we spontaneously raised a mutant of Pa 97-101 

andlabeleditPa 97-101*. We did this by spreading 100^1 ofPa 11 over a Pa 97-101 soft 
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agar overlay. We grew it ovemight at 37" C and picked a colony that grew within the 

Pal 1 spread. We then streaked out the colony two times over and subjected it to all three 

phage. This verified that Pa 97-101* was sensitive to two phage and resistant to Pal I. 
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CHAPTER m 

RESULTS 

Preliminary Studies: Vimlence Assays ResuUs 

In Figure 3.1, we show that our control PAOl followed a typical bacterial growth 

curve already at exponenfíal phase. As described in Secfíon 2.2, when the PAOl culture 

was inoculated with the phage, it had already reached log phase. When PAOl was 

subjected to PaOl (Figure 3.2a), we see a low OD595 reading at 12 hr in the culture tube 

with the highest number of phage, at a dilufíon of 10'̂  PFU/ml. The density of this 

culture steadily increased to 1.5 at 30 hr. In the culture tubes with the next two higher 

dilutions of PFU, 10""̂  and 10"̂ , a similar pattem was observed, only that the lowest OD595 

reading occurred at 20 hr in the former, and at 30 hr in the latter. Readings were taken 

for 30 hr. In the culture with 10'̂  PFU/ml dilution, the density readings never bottomed 

out and increased, as they did in the first two serial dilutions. The dilution with the 

lowest number of phage showed a growth curve similar to the PAOl control curve. 

Figure 3.2b shows the growth curve of PAOl/Pa02. Here a different pattem was 

observed. In the first 12 hours, PAOl did not proliferate in any of the serial dilutions of 

phage, including the culture containing the lowest number of phage. FoIIowing the 12 

hour mark, bacteria were observed to grow exponentially, leveling out at OD595 1.5 at 22 

hr. 

Figure 3.2c, shows the growth curve of PAOl/Pal 1. These are interesting growth 

curves. It is almost a hybrid curve of the previous two growth curves. Cyclical pattems 

were observed in the OD595 readings. In each serial dilution, there was some PAOI 
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growth, but 5 hours later the phage start to infect the bacteria and continue to be infective 

for about 10 hours. This was first seen in the culture tube with the highest number of 

phage, followed serially by the culture tubes with the next highest number of PFU, or 

10 ,10 ,and lO' . In all of these assays, growth of PAOl was observed to resume at -12 

hours. 

Figure 3.3a-c shows the growth curves of PAOl inoculated with different-paired 

combinations of phage. Two noticeable pattems were observed. In the assays containing 

Pa02, similar growth curves were observed as in the previously described PAOl/Pa02 

culture. In the assays containing PaOl + Pal 1, similarities to PAOI inoculated with 

either phage separately (Figure 3.2a,c) were observed. 

Finally, since our aim was to use a phage cocktail, we conducted vimlence assays 

with all three phage (Figure 3.4). For the most part, we saw growth curves similar to 

PAOl/Pa02 (Figure 3.2b). However, in the last 12 hr we saw lower OD595 readings in 

the culture tube containing the highest number of phage, (lO'̂  PFU/ml dilution). 
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Figure 3.1 OD growth curve of PAOl. 

OD595 readings were taken every two hours over a period of 30 hours. 
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Figure 3.2 OD growth curves of PAOl/phage. 

OD595 readmgs were taken every two hours over a period of 30 hours. Each phage was 
tested kidependently with PAOl. Legend mdicates serial dUutions of phage. 
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Figure 3.3 OD growth curves of PAOl/two-phage combkiation. 

OD595 readkigs were taken every two hours over a period of 30 hours. A combination of 
two phage was tested with PAOl as kidicated. Legend mdicates serial dUutions of phage. 
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Figure 3.4 OD grov^h curves of PAOl/phage cocktaU. 

OD595 readkigs were taken every two hours over a period of 30 hours. PAOl was tested 
agamst aU three phage. Legend kidicates serial dUutions of phage. 
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Thermal Wound Mouse Model Results 

Cumulative Survival 

Cumulative survival of mice in the four treatment groups was tracked over a 

series of four experiments. The four treatment groups and their percent survival are listed 

in Table 3.1. As described in Section 2.3 the mice in each group had an induced thermal 

wound and were injected with PAOl. For easy reference, the four groups will be referred 

to as PAOl-only, phage IP, phage IM, and phage SC 

In each group, 18 mice were treated; however, in the phage IP group only 17 mice 

were tracked since one mouse did not recover from anesthesia treatment. Review of the 

data revealed explicit time intervals for reporting mouse survival in hours post infection 

(Hpi). As seen in Figure 3.5, the time intervals are 18, 42 and 66 Hpi. 

At 18 Hpi, all the mice were still alive. At 42 hours, there were distinct 

differences in survival. Only 29% of the mice in the PAOI-only group survived 

treatment. In the phage LP, phage LM and phage SC groups, 100%, 66% and 61% of the 

mice survived treatment, respectively. Subsequently, at 66 Hpi, 14% in PAOl-only, 88% 

in phage EP, 33% in phage IM and 28% in phage SC survived treatment. 
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Table 3.1 Cumulative Percent Survival in PAOl-only, phage LP, phage IM and phage SC 
groups. 

Hours post injection 

18 

42 

66 

PAOl 

100 

29 

14 

+ Phage IP 

100 

100 

88 

+ Phage IM 

100 

66 

33 

+ Phage SC 

100 

61 

28 
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Figure 3.5 Cumulative survival of mice ki thermal kijury modeL 

Data represents percent survival of mice that were subjected to a thermal kijury, foUowed 
by a PAOl mjection and a subsequent kijection as kidicated ki the legend. Each value 
represents a total of 18 mice, vsdth an exception ki the Phage IP group that had 17 mice. 
Data was coUected at 18, 42, and 66 hours post kijection over a series of four 
experknents. 
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Experiment I 

Mouse Survival 

hi our fírst experimental mn of the thermal injury mouse model, we treated mice 

in only three groups, as opposed to four. The treatments included PAOl-only, with IM 

phage injection, and with SC phage injection. Six mice were treated in each of the 

groups. At 18 Hpi, all of the mice were sfíll alive (Figure 3.6). However, by 42 and 66 

Hpi, none of the mice in the PAOl-only group survived. At 42 Hpi, 50% of the mice in 

the phage IM group survived and 66.7% of the mice in the phage SC group survived. At 

66 Hpi, 33% of the mice in the phage IM group and 33.3% of the mice in the phage SC 

group survived. 

RecoveredPAOl 

Figure 3.7 summarizes the físsue CFU of PAOI per treatment in each tissue. 

Note that while no mice survived in the PAOl-only group at 42 Hpi, the mice in the 

phage LM and phage SC treatment groups were found at about 42 Hpi. Therefore, we 

were able to count the CFU at 42 Hpi to include all mice that had died through that time 

period. This allowed us to compare CFU from mice that died at about the same hour. 

Q 

The recovered CFU of PAOl, approximately 10 CFU/gm tissue, were similar in 

both the liver and the spleen in all groups. Ln both tissues, the CFU from the mice in the 

PAOI-only group were marginally higher than the CFU from the mice tissues in the 

phage IM and phage SC groups. 

The recovered PAOl CFU from the mouse livers were cross-streaked against 

each Pa phage to determine sensifívity. Figure 3.8 (a-c) summarizes the sensitivity 
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against each Pa phage. The different sensitivities noted were sensitive (S), partially 

sensitive (PS), and resistant (R). When we conducted the experiment, we decided to test 

only the CFU from one organ. Indiscriminately, we selected to test the CFU from the 

liver. 

As seen in Figure 3.8a, 69% from the PAOI-only group, 43% from the phage LM 

group, and 52% from the phage SC group were sensifíve to PaOl; 6% from the PAOI-

only group, 23% from the phage IM group, and 3% from the phage SC group were 

partially sensitive to PaOl; 26% from the PAOl-only group, 36% from the phage IM 

group, and 46% from the phage SC group were resistant to PaOI. 

As seen in Figure 3.8b, 47% from the PAOl-only group, 15% from the phage LM 

group, and 27% from the phage SC group were sensitive to Pa02; 9% from the PAOl-

only group, 19% from the phage IM group, and 3% from the phage SC group were 

partially sensitive to Pa02; 44% from the PAOl-only group, 66% from the phage IM 

group, and 70% from the phage SC group were resistant to Pa02. 

As seen in Figure 3.8c, 96% from the PAOl-only group, 80% from the phage IM 

group, and 86% from the phage SC group were sensifíve to Pal 1; 0% from the PAOI-

only group, 20% from the phage IM group, and 10% from the phage SC group were 

partially sensifíve to Pal 1; 4% from the PAOl-only group, 0% from the phage IM group, 

and 5% from the phage SC group were resistant to Pal 1. 

Recovered Pa Phage 

After all CFU were counted from the liver and spleen tissue, the homogenatc was 

treated with chloroform ovemight to lyse all the PAOl bacteria. The PFU were then 

counted from both tissues in the phage IM and phage SC groups. Figure 3.9 shows the 
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PFU from tissue samples taken at 42 Hpi. Since no mice survived from the PAOI-only 

group longer than 42 Hpi, we cannot compare the PFU from each tissue beyond 42 Hpi; 

therefore Figure 3.9 shows PFU from mice in the phage EM and phage SC that had died 

o 

through 42 Hpi. In both tissues from both treatment groups, approximately 10 PFU were 

recovered. 

The last data collected was phage typing, or determining which Pa phage (PaOI, 

Pa02 or Pal 1) was recovered. In the phage LM group, all of the phage recovered in both 

físsues were Pal 1 (Figure 3.10a). In the phage SC group, in both físsues, 10% of the 

phage were PaOl and 90% were Pal 1 (Figure 3.10b). No Pa02 was recovered from 

either tissue. 
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Figure 3.6 Survival of mice ki thermal kijury model, Experknent I. 

Data represents percent survival of mice that were subjected to three treatments: PAOl 
alone, with Phage IM kijection and with Phage SC kijection. Each treatment accounts for 
6 mice and is categorized imder 18, 42, or 66 hours post kijection. 
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Figure 3.7 CFU from Uver and spleen tissues ki mice, Experknent I. 

Once the mice died, we homogenized Uver and spleen tissue to determme the number of 
CFU/gm of tissue. Data was taken from mice that died up to 42 hours post mjection. 
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Figure 3.8 SensUivity of recovered PAOl, Experknent I. 

The recovered CFU from each mouse Uver were cross-streaked agakist the three Pa 
phage, PaOl (a), Pa02 (b), and Pal 1 (c). Data represents percent sensUivUy. S = 
sensUive, PS = partiaUy sensUive, R = resistant. 
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Figure 3.9 PFU from Uver and spleen tissues ki mice, Experknent I. 

Once we determkied the number of CFU, we treated our homogenate wdth chloroform to 
kUl the bacteria. Then we determkied the number of PFU/gm tissue. Data was taken 
from mice that died up to 42 hours post kijection. 
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Figure 3.10 Typed PFU from Uver and spleen tissues ki mice, Experknent I. 

The PFU were subjected to phage typmg. This was accompUshed by uskig three Pa 
cUnical isolates, 97-121, 97-119, and 97-101*, obtakied m Dr. AbdulN. Hamood's 
laboratory (Hamood et al, 1996). Figure 3.10a represents phage from the IM treatment 
group. Figure 3.10b represents phage from the SC treatment group. 
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Experiment II 

Dr. Cathy S. McVay from the Texas Tech Health Sciences Center in Lubbock, 

Texas conducted Experiment II to duplicate general results from Experiment I. Again, 

three groups of mice were treated: PAOl-only, with phage IM, and with phage SC. The 

data was calculated into the cumulative survival resuUs reported in Secfíon 3.21. 

Mouse Survival 

At 18 Hpi (Figure 3.11), all of the mice were sfíll alive in all three groups. At 42 

Hpi, only 16.7% of the mice in the PAOI-only group were sfíll alive. The same number 

of mice, 16.7%, was sfíll alive at 66 Hpi from the PAOl-only group. In the phage LM 

group, 50% were alive at 42 Hpi and 16.7% at 66 Hpi. In the phage SC group, 50% were 

alive at 42% Hpi, but all had died by 66 Hpi. 

RecoveredPAOl 

Figure 3.12 summarizes the tissue CFU of PAOI. Again, all of the data reported 

was gathered from mice found at about 42 Hpi. From the PAOI-only group, lO^ PAOI 

CFU/gm tissue were detected in both the liver and spleen. In the phage LM group, 1 Ô  

and 10 CFU/gm físsue were detected from the liver and spleen, respectively. In the 

phage SC group, lO'̂  and lO^ CFU/gm tissue were detected from the liver and spleen, 

respectively. 
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Recovered Pa Phage 

Figure 3.13 summarizes the tissue PFU of recovered Pa phage. In the phage IM 

group, 10 and 10 PFU/gm tissue were detected from the Uver and spleen, respectively. 

In the phage SC group, lO^ and lO^ PFU/gm tissue were detected from the Uver and 

spleen, respectively. 
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Figure 3.11 Survival of mice ki thermal kijury model, Experknent II. 

Data represents percent survival of mice that were subjected to three treatments: PAOl 
alone, with Phage IM mjection and with Phage SC kijection. Each treatment accounts for 
6 mice and is categorized under 18, 42, or 66 hours post mjection. 
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Figure 3.12 CFU from Uver and spleen tissues m mice, Experknent II. 

Once the mice died, we homogenized Uver and spleen tissue to determkie the number of 
CFU/gm of tissue. Data was taken from mice that died up to 42 hours post kijection. 
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Figure 3.13 PFU from Uver and spleen tissues m mice, Experiment II. 

Once we determmed the number of CFU, we treated our homogenate with chloroform to 
kUl the bacteria. Thenwedetermmedthe number ofPFU/gmtissue. Datawastaken 
from mice that died up to 42 hours post kijection. 
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Experiment III 

Since our results from Experiments I and II were quite encouraging, we decided 

to carry out a third experiment using 3 mice per treatment group; this would give us a 

total of 18 mice in each treatment group. Additionally, we expanded our investigation 

and added two new goals: 1) to assess the survival rate of mice injected with PAOl 

intaperitoneally and 2) to establish the presence of PAOl and Pa phage in lung tissue. 

Mouse Survival 

As shown in Figure 3.14, our survival rates were further validated. Again, at 18 

Hpi all of the mice were still alive. However, by 42 Hpi all 6 mice in the phage LP, phage 

IM and phage SC groups still lived, whereas only half of the mice in the PAOI-only 

group had survived. At 66 Hpi, 16.7% of the mice in the PAOl-only group, 83.3% in the 

phage IP group, and 50% in both phage IM and phage SC groups survived. 

Some of the mice survived past 90 Hpi; we chose to sacrifíce them at 96 Hpi. 

These included 5 in the phage IP group, 1 in the phage IM group and 3 in the phage SC 

group. 

RecoveredPAOl 

\n the past experiments, we quantifíed the CFU/gm tissue from all the mice that 

had died up until 42 Hpi. In this trial, we were unable to do that because of the 

remarkable survival rate. Therefore, we quantifíed the CFU from the mice that died 

closest to that time period (see Figure 3.15). hi the phage IP group this was 24 hours 

later. Overall, the CFU/gm físsue ranged from lO^ to 10̂ ^ (lung, phage IP). 
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Particularly interesting, although we report CFU/gm tissue from the mice that 

died closest to 42 Hpi, we checked for recovered PAOl in all the mice. In 3 mice, we 

found no PAOl. Two of the mice were from the phage LP group and one was from the 

phage SC group. 

In this trial, we tested the recovered PAOl sensitivity to the Pa phage. The CFU 

from each tissue sample (lung, liver and spleen) were cross-streaked against each Pa 

phage to test. The sensitivity graphs are shown in Figures 3.16-3.18. In general, the 

recovered PAOl were sensitive to our Pa phage; only a few were partially sensitive to the 

phage. 

RecQvered Pa Phage 

Similar to counting the CFU/gm físsue, the PFU reported in Figure 3.17 are from 

the mice that died closest to 42 Hpi. The PFU/gm físsue range from lO^ to lO .̂ One of 

our goals was to see if we recovered Pa phage in the lung. That is apparent in Figure 

3.19. 

We then subjected the PFU in all físsues to phage typing. Figure 3.20a 

summarizes the type of Pa phage that was found in the físsues from the phage IP 

treatment group. hi the liver, we detected that 55% of the phage were PaOl and 45% 

were Pal 1. hi the spleen and lung tissue, we mostly detected Pal 1. hi both the phage IM 

and phage SC treatment groups, we detected mostly Pal I in all tissues (see 

Figure3.20b, c). 
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Figure 3.14 Survival of mice ki thermal kijury model, Experiment III. 

Data represents percent survival of mice that were subjected to four treatments: PAOl 
alone, wdth Phage IP injection, with Phage IM kijection, and with Phage SC kijection. 
Each treatment accounts for 6 mice and is categorized under 18, 42, or 66 hours post 
injection. 
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Figure 3.15 CFU from Uver, spleen and lung tissues ki mice, Experknent III. 

Once the mice died, we homogenized Uver and spleen tissue to determme the number of 
CFU/gm of tissue. From the control group, data was taken from mice that died up to 42 
hours post kijection. In the subsequent treatment groups, no mice had died at 42 Hpi. 
Therefore, data was taken at the next tkne period closest to 42 Hpi. 
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Figure 3.16 Sensitivity of recovered PAOl to Pa 01, Experknent III. 

The recovered CFU from each mouse Uver (a), spleen (b) and lung (c) were cross-
streaked agakist PaOl. Data represents percent sensUivity. S = sensUive, PS = partiaUy 
sensUive, R = resistant. 
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B. 

Figure 3.17 SensUivity of recovered PAOl to Pa 02, Experknent III. 

The recovered CFU from each mouse Uver (a), spleen (b) and lung (c) were cross-
streaked agakist Pa02. Data represents percent sensUivity. S = sensUive, PS = partially 
sensUive, R = resistant. 
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Figure 3.18 SensUivity of recovered PAOl to Pa 11, Experknent III. 

The recovered CFU from each mouse Uver (a), spleen (b) and lung (c) were cross-
streaked agamst Pal 1. Data represents percent sensUivUy. S = sensitive, PS - partiaUy 
sensUive, R = resistant. 
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Figure 3.19 PFU from Uver, spleen and lung tissues ki mice, Experknent III. 

Once we determkied the number of CFU, we treated our homogenate wUh chloroform to 
kUl the bacteria. Thenwe determkiedthe number ofPFU/gmtissue. Datawastaken 
from mice that died ki the tkne period closest to 42 hours post kijection. 
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Figure 3.20 PFU from Uver, spleen and lung tissues m mice, Experiment III. 

The PFU were subjected to phage typkig usmg three P.a. cUnical isolates, 97-121. 97-
119, and 97-101*. Figure 3.20a represents phage from the IP treatment group. Figure 
3.26b represents phage from the IM treatment group. Figure 3.20c represents phage from 
the SC treatment group. 
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Experiment IV 

Since we observed such a high survival rate of mice that were injected 

intraperitoneally, we decided to update the number of mice to a total of 18. Therefore, 

we carried out a fourth experimental series. In this trail, we included two groups, the 

control PAOI-only group and the phage IP group. We treated 3 mice in the PAOI-only 

group and 12 mice in the phage IP group. Unfortunately, one mouse in the phage IP 

group did not survive the anesthesia treatment, bringing our cumulative number of mice 

to 17. 

As in previous trials, we took liver, spleen and lung tissues from the mice. We 

counted the CFU/gm tissue and tested their sensitivity to our phage. We also determined 

the number of PFU/gm tissue and typed them accordingly. 

Mouse Survival 

As in the previous trials, all mice survived through 18 Hpi (Figure 3.21). At 42 

Hpi, 100% of the mice in the phage IP group survived, 67% in the PAOl-only group. At 

66 Hpi, 92% of the mice in the phage EP group were sfíU alive, 33% in the PAOI-only 

group. Remarkably, 1 mouse from the phage IP group survived through 120 Hpi and 9 

mice were sacrifíced at 168 Hpi. 

RecoveredPAOl 

Figure 3.22 summarizes the CFU found in mice that died up until 42 Hpi in the 

PAOl group and 53 Hpi in the phage IP group. As in the previous experiment, no mice 

46 



in the phage EP group died in the same fíme period as in the PAOl-only group. 

Therefore, we reported CFU from mice that died in the time period closest to 42 Hpi. 

hi the PAOI only group, CFU/gm tissue ranged from lO^ to lO^ hi the phage IP 

group, they ranged from 10"̂  to lO^ All of the CFU were cross-streaked against our Pa 

phage, and 100% exhibited sensitivity to the three Pa phage (Figure 3.23). 

Recovered Pa Phage 

Similar to counting the CFU/gm tissue at the time closest to 42 Hpi, the PFU/gm 

tissue in Figure 3.24 are from the mice that died at 53 Hpi. The PFU/gm tissue range 

from lO^ to lO .̂ One of our goals was to see if we recovered Pa phage in the lung. 

About lO^ PFU/gm tissue were recovered from the lungs. 

We then subjected the PFU in all físsues to phage typing. Figure 3.25 summarizes 

the type of Pa phage that was found in the tissues from the phage IP treatment group. In 

the liver, we detected that 23% of the phage were PaOl, 73% were Pa02, and 4% were 

Pal 1. In the spleen, we detected that 4% of the phage were PaOl, 76% were Pa02, and 

20% were Pal I. In the lung, we detected that 50% of the phage were Pa02 and 50% 

were Pal l . 
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Figure 3.21 Survival of mice ki thermal kijury model, Experknent IV. 

Data represents percent survival of mice that were subjected to two treatments: PAOl 
alone and with Phage IP injection. Data was taken at 18, 42, or 66 hours post kijection. 
In the PAOl only group, 3 mice were used; ki the Phage IP group, 11 mice. 
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Figure 3.22 CFU from Uver, spleen and lung tissues ki mice, Experknent IV. 

Once the mice died, we homogenized Uver, spleen and lung tissue to determme the 
number of CFU/gm of tissue. From the control group, data was taken from mice that 
died up to 42 hours post kijection. In the Phage IP group, no mice had died at 42 Hpi. 
Therefore, data was taken at the next tkne period closest to 42 Hpi. 
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Figure 3.23 SensUivity of recovered PAOl, Experknent IV. 

The recovered CFU from each mouse Uver, spleen and lung were cross-streaked agakist 
the three Pa phage, PaOl (a), Pa02 (b), and Pal 1 (c). Data represents percent sensUivity. 
S = sensUive, PS = partiaUy sensUive, R = resistant. 
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Once we determkied the number of CFU, we treated our homogenate with chloroform to 
kUl the bacteria. Thenwe determmedthenumber ofPFU/gmtissue. Datawastaken 
from mice that died m the tkne period closest to 42 hours post kijection. 
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Figure 3.25 Typed PFU from Uver, spleen and lung tissues m mice, Experknent IV. 

The PFU were subjected to phage typkig, as previously described. PaOland Pa02 were 
detected ki the Uver, spleen and lung. Pal 1 was detected m the spleen and lung. 
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Phage Distríbution Results 

Figure 3.26a-c tracks the survival of the phage over a period of 48 hours. In 

retrospect, the phage cocktail contained two phage, PaOl and Pal 1, in a titer of 5 X lO^ 

PFU/ml. In the liver, phage was detected at all time intervals using all routes of injection, 

IP, IM and SC (Figure 3.26a). hi the IP group, lO^ PFU/ml were detected at 0.5 hr. By 

48 hr, lO^ PFU/ml were still observed. In the IM group, lO"̂  PFU/ml were detected at 48 

hr; in the SC group, lO^ PFU/ml were detected at 48 hr. 

In the spleen, a similar pattem of PFU/ml was observed from the IP and IM 

groups (Figure 3.26b) that was observed in the liver IP and IM. However, there was a 

noticeable difference in the SC group. No PFU were detected at 0.5 hr. They were 

detected at 12, 24 and 36 hr with PFU/ml ranging from lO^ (@12 hr) to lO^ (@36hr). 

hi the blood, at 0.5 hr phage injected via IP and IM routes (Figure 3.26c) were 

detected. At 12 hr, phage was observed in mice from all treatment groups, IP, IM and SC 

(-10^^ PFU/ml). Phage continued to be detected in the IP group until 24 hr. hi the IM 

and SC groups, no phage was detected beyond 12 hr. 

Once PFU count was completed, the plaques were typed using P.a. clinical 

isolates. In Figure 3.27a-c, the results are seen from the liver, spleen and blood tissues 

collected from mice in the IP group. hi the liver (Figure 3.27a) at 0.5 hr. 40% of the PFU 

were PaOl; PaOl peaked at 24 hr (90%); and at 48 hr, 40% of the PFU were PaOl. Pal I 

was observed 60% of the time at 0.5 hr, decreasing to 10% at 24 hr and increasing back 

to 60% at 48 hr. In the spleen (Figure 3.27b), most of the phage detected were Pal I. In 

the blood (Figure 3.27c), recall that PFU were detected only until 24 hr. PaOl and Pal 1 
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were observed at 0.5 hr (55%) and 45% respectively). At 12 hr, PaOl was seen ^ .̂̂ '̂  o of 

the time and Pal 1, 33.3% of the time. By 24 hr, only PaOI was detected. 

In the IM treatment group hver tissues, Pal I was mostly detected at 0.5 hr (Figure 

3.28a). At 12hr, 95% of the PFU were PaOl; 5% were Pal 1. However, at 24 hr, a higher 

percent of Pal 1 (60%o) was obsvered compared to PaOl (40%). At 48 hr, mostly PaOI 

was observed. In this treatment, several changes are seen in the spleen PFU (3.28b). 

Generally, Pal 1 was detected. Only at 36 hr PaOl was seen in higher percent (70%) than 

Pal I. By 48 hr 85%) of the PFU were Pal 1. hi the blood, again most of the PFU were 

Pal 1 (Figure 3.28c). PaOl was observed only at 0.5 hr (20%o). 

From the SC treatment group, phage was detected only in the liver. No PFU were 

found in the spleen or blood. At 0.5 hr, 75% of the PFU were Pal I, 25% were PaOI 

(Figure 3.29). The population of Pal I then steadily declined to 0% at 36 hr. 

Altematively, PaOl was detected in increasing percent, peaking at 83% at 24 hr. 
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Figure 3.26 Phage distribution studies. 

To determkie the clearance tknes of the Pa phage by a mouse, we mjected Pa phage via 
three routes, IP, IM and SC. In each treatment, we used three mice. We euthanized the 
mice at five tkne periods, 0.5, 12, 24, 36 and 48 hours post kifection and took blood 
samples, and Uver and spleen tissues. Data represents PFU/gm tissue from the liver and 
spleen and PFU/ml from the blood samples. 
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Figure 3.27 PFU from Uver, spleen and blood tissues ki mice, OIP distribution. 

The PFU were subjected to phage typkig, as previously described, and identUied as PaOl 
or Pal 1. Tissues were taken from the mice mjected wUh phage IP. Figure 3.27a 
represents phage from Uver. Figure 3.27b represents phage from the spleen. Figure 
3.27c represents phage from lung. 
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Figure 3.28 PFU from Uver, spleen and blood tissues m mice, OIM distribution. 

Data represents identity of recovered phage as PaOl or Pal 1. Tissues were taken from 
the mice kijected with phage IM. Figure 3.28a represents phage from Uver. Figure 3.28b 
represents phage from the spleen. Figure 3.28c represents phage from lung. 
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Data represents resuUs of phage typkig and identifies recovered phage as PaOl or Pal 1. 
Liver tissue was taken from the mice mjected wUh phage SC. No phage was found in the 
spleen or blood via SC treatment 
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CHAPTER 4 

GENERAL DISCUSSION 

Our study strongly supports the use of phage therapy to combat P. aeruginosa 

infections in bum wounds. This phenomenon has been supported for at least 200 years. 

Theoretically, we can reason that phage therapy is a plausible method of treatment. And 

now that we have a better understanding of phage biology, we can control factors that 

were unforeseen in previously unsuccessful trials (Kutter 1997). For example, we are 

able to keep sterile techniques to prevent contamination. Second, the ATCC isolated 

phage that are specific to a bacterial species. Although it may now be evident that we 

would only use phage-specific species, this was not widely practiced during early trials of 

phage therapy. We have even extended our search to use phage against bacterial strains 

that contain selective ligand receptors. In practice, we could use pre-selective in vitro 

techniques to determine if a particular phage would be effective against an isolated 

clinical bacterial species. 

Probably the most encountered skepticism comes from accepting that foreign 

DNA would be injected into the body. However, bacteriophage require prokaryotic 

ribosomes for protein synthesis, and eukaryotic ribosomes are stmcturally distinct. But 

what about normal flora? Bacterial species that reside within eukaryotic organisms cotild 

potentially provide the required prokaryotic ribosomes, thereby dismpting the body's 

normal flora. Although this is also theoretically possible, it is highly unlikely to occur 

since we aim to use strain-specific phage. Even if the normal flora werc disrupted, il 
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would not be any worse than when it is dismpted due to antibiotics. To determine the 

clearance of the phage by the host future studies should be conducted. 

A second opposition could anse from knowing that lysis due to lytic phage 

releases bacterial endotoxins, namely lipopolysaccharide (LPS). LPS is highly toxic to 

the human body. However, in order to acquire toxic shock syndrome, a certain threshold 

of endotoxin release must be reached. And by the time that this threshold is achieved, the 

bacterial infection in the individual would be systemic. Once a systemic infection is in 

effect, it is highly unlikely that the individual would recover. The use of phage therap\. 

therefore, is proposed for combating bacterial infections at an eariy stage. 

Our investigations of the vimlence assays suggest several possibilities. Most 

prominent was that Pa02 was the most vimlent phage in vitro. The OD595 readings within 

the first 12 hours were quite impressive. There was virtually no PAOl growth within this 

time span. Furthermore, in any of the culture tubes that were inoculated with Pa02 this 

same phenomenon was observed. This was particularly extraordinary in the culture tube 

that contained only 33.3^1 of Pa02 at a titer of 10"̂  PFU/ml (PAOl/phage cocktail) and 

still resuUed in the same growth curve pattem. PaOl and Pal I were also deemed vimlent 

starting at about 8 hours. 

Perhaps the most signifícant outcome of the vimlence assays was the composition 

of an ideal phage cocktail: all three P.a. phage investigated in this study. Presumably, 

within the fírst 12 hours, Pa02 would control the PAOI population. PaOI and Pal 1 

would take effect starting at about 8 hours, with an overiap of about 4 hours where aU 

three phage could combat PAOI simultaneously. Following that period, it appeared thal 

PaOI and Pal 1 would be effective. 
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hi the thermal injury studies, our general aim was to determine the most 

effícacious route of treatment of PaOI, Pa02, and Pal 1 m controllmg PAOI mfections m 

a bum wound. This was a particularly ambitious goal smce there is no known stud> that 

uses such a unique animal model to invesfígate the efficacy of phage therapy. hi fact. we 

did not know whether the P.a. phage would reach their bacterial target in the mouse. 

This alone had to be determined in order to continue with any phage therapy model. We 

were able to answer several questions that immediately fall under the two objectives of 

this study: 

1. Does phage multiply in P. aeruginosa-infQciQá mice? 

2. Does phage treatment increase the survival probability of mice with a P. 
aeruginosa infection? 

3. Does phage-resistant P. aeruginosa emerge from infected mice treated with 
phage? 

4. Which phage are recovered from the mice? 

As shown in Figure 3.1, phage treatment increased the survival of PAOI-infected 

mice. A comparison of our three treatments revealed that using an intraperitoneal 

injection was the most efficacious route of treatment. But even in the group with the 

lowest survival rate, phage injected subcutaneously (28%), a two-fold improvement 

compared to the survival rate of mice that were not treated with phage (14%) was 

observed. 

Sensitivity of the recovered PAOl and the nature of the recovered PFU \\ crc also 

evaluated. The recovered PAOl was generally sensitive to our Pa phage. Resistance to 

our phage was seen infrequently. Most of our recovered PFU originated from Pal 1. 

Some PFU originated from PaOI; Pa02 was rarely recovered. 
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Evaluation of phage vimlence revealed surprising observations. In vitro, Pa02 

was undeniably the most vimlent phage. However, this phage was rarely recovered from 

the mice. Pal I was recovered most frequently. Pal 1 was also recovered most frequentK 

from our phage distribution studies. This suggests that Pal I accomplished two feats: it 

survived the longest and it was the most vimlent phage in vivo. 

These observations were not alarming since the two environments are 

incomparable. In vitro environments are highly controlled, where suffícient nutrients and 

optimal temperature, pH and salinity are maintained. Additionally, our sterile techniques 

sustain a low level of compefítion from other contaminants. An in vivo environment is 

infmitely different and virtually uncontrollable. 

In tracking the survival of Pa phage in the liver, spleen and circulatory system of 

the mouse, phage injected EP, IM, and SC were detected throughout 48 hours in the H\ er. 

In the spleen, phage injected IP, EM, and SC were detected over 36 hours; phage injected 

EP and IM were observed over 48 hours. hi the blood, phage injected IP, IM, SC were 

detected up to 12 hours. In the IP treatment group, we observed phage over 24 hours. 

These studies revealed that phage do survive in vivo. Again, it is necessary that 

phage survive in vivo to allow suffícient time to reach their bacterial targets. To engage 

in an infective process, a phage particle must find its bacterial target, adsorb to its 

receptor, and then inject its DNA. When we injected phage IP, IM, and SC, w e show cd 

that phage were detected at 36 and 48 hours post-injection. And if wc recall that mice 

infected with PAOl die within 24 hours, the survival time of the phage was suffícicnt to 

combat a PAOl infecfíon. 
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hi the phage typing investigafíons, Pal 1 was most frequently recovered from the 

treated mice. PaOl was the second most-frequently recovered phage. Pa02 was rarely 

recovered. This suggests that Pal 1 and PaOl can survive in vivo. Pa02, although not 

observed frequently, was able to survive in vivo as well. Organ specificity was not 

observed throughout our study. 

In future studies, a fourth route of phage inoculation could be evaluated: via 

ingestion. Oral treatment of phage would involve neutralization of gastric pH. Second, 

prophylactic treatment of mice with P.a. phage prior to thermal injury could confirm that 

phage survive in the host and would still be effective. Third, immunology studies could 

reveal if the host produces antibodies to the phage and the time period that the antibodies 

are produced. 
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