People seldom see the halting and painful steps by which the most insignificant
success is achieved.
- Anne Sullivan
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Abstract

In recent times, increased attention has been given to evaluating the efficacy of
phage therapy, especially in scenarios where the bacterial infectious agent of
interest is highly antibiotic resistant. In this regard, phage therapy is especially
applicable to infections caused by the Burkholderia cepacia complex (BCC) since
members of the BCC are antibiotic pan-resistant. Aerosol drug delivery is a
common therapeutic delivery method for respiratory ailments and yet aerosol
phage therapy has not previously been demonstrated to be effective for BCC

infections.

This study outlines the development of an in vivo model for evaluating aerosol
delivery of phage therapeutics using a Nose-Only Inhalation Device (NOID).
Immunocompromised mice infected with Burkholderia cenocepacia
demonstrated a significant reduction in bacterial concentration when treated 24
h post-infection provided that the phage therapeutic was delivered at a sufficient
concentration. This method shows promise for future evaluation of aerosolised

respiratory phage therapeutics.
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The Burkholderia cepacia complex (BCC) is a group of 17 genetically diverse, but
phenotypically similar Gram-negative rod-shaped bacteria (59). First described
as the cause of soft onion rot (5), these opportunistic pathogens are both
environmentally and clinically significant. Environmentally, the BCC are not only
phytopathogens but are also found as plant commensals found both in the
rhizosphere as well as within the roots of some plants. They can also be used in
biocontrol applications, such as preventing damping-off in seedlings, likely due to
the production of antifungal agents (reviewed by Parke and Gurian-Sherman
(60)). Additionally, members of the BCC may be useful as bioremediation agents
as they are able to degrade chemical pollutants such as trichloroethylene and

toluene (reviewed by Lessie et al. (37)).

In contrast to the many environmental benefits the BCC may confer, clinically the
BCC can cause respiratory infections in individuals who are
immunocompromised or have been diagnosed with cystic fibrosis (CF) or chronic
granulomatous disease (CGD) (29, 31). BCC infections can spread rapidly
between at-risk individuals (41) and significantly reduce the life expectancy of CF
patients. In severe cases infection can lead to “cepacia syndrome”, which is
characterised by rapid deterioration of pulmonary function, septicemia and
reduced life expectancy (29, 71). BCC infections are difficult to treat because
they are highly antibiotic resistant (40, 64, 76), making alternative treatments

such as phage therapy attractive. Phage therapy utilises bacteriophages



(phages), viruses that specifically target particular species of bacteria, to combat
the infection. This introduction outlines the origins of phage therapy as well as
highlights current research applicable to phage therapy for combating BCC

infections.

Discovery of phages and beginnings of phage therapy

Bacteriophages were discovered independently by Twort (87) at Browns
Veterinary Hospital in London and by d’Herelle (14) at the Institut Pasteur in
Paris. Phages are viruses that exclusively attack and lyse bacteria (often of a
particular species or strain), which prompted d’Herelle to develop the term
“bacteriophage”, meaning “bacteria-eater” (3, 14). Shortly after the discovery of
phages, d’Herelle proposed using them as a possible method of combating
infection and used phages to treat patients with dysentery, bubonic plague and
cholera, with some success. Although there were reports of successful phage
treatment, not all phage therapy testing was effective. These variable results
were most likely due to a lack of knowledge in the area of phage biology, a lack
of understanding regarding phage specificity, the inappropriate use of phage to
treat conditions not caused by a bacterial infection, improper phage preparation
leading to phage inactivation, and an inability to produce high volumes of
purified phage (reviewed by Sulakvelidze and Morris (83) and Bradbury (3)). The

discovery of chemical antibiotics, combined with a perceived inconsistency in



phage therapy performance, led to the discontinuation of phage therapy in the

West by the 1940s (53).

Mechanisms of phage infection and phage therapy

The main principle upon which phage therapy rests is that after replication
within a bacterium, phages lyse and kill their host cell. The best candidates for
phage therapy are lytic phages (77). The basic steps of lytic phage infection for
phages of the order Caudovirales (composed of three families of tailed phages:
Siphoviridae, Myoviridae, and Podoviridae) are as follows (Figure 1): First, a
phage binds to a receptor on the surface of a bacterium. On a Gram-negative
bacterium, such as the BCC, phage receptors can include lipopolysaccharide
(both smooth and rough types) and outer membrane components such as
porins, transport proteins, enzymes and structural proteins (67). Phage
interaction with a surface receptor may be enhanced through the production of
a phage-associated enzyme capable of degrading exopolysaccharide or biofilm
components. Once bound to the receptor, the phage injects its nucleic acid into
the bacterial host. The phage early genes are expressed, disrupting bacterial
systems and inducing replication of the phage genome. Late phage genes are
then expressed, allowing production of proteins required for phage assembly
and host lysis. Finally, mature phage particles are assembled and the host is

lysed, releasing the newly assembled phages (77).



2%

)

Phage cocktail delivery to
lungs via nebulizer or
inhaler

(a) EPS / biofilm degradation (b) Phage binding

Attachment

Phage

Life Cycle @

Release

Replication and
Assembly

Figure 1. The phage life cycle. A phage cocktail is delivered via an aerosol to
the site of the infection where the phage life cycle can be established. First,
phage attach to receptors on the host. (Phage may need to degrade
exopolysaccharide [EPS] in order to reach the phage receptor). After binding,
the phage are able to transfer their nucleic acid into the host. Host systems are
disrupted and the replication of the phage genome begins. Once mature phage
particles have been assembled the host is lysed and the phages are released.



Some phages are capable of a temperate (lysogenic) lifestyle in which their
genome integrates into the host genome or exists as a plasmid and remains
dormant, simply being replicated along with normal bacterial cell division. Such
phages will remain in this state until conditions trigger the phage to enter a lytic
lifecycle. This dormancy can be problematic when using phages in a phage
therapy strategy because additional new phages are not being released (33).
Temperate phages are also not optimal candidates for phage therapy because
they do not cause the rapid host death required for effective phage therapy
treatment (77). Additional concerns include lysogenic conversion, superinfection
immunity and transduction. Lysogenic conversion is the utilisation of prophage
genes by the host which may render the host more virulent than prior to
infection. Superinfection immunity may develop in situations where the host cell
becomes resistant to subsequent infection by a similar phage. Finally,
transduction occurs when bacterial DNA (possibly containing virulence factor
genes) is packaged into the phage capsid and transferred to a new host via the
phage (reviewed by Lynch et al. (43, 44)). Although lytic phages remain the
optimal choice for phage therapy, in situations where the use of lytic phages is
not possible, the efficacy of phage therapy using temperate (or putatively

temperate) virions has also been demonstrated (6, 7, 43, 61, 75).

There are three basic steps in treating a clinical infection with phage therapy.

First, the cause of the infection must be isolated and characterised in order to



assess strain sensitivity. Second, a phage preparation must be chosen that is
active against the appropriate host. Preferably, the preparation will be a high
titre cocktail of phages with different host receptors, thereby increasing the
activity of the preparation. Finally, the treatment must be appropriately
administered to the patient according to the location of the infection (3). Many
different methods of phage administration have been described in the literature

including oral, rectal, topical, intravenous and inhalation (83).

The pharmacokinetics of phage therapy are quite different from any drug
pharmacokinetics currently employed. With a chemical drug, the concentration
decreases after administration. The opposite is true of phages. After the
originally administered phage replicate, they provide an increasing phage dose
that will continue until the infection is cleared. This phenomenon is known as
active phage therapy (62). Passive phage therapy is also possible if the initial
phage dose is high enough to clear the infection without phage replication (62).
Although the concept of active phage therapy suggests that a low phage titre is
all that is required for successful treatment, this is not necessarily the case.
Using a mathematical model simulating the pharmacokinetics of phage therapy,
Payne et al. (62) demonstrated that selecting the correct phage concentration
required for successful treatment should be based on the bacterial density of the
infection. A sufficiently dense bacterial community will allow for active phage

therapy. However, a less dense population will not be able to support active



phage therapy because the phage will not be able to reproduce quickly enough
to yield and maintain the high in vivo concentrations required to sustain a high
bacterial kill rate. In situations such as this, multiple high titre phage treatments,
administered with a similar schedule to that of antibiotic therapy, would be

required in order to completely eliminate the infection (38).

In addition to titre, timing in phage administration is critical. Using mathematical
modeling, Payne et al. (62) demonstrated that a delay in treatment would prove
detrimental to combating an infection. These modeled data have also been
demonstrated in a mouse model (8). Interestingly, Payne et al. (62) also
demonstrated that a treatment delivered too early may be detrimental to
clearing of the infection. This detrimental effect is related to low bacterial
density. Sparse bacterial densities, in which the probability of a phage
encountering a bacterial host is low, do not lend themselves to sustainable active
phage therapy. If treatment is delayed until active phage therapy is possible, it

will likely be more effective.

Advantages of phage therapy

Although there are some concerns regarding phage therapy (see below), there
are a large number of potentially positive aspects to phage therapy as well.
Phages are active against bacterial cells using completely different mechanisms

than classical antibiotics, allowing them to be active against antibiotic resistant



bacteria (3). Phage activity against antibiotic resistant bacterial strains is likely
the most promising feature of phage therapy, as phages can be used in instances
where antibiotic treatment is no longer possible. Phages possess many positive
gualities as potential antimicrobials, as shown in Table 1. In direct contrast to
antibiotics, which are often broad-spectrum, phages show more host specificity,
and in most cases show specificity to a single species or strain of bacteria. Using
phages would allow for the treatment of an infection without harming the
natural microflora of a patient (49). Phages do not cause negative side effects to
patients, as demonstrated in a study in which human volunteers drank water
containing the E. coli phage T4 (4). In this study there were no reported adverse
effects caused by the phage, as well as no T4-specificimmune response in the
volunteers. These three key features demonstrate phage therapy’s potential as

an effective tool in combating bacterial infections.



Table 1. A comparison of some of the main advantages and disadvantages of
antibiotics and phage therapy.

Antibiotics Phage Therapy
Specificity Broad spectrum, affecting Generally species- or
more than the targeted strain-specific
organism

Side Effects Many, including allergies No side effects (4, 52, 69, 89)
and intestinal disorders

Resistance Occurs and can also be Occurs, but can be linked to
transmitted to non-target host virulence attenuation
bacteria (90). Also, phage can co-
evolve with host.
Development Time-consuming and Rapid
expensive

Challenges of phage therapy

The specificity of phages, which is certainly an advantage, can also provide one
of the challenges that must be overcome when using phage therapy as a
treatment method. Before an infection can be treated, the causative agent must
be characterised or typed in order to ensure that the correct phage is being used
for its treatment. Strain characterisation can be time-consuming and is
especially troublesome in cases that must be treated rapidly. In order to
overcome such problems, phage cocktails can be developed that are active

against a broad range of strains or even different bacterial species (38).

A potentially serious complication of phage therapy that must be taken into
consideration is that bacterial strains can develop phage resistance or semi-

resistance. Phage resistance (or semi-resistance) may pose significant problems,

10



especially if a phage must undergo rigorous and time-consuming testing before it
is approved for clinical use (49). Although phages can still infect semi-resistant
bacteria, their infection rate is far lower than in sensitive bacteria, rendering
phage therapy less effective (38). Semi-resistance is most often seen in mucoid
colonies, as the mucoid barrier provides an additional obstacle to phage
contacting the appropriate receptor. Phage resistance generally occurs by a
mutation in the receptor to which the phage binds. Unlike semi-resistant
bacteria, receptor mutations prevent phages from binding to the cell, thereby
preventing the initial step in phage infection. Phage resistance and semi-
resistance can be minimised by treating infections with a phage cocktail
containing a mixture of phages that will target different binding receptors on the
bacterial cell. This allows the cocktail to be effective, even if a receptor is
altered. Interestingly, receptor mutation leading to phage resistance may not
always be a bad thing. In some instances, bacteria that develop phage resistance
are also less competitive and less virulent, or even avirulent. This phenomenon
is most noticeable in phage-resistant bacteria where the phage receptor lost is a
capsule or other virulence factor (38), as was demonstrated by Zahid et al. (90)
who found that Vibrio cholerae serotype 01 cultured with phage in a nutrient
medium quickly became phage resistant, but concurrently lost their LPS O1 side-
chain antigen. Another form of resistance that must be considered is restriction
endonuclease resistance. In this case, the bacterium encodes restriction

endonucleases active against the phage genome, causing destruction of the

11



phage’s genetic material and inhibiting phage replication. Although restriction
endonucleases must be taken into consideration, it may not be of significant

importance as many phages are able to evade restriction (38).

Phage therapy critics have suggested that the presence of Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) in 40% of sequenced bacterial
genomes is a detriment to phage therapy. Briefly, CRISPRs are genomic
sequences of alternating spacers and palindromic repeats. The spacers are
sequences of phage or plasmid DNA that the host had previously obtained.
Identical matches between the spacers and foreign DNA entering the cell alert
the bacterium to the presence of a potential predator, which triggers the
degradation of the foreign DNA. CRISPRs have been reviewed in detail by
Horvath and Barrangou (27). It should be noted, however, that if a phage has
even a single point mutation in the sequence to be matched to the CRISPR
sequence, the phage will be able to evade the CRISPR system and proceed with
host infection. Additionally, CRISPRs are not a pressing concern in regards to
BCC phage therapy as only one strain of the analyzed BCC species (Burkholderia

ambifaria AMMD) contains a confirmed CRISPR locus (19).

Clinical uses and current evaluation of phage therapy
Current evaluation of phage therapy is often performed using animal models, as

phage therapy must be proven with controlled studies before its efficacy in a

12



clinical setting can be evaluated. One of the most commonly used animal
models is the mouse. Mice are an attractive animal model for many reasons.
From a practical standpoint, their small size and low maintenance costs allow for
comprehensive studies with many subjects (56). Mice have been well
characterised and their immune systems have similarities to the human immune

system (56).

Examples of the application of phage therapy to animal models are numerous
and many of these have been and are currently being evaluated, including the
treatment of thermal injury infection (34, 51) and systemic infections (6, 8),
including bacterial pathogens that are antibiotic resistant (2). The application of
phage therapy in veterinary medicine is also being assessed. There is an
increased interest in finding alternatives to antibiotics for use in animal
husbandry as more restrictive regulations against antibiotic use in livestock and
fowl are put in place (30). Such research has included the evaluation of treating
enterotoxigenic Escherichia coli infections in pigs, calves and lambs (78) and

airsaculitis in chickens (28).

In Eastern Europe, particularly Georgia, phage therapy research and treatment
has continued at the Eliava Institute. During the Soviet Era, the Eliava Institute
was responsible for producing phage preparations for both prophylactic uses as

well as for the treatment of infections in patients across the Soviet Union. The

13



Eliava Institute has reported many successes, treating patients with a wide range
of infections including skin wounds, and eye, respiratory and gastrointestinal
infections (83). Unfortunately, these reports are anecdotal in nature and have
rarely been published in scientific literature, especially in the English language.
With the advent of antibiotic resistant infections and an improved knowledge of
phage biology and bacterial identification, phage therapy is now being revisited

by researchers in the West.

Phage therapy clinical studies
Recently, three human safety studies and one safety and efficacy clinical study
have evaluated either the safety or efficacy of phage therapy. The first of the
recent phage administration human safety trials in English literature was
performed by Bruttin and Briissow (4). Fifteen volunteers were given either a
placebo, a low phage titre preparation (10 PFU/mL) or a high phage titre
preparation (10°> PFU/mL) orally on two consecutive days followed by five days
without phage administration. This was repeated for the following two weeks
with each patient receiving a different phage preparation or placebo each week.
Throughout the study five adverse effects were reported, however, there was no
difference in the number of adverse effects in the placebo, low phage titre and
high phage titre groups, and the effects were deemed to be unrelated to the
study. Phage was never recovered from stool samples prior to phage

administration or when the placebo was administered. However, phage was
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recovered from stool samples in a dose-dependent manner after phage
administration, demonstrating that the phage was able to survive transit through
the gastrointestinal system. Interestingly, the presence of phage T4 did not
correlate with a decrease in natural Escherichia coli counts in the stool samples,
demonstrating that the phage did not affect the natural microflora of the
volunteers. Throughout the study there was no change in serum alanine
aminotransferase and aspartate aminotransferase levels, which are liver
enzymes that would have indicated an increase in liver toxicity. There was also
no detected immune response to the phage, demonstrating the safety of phage

administration.

A phase | safety trial was performed by Rhoads et al. (69) to ensure that the
application of WPP-201, a phage cocktail containing eight lytic phages targeting
Staphylococcus aureus, Pseudomonas aeruginosa and E. coli, would not pose any
health risks to patients with venous leg ulcers. Thirty-nine patients completed
the 24 week trial, with every patient receiving the same compression therapy
and wound dressings with the exception that approximately half received WPP-
201 applied topically, while the controls received only a sterile saline application.
Phage application occurred weekly for 12 weeks, while dressings were changed
three times weekly for the same duration. Patients were monitored weekly for
the first 12 weeks of the study and data collected included wound size and

severity, vital signs, and adverse events which may or may not have been related
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to the phage application (adverse events included a variety of infections, injuries,
medical procedures, pain, and cardiovascular issues). Wound bacterial counts,
blood chemistry, and blood cell counts were performed every other week as
well. Two additional assessments were made on weeks 16 and 24. There were
no statistically significant differences between the test and control groups in
either the number of adverse events experienced or the frequency with which
wounds healed. This study did not set out to evaluate phage efficacy, but
instead appraised the safety of phage application. With this objective
successfully completed, the authors were able to proceed to Phase Il studies,

evaluating the efficacy of WPP-201.

In the final phage safety trial Merabishvili et al. (52) developed and began
evaluating BFC-1, a phage cocktail consisting of three phages that targeted P.
aeruginosa and S. aureus strains isolated from burn wounds of patients in the
Burn Centre of the Queen Astrid Military in Belgium. The cocktail was sprayed
onto the burn wounds of eight patients using a micromister. None of these
patients were reported to experience any adverse events resulting from the

phage application.

Chronic otitis caused by P. aeruginosa can be problematic to treat, as P.
aeruginosa is highly antibiotic resistant. Wright et al. (89) conducted phase /Il

trials to evaluate the treatment of this infection using Biophage-PA, a cocktail of
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six phages specific for P. aeruginosa. The 24 volunteers in this study (each with a
history of chronic otitis lasting two to 58 years) were found to have P. aeruginosa
infections sensitive to Biophage-PA prior to participation. A single dose of either
Biophage-PA or placebo was applied directly into the ear of each participant.

The median bacterial counts significantly decreased in phage-treated volunteers
on days 21 and 42 (swabs were taken on days zero, seven, 21 and 42), whereas
there was no significant decrease in placebo treated volunteers. This study
demonstrated the advantage of administering a self-replicating treatment, as the
mean phage count isolated on days seven, 21 and 42 was 1.27x10° PFU while the
initial phage count administered was 6x10° PFU. The phage persisted at the site
of the infection for an average of 23.1 days and the phage were cleared in cases

where the infection was successfully treated.

Each case was also scored on a visual analogue scale (VAS) by the patient and the
physician. Patients scored the infection on discomfort, itchiness, wetness and
odour while the physician scored the infection on inflammation,
ulceration/granulation/polyps, discharge quantity, discharge type, and odour.
When the patient VAS scores from days seven, 21 and 42 were averaged, there
was a significant decrease from day zero for discomfort, itchiness, and wetness,
as well as overall patient VAS scores, while placebo treated volunteers did not
show any significant reductions. When the physician VAS scores from days

seven, 21 and 42 were averaged, there was a significant decrease in
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inflammation, ulceration/granulation/polyps, discharge type, and odour, as well
as overall physician VAS scores, while the placebo group did not show any
significant reductions. As with the other clinical trials reviewed, none of the
adverse events reported during the course of the trial were deemed by the trial
physician to be related to phage treatment. This study provided sufficient
evidence of phage therapy efficacy to warrant the design of a phase lll clinical

trial.

The studies reviewed above (4, 52, 69, 89) demonstrate that regardless of the
phage delivery strategy used, phages are safe for use in phage therapy

applications.

Phage therapy in the BCC

Aerosol phage delivery
Although aerosol phage therapy has not been frequently reported in the
literature, it remains a popular option for treating respiratory infections and
many of the techniques used for aerosol drug delivery are being adapted to
phage therapy. Aerosol drug delivery has been successfully employed for many
pharmaceuticals including bronchodilators, antibiotics, mucolytics and
anesthetics (24), as it enables a drug to reach the diseased site rapidly and
requires lower doses of medication than other delivery methods (86). As phages

require direct contact with their bacterial hosts in order to be active, aerosol
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phage delivery appears to be a logical method of delivering phages rapidly to the
site of a pulmonary infection. There are many aspects of aerosol phage therapy
to be evaluated in order to ensure that it can be used as a reliable treatment
method. These research areas include phage preparation, storage and delivery
methods, as well as demonstration of activity in vitro and effective treatment of

an infection in vivo.

Clinical treatment using inhalation phage therapy
There are three case studies that mention the use of inhalation phage therapy as
a clinical treatment method. Unfortunately, one of these papers (16) is written
in Russian and therefore is difficult to review. The other two papers (25, 35) are
case studies describing the treatment and recovery rates of patients treated by
inhalation phage therapy. Although these studies do not directly address the
treatment of BCC infections, they are still of interest because they outline
situations in which aerosol phage therapy has been employed in the past. The
first clinical study (25) evaluated the recovery of 29 respiratory infection patients
treated by an aerosolised phage cocktail. The patients were chosen because
they could not be treated by conventional methods such as expectorants or
secretolytics (medications used to clear mucus from the respiratory system) or
antibiotic therapies. Approximately two-thirds of the patients had Streptococcus
infections, while the remaining patients had Staphylococcus infections. The

phage cocktail used was Diriphagen, a commercially available cocktail containing
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180 to 200 phages specific for different bacterial species. In addition to phages,
Diriphagen also contained an “aimed antimicrobic”, which targeted bacterial
strains that became phage resistant during the course of the treatment. No
mention was made as to the identity or mechanism of action of the aimed
antimicrobiotic. This particular phage cocktail was chosen because of the large
diversity of phages it contained. During the course of the study, the patients
received daily aerosolised phage treatments. The treatments lasted 10 - 15 min.
The average number of treatments per patient was 11; some patients received
as few as three treatments and one patient received as many as 40 treatments.
After treatment, the symptoms of the 29 patients were classified into three
groups: 55% were reported to have made a complete recovery, 35% showed
considerable improvements and 10% showed no change. When the bacterial
load in the sputum cultures was determined, it yielded contradictory results. All
patients had detectable levels of either Staphylococcus or Streptococcus, with
30% of the patients showing considerable improvement, 55% showing some
improvement and 10% showing no improvement. Interestingly, at least one
patient showed no change in symptoms even though her bacterial counts
decreased substantially. Unfortunately, there were many aspects of this study
that were not properly described or quantified. There was no information given
as to what exact infection each of the patients had (as it was not uniform
throughout the group), making it difficult to determine if the phage cocktail was

more effective against certain species or strains. No mention was made as to
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what criteria were used to classify the patients’ symptoms as “considerably
improved” and neither were quantitative values associated with a “considerable
decrease” or “some decrease” in bacterial load in the sputum. This study
provides some anecdotal evidence that phage therapy may be an effective
method of treating respiratory infections, but it cannot provide any conclusive

results.

A more recent case study (35) described the treatment of a five-year-old cystic
fibrosis patient at the Eliava Institute in Tbilisi, Georgia. This patient had both S.
aureus and P. aeruginosa respiratory infections that were resistant to antibiotic
treatment. These strains were sensitive to pyophage, a commercially available
phage cocktail active against S. aureus, P. aeruginosa, Streptococcus, Proteus and
E. coli. The patient completed a treatment regimen of three multi-day
treatments administered at one month intervals. During the first treatment
period, pyophage was administered by nebuliser daily over a six-day period. In
addition to the pyophage treatment, the patient received vitamins and an
antimucosal treatment. After this treatment, the patient’s condition was
described as improved; this characterisation was based on weight gain (the
patient had gained no weight in the previous year and gained one kilogram after
the treatment), facilitation of expectoration and lack of sputum. No mention
was made to indicate if the bacterial load in the lungs had changed after this

treatment. A second ten-day treatment was performed a month after the initial
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treatment. The concentration of S. aureus increased while the P. aeruginosa
concentration did not change during this treatment period. The second
treatment was not effective and based on the increase in S. aureus
concentration, it was assumed that the S. aureus had become pyophage
resistant. The third and final treatment administered in this case study was a
combination of pyophage and tetracycline. After this treatment S. aureus and P.
aeruginosa could not be detected in the patient. At the time of publication the
patient was still receiving phage therapy on occasion as respiratory infections
were identified. It is unfortunate that this particular case study was presented as
an example of successful inhalation phage therapy as the evidence is anecdotal
and not particularly convincing. A quantitative change in respiratory bacterial
load before and after the treatments was not reported. Instead, the efficacy of
the treatment was generally evaluated based on the change in patient
symptoms. The S. aureus and P. aeruginosa strains appeared to become phage
resistant during the second treatment and did not decrease to undetectable
levels until the phage treatment was combined with antibiotics, suggesting that
the antibiotic treatment or the combination therapy at best, but not the phage
therapy alone, cleared the infection. In order to demonstrate that phage therapy
is an effective medical treatment, full clinical studies with control groups will be

required and this case study emphasises this point.
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Simulated aerosol phage delivery to humans
Methods of aerosol drug delivery are continually evolving and so it is important
to assess these methods with respect to the efficacy of aerosol phage delivery,
ensuring that the phages are delivered to the location of the infection and also
that they are delivered intact and able to infect and lyse their bacterial host. In a
respiratory infection one must ensure that the phage aerosol has the correct
characteristics required for delivery to the area of the lung where the infection
resides. Phage liquids can be delivered using a nebuliser. Two common types of
nebulisers in use in a clinical setting are the jet nebuliser, such as the Collison or
the LC Star, and the ultrasonic nebuliser, such as the eFLOW (17). The key
feature of a nebuliser is that it must generate particles of the appropriate size to
impact the correct location within the pulmonary system. The typical particle
size generated by a nebuliser is generally 1 — 5 um, which allows the aerosol to

reach the smaller bronchioles (17).

One study has been performed to assess the feasibility of aerosolizing phage
using a nebuliser that is commonly used for delivering drugs via an inhalation
route (17). This in vitro method employed a computer controlled breath
simulator to mimic the natural breathing patterns of an adult. A BCC phage, KS4-
M, able to infect Burkholderia cenocepacia strain K56-2 was aerosolised using
one of two commonly used nebulisers: the LC star (a jet nebuliser) and the

eFLOW (an ultrasonic nebuliser). The aerosol size distribution of the particles
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was measured as the aerosol exited the nebuliser using phase Doppler
anemometry. A filter placed in line with the breath simulator collected the
aerosolised phage, allowing the quantification of phage exiting the nebuliser,
which was classified in the study as the inhaled phage. The collected phage were
guantified by plating using a soft agar overlay method. As this method only
guantified viable phage, it only took into account the number of phage that were
able to survive the aerosolisation process (and would therefore theoretically be
active within a host). In addition to enumerating the number of phage able to
survive aerosolisation, these data were also employed in mathematical models
to determine the regional lung deposition of the phage aerosol based on a
numerical lung deposition model. Using this model, calculations were performed
to compare the PFU deposition in the extrathoracic, tracheobronchial and
alveolar regions of the lung with both of the nebulisers. The results for both
nebulisers were quite similar suggesting that either class of nebuliser would be
effective in generating phage aerosols. The LC star and eFLOW nebulisers
produced aerosols with similar properties with mass median diameters of 4.98
um and 5.83 um, respectively and geometric standard deviations (the measure
of particle monodisperity) of 1.48 um and 1.44 um, respectively. The inhaled
phage concentrations produced by both of the nebulisers was also quite
comparable with the LC star aerosolizing 1.06 x 10° PFU and the eFLOW
aerosolizing 1.15 x 10% PFU. There was an order-of-magnitude decrease from the

inhaled phage concentration (approximately 10® PFU) to the predicted
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concentrations deposited in each of the three lung areas (approximately 10’
PFU) for both of the nebulisers tested, however this is still a significant phage
concentration being delivered to the lungs and the particle deposition in each
region of the lung was similar in both cases. The results of this study add
credibility to aerosol phage delivery as a potential treatment method for
respiratory infection. While mathematical modeling provides an indication as to
the outcome of an experiment, it is not a replacement for biological
experimental data. This study serves as an excellent starting point for
experimentally determining phage deposition within the lungs during aerosol

phage therapy.

Phage powders

Freeze-drying
A number of recent studies have been performed to investigate phage
preparation methods for use in phage aerosols, including freeze-drying
(lyophilisation) and spray drying (18, 48, 66). Freeze-drying and spray drying
allow the phage stock to be converted to a dry powder, which is delivered to a
patient via an inhaler. Delivering phage as a powder would be a rather simple
method of treating patients. A dry powder would also be simpler to handle and
easier to transport than the liquid phage suspension required for nebulisation.
There are a number of advantages to dry powder phage preparations including

easier transport and longer-term storage capabilities. Treatments can be
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delivered using a dry powder inhaler in a single breath, making it a faster delivery
method than nebulisation. A recent study (66) outlines a method for freeze-
drying and encapsulating phage in biodegradable poly(DL-lactic-co-glycolic acid)
microspheres. The microspheres can be delivered directly to the lungs via a dry
powder inhaler and have been previously approved for use in humans (42). This
proof of concept was performed to determine if phages specific to S. aureus and
P. aeruginosa could be freeze-dried and disseminated as well as to determine
the shelf-life of the phages after freeze-drying and encapsulation. The
microcapsules were developed for use in a dry-powder inhaler. The
encapsulation efficiency for S. aureus phage was 18%, while the efficiency for the
P. aeruginosa phage was 27%. In dispersion tests, 55% of the total released
contents of the S. aureus phage microcapsules was released within 30 min and
release of the phage continued for 6 h. Similarly, within 30 min 63% of the total

released P. aeruginosa phage were dispersed.

Both of the phages tested could survive freeze-drying and remain at high titres
for at least three days, at 4°C as well as at 22°C, which would also allow for easier
handling and transport. However, after seven days the phages were no longer
viable. Unfortunately, the phage titres dropped quickly enough that counts of
“too numerous to count” could not be replated for accurate counts and had to
be reported in a semi-quantitative fashion, so only trends could be reported.

This study demonstrated that freeze-drying followed by encapsulation into
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microspheres shows promise, especially as a dispersal technique, however the

phages would need to be further stabilised for increased survivability.

An additional study (18) took a different approach to developing phage aerosol
powders, formulating powders for both KS4-M, a BCC phage, and ®KZ, a P.
aeruginosa phage. Instead of encapsulating the phage powder in a microsphere,
the endotoxin-removed phage stocks were lyophilised in a mixture of carriers
that help to stabilise the phages as well as enhance the dispersibility of the
powder. The latter is an important consideration for the future use of phage
powders as a therapeutic agent because dispersibility affects the efficacy with
which the phages will reach the site of infection. Golshahi et al. (18)
demonstrated that a combination of lactose/lactoferrin 60 : 40 w/w was an
effective carrier for both phage stability and dispersibility. Lactose is an
excipient (or carrier) that is currently used in dry powder inhalers in the United
States (85) while lactoferrin was chosen for its effect on particle size as well as
for its antimicrobial properties. The combination of lactoferrin and phages has
also been previously demonstrated to be more effective in treating infection in
mice than either treatment separately (91). The freeze-drying process caused a
reduction in phage titre, with a reduction of two orders of magnitude for KS4-M
and one order of magnitude for ®KZ. This reduction associated with freeze-
drying should not pose a problem because both phages can be grown to a high

initial titre. Additionally, in contrast to freeze dried, encapsulated phages (66),
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both the freeze dried KS4-M and ®KZ phages were able to maintain viability for
long periods of time. Both phage titres remained essentially constant at the
same order of magnitude (approximately 10® PFU/100mg) for three months,
regardless of storage temperature (both 4°C and 22°C were tested). After a year
of storage at 4°C, ®KZ remained at 10° PFU/100mg while KS4-M dropped to 10’
PFU/100mg. Even at 22°C OKZ fared well with the titre remaining at 10’
PFU/100mg, while KS4-M dropped to 10? PFU/100mg (unpublished results). This
freeze-drying method shows great promise for long-term phage storage. In
addition to testing phage stability, the phage powders were tested in a
commercially available Aerolizer® dry powder inhaler. When attached to a
mouth-throat replica known as the “Alberta Idealized Geometry”, the efficacy
with which the freeze dried phages could be delivered to the site of a pulmonary
infection was evaluated. This study also provided promising results with less
than an order of magnitude drop from the phage load in the inhaler to
deposition within the lungs. This study demonstrated that phage freeze drying is
a viable method of preserving phages for long-term storage. The powdered
phages also show a great deal of promise as a therapeutic delivery method in

aerosol phage therapy and should be evaluated further.

Spray drying phages
Using a different approach, Matinkhoo et al. (48) evaluated spray drying rather

than freeze-drying as a method of developing phage powders. Spray drying is
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another method of producing pharmaceutical powders which has the added
advantage of allowing for a greater selection in particle characteristics (88). As
with Golshahi et al. (18), KS4-M and OKZ were used in the study, but an
additional BCC phage, KS14 was also tested. The spray drying process was less
damaging to the phages than freeze-drying with one-half to one order of
magnitude drop in titre for each of the phages, depending on the excipients
used. These findings show an improvement over the two orders of magnitude
drop in titre after freeze drying. Although the long-term viability of the spray
dried phages was not determined in this study and therefore cannot be
compared to freeze dried phages, the phage powders were tested in the same
mouth-throat apparatus as the freeze dried phages in the previously described
study (18). The spray dried phages outperformed the freeze dried phages with
respect to lung deposition with two times more spray dried phages delivered to
the lungs in comparison to the freeze dried phages. Also, more than 50% of the
total inhaler dose was delivered to the lungs. In comparison, a survey of 12
commercially available inhalers showed a range of delivery efficiencies from 6%
to 41% (57). These data demonstrate the plausibility of using spray drying as a
method of developing phage therapeutics, provided that the spray dried phages

can remain stable for long periods of time.
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Phage therapy evaluation in vivo
To date, there are two major in vivo models that have been used for evaluating
phage therapy against BCC infections: the Galleria mellonella (Greater wax moth)
larvae model (43, 75) and the mouse lung infection model (7). The G. mellonella
larvae infection model is used to determine the efficacy of phages to rescue
infected larvae from death. This model is relatively simple to work with: the
larvae are injected first with bacteria, then phage (either immediately after
infection or after a specified duration) and the percentage of deaths is then
calculated 48 h post-infection. Prior to the use of G. mellonella as a phage
therapy model, the pathogenicity of 23 BCC strains in G. mellonella was
compared to pathogenicity in alfalfa seedlings, in rats and in Caenorhabditis
elegans. It was demonstrated that G. mellonella results are comparable to those
in other in vivo models (74). Seed and Dennis (75) initially evaluated this model
for BCC infections using two strains of B. cenocepacia, K56-2 and C6433, given at
lethal concentrations. The survival rate of the larvae increased with increased
phage multiplicity of infection (MOI) for KS12. Also, a decrease in duration
between infection and treatment also rescued more larvae. Using the same
model, Lynch et al. (43) were able to compare the efficacy of a genetically
modified lytic phage and the wildtype phage in rescuing infected G. mellonella
larvae. Gene 41 of KS9, a temperate phage isolated from B. pyrrocinia LMG
21824, was identified to putatively encode the phage repressor. By disrupting

the gene, KS9 became a lytic variant (named KS9c). KS9c was tested in the G.
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mellonella model to determine if the conversion from a temperate phage to a
lytic phage would allow it to be a more effective phage therapeutic.
Unexpectedly, although the KS9c variant did not stably lysogenise the bacterial
host and was active in vivo, it performed similarly to the wildtype phage KS9.
These results demonstrate the value in having a simple animal model for testing
hypotheses such as the one described. Both of these papers demonstrate the
usefulness of G. mellonella as an initial test for evaluating the efficacy of a phage

against the BCC in vivo.

The mouse lung infection model involves delivering first bacteria and then phage
to the lungs of mice. The bacterial or phage suspensions are often delivered
intranasally by placing small volumes of liquid on the nares of anesthetised mice,
allowing the mice to inhale the liquid. Intranasal sample delivery is used to
mimic aerosol delivery to a human via a nebuliser. This method was used for
evaluating the use of aerosol phage therapy to treat a BCC infection (7). In this
study mice were infected with B. cenocepacia via tracheotomy and 24 h post-
infection were treated with phage BceplL02 delivered by either intranasal
inhalation or intraperitoneal injection. Forty-eight hours after treatment the
mice were euthanised and the lungs assayed for bacterial and phage titre.
Interestingly, the mice that received the intranasal phage treatment had
approximately a one order of magnitude decrease in BCC bacterial load while the

mice that received the intraperitoneal phage treatment had a two log drop in
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BCC bacterial load. Although neither of the described phage delivery methods
produced substantial therapeutic results, the authors suggest that phages
delivered indirectly are more effective than phages applied directly to the

infection site.

It should be noted that although intranasal delivery of liquids to the lung is
meant to mimic aerosol delivery via a nebuliser, it is not an optimal replacement
for actual aerosol delivery in mice. Intranasal delivery in mice has been
demonstrated to be far more variable and less reproducible than aerosol
delivery. Halperin et al. (20) demonstrated that mice given Bordetella pertussis
respiratory infections via two methods, either intranasal inhalation or a whole
body exposure chamber, had very different bacterial lung counts. The mice
receiving intranasal installation showed a far higher degree of variability in
bacterial load in comparison to those receiving aerosolised bacteria (a 1000-fold
variability as compared to a five-fold variability, respectively). The mice receiving
intranasal installation also showed a far greater variability in bacterial
distribution within the lungs (right lung 43 — 84%, left lung 16 —57%) in
comparison to those receiving aerosols via the whole body exposure chamber
(right lung 60 — 68%, left lung 32 —40%). This may also translate into higher
variability when treating mice in phage therapy studies and it would be of
interest to see additional studies performed using a whole body exposure

chamber or nose-only inhalation chamber in order to observe the effect of
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aerosol phage delivery method on treatment efficacy. These data suggest that a
study with similar methodologies to that of Carmody et al. (7) should be
performed using an aerosol delivery method and the results compared to
determine if there is a difference between intranasal and aerosol phage delivery

in mice.

Although these studies are not directly comparable due to different host-phage
interactions, it is interesting to contrast the findings of Carmody et al. (7) with
the results found by Debarbieux et al. (13), Morello et al. (55) and Alemayehu et
al. (1) when treating P. aeruginosa respiratory infections in mice. All three
studies infected and treated the mice via intranasal inhalation. Debarbieux et al.
(13) treated the mice 2 h, 4 h or 6 h post-infection and tracked mortality for 72 h.
At the endpoint, 100% of mice treated 2 h post-infection, 75% of mice treated 4
h post-infection and 25% of mice treated 6 h post-infection survived. The mice
treated 2 h post-infection had a bacterial load six orders of magnitude lower
than untreated mice 24 h after treatment. Similarly, Morello et al. (55)
demonstrated that mice infected with a strain of P. aeruginosa isolated from a
cystic fibrosis patient and treated with a sufficiently high MOI 2 h post-infection
and euthanised 20 h post-infection had a reduction in bacterial load of two
orders of magnitude. Interestingly, they were also able to demonstrate, using
immunohistochemistry, that the remaining bacteria in the treated mice were

mainly in the macrophages in the lungs while the untreated mice had bacteria
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throughout the macrophages, alveolae and extracellular spaces within the lungs.
Additionally, Alemayehu et al. (1) demonstrated that a phage cocktail of DNH-4
and ®MR299-2 delivered 2 h after infection was able to clear P. aeruginosa
respiratory infections in mice. Two separate bioluminescent strains of P.
aeruginosa (MR299 and NH57388A) were delivered intranasally and the
bioluminescence within the lungs measured at 2 h intervals up to 8 h after
infection. The luminescence within the lungs (which is proportional to bacterial
concentration) showed a significant decrease in phage-treated mice while

untreated mice showed a three-fold increase in luminescence intensity.

These findings indicate that phage therapy was able to work with the immune
system in order to effectively clear the P. aeruginosa infection. These conflicting
results between Carmody et al. (7) and the results obtained by Debarbieux et al.
(13), Morello et al. (55) and Alemayehu (1) demonstrate the necessity for further

evaluation of aerosol phage therapy.

In two of the P. aeruginosa studies, the effect of phage as a prophylactic was also
evaluated. Debarbieux et al. (13) demonstrated that phage administered 24 h
prior to infection allowed for 100% survival, while all mice in the control group
died within two days. Morello et al. (55) reported a similar trend with a
pretreatment occurring four days prior to infection. Although generally phage

therapy is thought of as an infection treatment method, these results suggest
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that aerosol phage therapy may also be a useful method for preventing BCC

infection.

Conclusion

Aerosol phage therapy and phage therapy against the BCC are two fields of study
that have not been investigated in great detail until recently. Through the use of
two different in vivo models, the G. mellonella model and the mouse lung
infection model, phages have recently been demonstrated to be effective against
the BCC. Using a mechanical lung model it was demonstrated that BCC phages
could successfully be delivered to the human lung, remaining viable after
deposition within the lung. Additionally, dry powder aerosol phage delivery
appears to be a promising alternative to liquid phage nebulisation. BCC phages
have been successfully freeze dried and spray dried and can be successfully
stored and aerosolised after processing. With advancing research, BCC phage

therapy continues to show promise as an alternative antimicrobial therapy.
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Aerosol phage therapy in BCC
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Introduction

Patients diagnosed with cystic fibrosis (CF) are predisposed to acquiring a wide
range of respiratory infections including S. aureus, Haemophilus influenzae, P.
aeruginosa and BCC organisms (23). Although a minority of CF patients acquire
BCC infections, these infections are problematic due to their ability to spread
rapidly between patients (41), and in up to 20% of patients the infection will
progress to cepacia syndrome which is characterised by acute respiratory failure,
septicemia, and reduced life expectancy (29, 71). Of the 17 species that
comprise the BCC, B. cenocepacia (the species under investigation in this study)
has been of special interest to the CF community as it has been the most
common BCC isolate in Canadian (83% of BCC infections) (81) and American
(46%) (68) patients. Treatment of BCC infections is complicated by the innate

multi-antibiotic resistance of the BCC (40, 64, 76).

Phage therapy provides an intriguing alternative to antibiotic treatment by
employing phages to reduce or eliminate an infection. Phages penetrate and
lyse a bacterial host with specificity (often targeting a single species or strain),
allowing for targeted treatment of an infection without disruption of natural host
microflora. Previous research using animal models has shown that phage
therapy can be effective against a wide range of infections including, but not
limited to, burn wounds (34, 51), systemic (8) and respiratory (1, 7, 13, 55). A

number of clinical trials have also been successful. These include phase | clinical
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studies of phage application to venous leg ulcers (69) and burn wounds (52) and
a phase I/1l clinical study of phage therapy for chronic otitis caused by P.

aeruginosa (89).

Aerosol drug delivery is routinely employed as a mode of delivering a wide range
of therapeutics (24) directly to the lungs of a patient and requires lower drug
doses than would be required for other routes of delivery (86). However, until
recently there has been very little written about aerosol phage therapy in the
scientific literature other than case studies (25, 35). Contemporary studies using
mice have begun to investigate phage therapy as treatment for P. aeruginosa (1,
13, 55) and BCC (7) respiratory infections. Although previous studies have
investigated phage therapy for treating respiratory infections in a mouse model,
they have always done so using intranasal instillation as the delivery method (1,
7,13, 55). Since prior research has demonstrated that phages can be
successfully aerosolised without being damaged (17), this study aimed to
demonstrate that aerosol phage therapy is effective when phages are delivered
as a nebulised aerosol. Aerosolizing the therapeutic agent would be the most
ideal method of phage delivery when treating a patient with a respiratory

infection, as it is already an established mode of drug delivery.

This study set to develop a mouse model for evaluating aerosol phage therapy.

A Nose-Only Inhalation Device (NOID) was used both to deliver B. cenocepacia to
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the lungs of immunocompromised mice as well as to deliver the phage
therapeutic one day after infection. Five BCC phages were tested to compare
the efficacy of the aerosolised phages to treat acute bacterial lung infections in
vivo. Of these five phages used in this study, KS4-M and KS12 have been
previously shown to cure B. cenocepacia strain K56-2 infections in the G.
mellonella (greater wax moth) model and KS14 has been shown to treat B.
cenocepacia C6433 in G. mellonella (75). Also, BceplL02, a phage closely related
to DC1, has been shown to be effective against B. cenocepacia AU0728 in mice
(7, 46). Additionally, the efficacy of aerosol phage therapy was compared to
intraperitoneal (IP) phage delivery in order to determine which phage delivery

method was more effective.

Materials and Methods

Bacterial preparation
The strains used, B. cenocepacia K56-2 and C6433, are both respiratory isolates
from Canadian cystic fibrosis patients (12, 47). When cultured for mouse
infection, the hosts were grown aerobically in half-strength Luria Bertani broth
(% LB; 5 g/L bactotryptone, 2.5 g/L yeast extract, 2.5 g/L NaCl) at 30°C for 16 hr
with shaking to an optical density of approximately two. After growth the cells
were centrifuged at 3200 x g for 10 min using a Centrifuge 5810 R (Eppendorf)

and resuspended in Hank's Balanced Salt Solution with 1% gelatin (gHBSS) (Sigma
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Aldrich) to the starting volume. The final host concentration delivered to the

mice was generally 2 - 6x10° CFU/mL.

Phage preparation
All phages used in this study (see Table 2) were initially grown either in liquid
media or using an agar overlay method. In order to grow phage in liquid media,
200 mL of % LB broth was inoculated with 2 mL of host pre-grown overnight and
incubated at 30°C with shaking. After 2 h, 20 mL of previously propagated phage
(with a concentration of 10® — 10° PFU/mL) was added and the flask was
incubated under the same conditions for an additional 4 h. The final phage stock
was filter sterilised using a Rapid-Flow sterile bottle top filter with 0.45 um pore

size (Nalgene).

When grown on solid medium, 300 uL of previously propagated phage (at a
concentration of 10 — 10° PFU/mL) and 300 uL of host pre-grown overnight
were incubated at room temperature for 20 min in a 16x125 mm glass culture
tube. After incubation 10 mL of 55°C %; LB top agar was added and the mixture
was poured onto a 150 mm % LB agar plate. (Standard % LB agar contains 15 g/L
select agar while top agar contains a reduced concentration of 7 g/L select agar).
A total of 25 agar plates were inoculated. After at least 16 hr incubation at 30°C,
the plates were overlaid with 10 mL of sterile milliQ water and rocked for a

minimum of 2 h. The liquid was removed from the agar plates and filter
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sterilised using a Rapid-Flow sterile bottle top filter with 0.45 um pore size

(Nalgene).

The resulting 200 mL of phage lysate (obtained from either method) was
ultracentrifuged in an Optima LE-80k ultracentrifuge (Beckmann) with a Type 70
Ti rotor for 70 min at 371 000 x g (60 000 rpm), the pellet resuspended in 6 - 8
mL sterile milliQ water and filter sterilised using a sterile 0.45 um mixed cellulose
ester Millex syringe filter unit (Millipore). Endotoxin was removed from the final
phage preparation using either a Detoxi-Gel Endotoxin Removing Column
(Thermo Scientific) or Pierce High Capacity Endotoxin Removal Spin Column

(Thermo Scientific).

Preparation of heat inactivated phage followed the protocol outlined above.

After endotoxin removal the KS12 stock was incubated at 80°C for 15 min. The

phage inactivation was confirmed by a plaque assay.

41



Table 2. A summary of phages used in this study.

Phage | Host Used in this Study | Temperate/ Family Reference(s)
Lytic
DC1 B. cenocepacia C6433 Temperate Podoviridae (46)
KS4-M B. cenocepacia K56-2 Temperate Myoviridae (75)
KS5 B. cenocepacia K56-2 Temperate Myoviridae (73)
KS12 B. cenocepacia K56-2 Likely lytic Myoviridae (45, 75)
KS14 B. cenocepacia C6433 Temperate Myoviridae (75)

Mouse model
This mouse model used six to eight week old female BALB/c mice (Charles River
or Jackson Labs). Prior to infection the mice were immunocompromised by
intraperitoneal (IP) cyclophosphamide (CPA) injections in order to allow the
infection to persist for the three-day period from infection to euthanisation. CPA
acts by causing leukopenia (10). The CPA was administered twice, three days

apart, at a concentration of 150 pg/g of mouse weight.

Infections were performed either one or two days after the final CPA injection
(after a reduction of approximately 5% from the average starting mouse weight).
All mice were either infected with B. cenocepacia (either K56-2 or C6433
depending on the phage tested) or mock-infected with gHBSS using the NOID
(Figure 2). NOID functional details and efficiencies are described in detail by
Nadithe et al. (56). Briefly, the mice were anesthetised by a ketamine (0.85 mg/g
of mouse weight; Ketaline, Bimeda MTC) xylazine (0.1 mg/g of mouse weight;
Rompun, Bayer HealthCare) mixture administered by an IP injection, their eyes

coated with Refresh Lacri-lube (Allergan) to prevent drying and inserted into the
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NOID. The B. cenocepacia or gHBSS was disseminated using an LC Star nebuliser
(Pari International) attached to a Proneb Ultra air compressor (Pari
International). The aerosolised solution was drawn through the NOID and
delivered directly to the nose of the mice and inhaled into the lungs (Figure 2).
All excess and exhaled aerosol was exhausted through Respirgard Il filters (Vital
Signs, Inc.), which are suitable for filtering both bacteria and viruses. Exposure
lasted 10 min and used approximately 2.5 mL of liquid. Prior to further use the
NOID was decontaminated by Virkon (DuPont Chemical Solutions Enterprise)

aerosolisation, followed by sterile milliQ water aerosolisation.
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Figure 2. Functional operation of the Nose-Only Inhalation Device (NOID). The
anesthetised mice are inserted into plexiglas tubes (B) containing an adaptor
that allows only the nose of the mouse to be exposed to aerosol (A) once
attached to the NOID (E). The solution to be aerosolised is disseminated by a
Pari LC Star nebuliser (D). The aerosol is drawn through the NOID by a vacuum
pump (not shown) and exhausted through filters (F), thereby preventing
aerosol release from the apparatus. The flow through the NOID is monitored
by a manometer (C). The complete NOID system is contained within a
biosafety cabinet.

One day after infection mice were either treated with phage or mock-treated
with sterile milliQ water. The treatment was either delivered by a 200 pL IP
injection or by the NOID, using the same procedure as for infection. Heat-killed

KS12 was also delivered by the NOID.

Food and water was provided ad libitum throughout the test period. At the trial
endpoints the mice were euthanised by CO, asphyxiation, the lungs harvested,
rinsed in sterile gHBSS and placed in 3 mL gHBSS. All procedures involving mice

were approved by the University of Alberta Animal Care and Use Committee.
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Sample processing and data analysis
The lungs were weighed and mechanically homogenised with a Brinkmann
Polytron Homogeniser PCU-11 (Kinematica AG) for 2 min and plated by spread
plate method (for host colony counts) or by agar overlay method (for phage
plaque counts) on % LB agar containing 300 mg/L Ampicillin sodium salt (Sigma-

Aldrich).

Randomly chosen colonies from the lungs of 20 mice treated with KS12 delivered
by NOID and 20 mice treated with KS12 delivered by IP were tested to determine
if the passaged K56-2 had developed phage resistance using a plague assay. In

no case was resistance observed.

Data were plotted as a box and whisker plot (63) and statistical significance was

determined by a one-tailed Mann-Whitney U test.

Luminescent plasposon library screening
A previously created bioluminescent plasposon mutagenesis library of B.
cenocepacia K56-2 containing pTnModluxOTp’ (70) was screened both for
luminescence intensity and duration using a Victor X3 Multilabel Plate Reader
(PerkinElmer). The library was initially grown in 96-well plates with 150 uL % LB
broth and 30 pL host at 30°C with shaking for 72 h. Plates were incubated for 72

h with ODggo and luminescence readings taken at 0 h, 24 h, 48 h and 72 h. The
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normalised luminescence (calculated as luminescence divided by ODggg) Was
calculated for each mutant (data not shown). Samples demonstrating a
consistent high luminescence were further tested under three different growth
conditions: at room temperature with no shaking, at 30°C with shaking and 30°C

for 6 h with shaking followed by incubation at room temperature.

The final mutant chosen was 9H08, which has an insertion at position 2 136 597,

which is a putative phage integrase pseudogene BcenGl13 (26).

Imaging
The luminescent K56-2 strain 9HO8 was assayed for luminescence intensity using
the previously described G. mellonella waxworm infection model (75). Initial
screens were performed to determine what concentration of K56-2 9H08 was
required to be detected by the IVIS Spectrum (Caliper Lifesciences) imaging
system. The larvae were injected with a range of bacterial concentrations
serially diluted from 1.7x10” CFU to 1.7x10" CFU in sextuplet and imaged within

15 min of infection (exposure time 1 s).

For phage clearance tests in G. mellonella, larvae were injected with
approximately 2x10” CFU/larva of K56-2 9HO8, imaged and treated with
approximately 6x10” PFU/larva within 1 h of infection. Larvae were imaged

regularly over a 6 h period with either a 1 s or 3 s exposure time.
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For phage clearance tests in mice, the same infection model as described above
was used with minor additions. Mice were imaged lying on their backs
immediately after infection, prior to and immediately after treatment, 2 h, 4 h, 6
h, 24 h and 48 h after treatment using an exposure time of 15 min. With the
exception of immediately after infection and treatment, mice were anesthetised

using isoflurorane prior to imaging.

Results and Discussion

Aerosol drug delivery is a popular and effective method of delivering
therapeutics directly to the diseased site in a patient with respiratory illness.
However, to date murine respiratory phage therapy studies have not evaluated
this method of phage delivery. Previous studies have established experimental
lung infections using either intranasal instillation or tracheotomy and delivered
phage via intranasal instillation or IP injection (1, 7, 13, 55). Placing a phage
preparation on a mouse’s nares and having the mouse aspirate the liquid often
results in a great deal of variability in particle deposition within the lung.
Conversely, the NOID uses a jet nebuliser designed for medical applications to
generate aerosolised phage particles that are better suited for alveolar
deposition (20). This study demonstrates that aerosol phage therapy is not only

possible, but an effective method of delivering phages directly to the site of an
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infection. Under the correct conditions, infected mice receiving phage treatment

via aerosol demonstrated a significant decrease in bacterial load within the lung.

Determining the necessity of CPA and infection delivery schedule
As previous studies have shown (10, 11), a significant complication with the B.
cenocepacia respiratory infection mouse model is maintaining the infection.
Mice that are not immunocompromised show a dramatic decrease in bacterial
titre even 24 h post-infection (10), while immunocompromising the mice will
delay the dramatic clearing by a few days (11). However, previous studies had
not investigated the effect of multiple infections on bacterial clearance. The
bacterial concentration in the lungs of mice after infections on three consecutive
days or six days of infection delivery (three consecutive days, one day break
followed by another three consecutive days of infection) was compared to mice
given two CPA treatments (one and four days before infection) followed by a
single infection (Figure 3). One day after the final infection the mice in each
group showed quite different levels of bacterial clearance. The mice receiving
three infections maintained approximately 10° CFU/g of lung one or two days
after the final infection. Mice receiving six infections were able to maintain a
bacterial load (10° CFU/g of lung) far closer to those receiving two CPA injections
(107 - 10® CFU/g of lung). Infecting the mice six times showed some promise,
however mice develop a resistance to anesthetic, making it difficult use this

infection model while maintaining a consistent level of anesthesia throughout
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the course of the test. The use of an immunocompromising agent was chosen
as it was a much simpler method of maintaining the bacterial load within the

lung than multiple infections.

CPA delivery schedules of either two or three injections were compared for
efficacy. In at least one instance the use of three CPA injections led to significant
weight loss and two mice needed to be euthanised prior to infection. This led to
the choice to use two CPA injections. Generally mice received CPA four and one
days prior to infection. However, in rare instances there appeared to be very
little or no weight loss after this treatment and an extra day was given to allow

the CPA to have an effect before the mice were infected.
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Figure 3. A comparison of B. cenocepacia K56-2 lung concentration with non-
immunocompromised mice given multiple infections or immunocompromised
mice given a single infection. Bacterial concentrations were determined one
and two days after the final infection. The boxes indicate the first quartile,
median and third quartile while the whiskers indicate the maximum and
minimum values. The diamond marks the mean value. This trial was
performed once. The number of mice in each group is indicated above the x-
axis.

Determining the best sampling days
In order to determine the optimal duration from treatment to euthanisation, the
bacterial load within the lungs was followed over a four-day period post-
infection. Although one day after treatment was not sufficient for some phages
to demonstrate efficacy (Figure 4), it was sufficient for other phages, provided
that the phage concentration administered was high enough (Figure 5). (Optimal

phage concentration is discussed further below.) By three days after treatment,
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mice that did not receive phage were clearing the infection to the same degree
as those that did receive phage (Figure 4). Two days after treatment was the
optimal sampling duration for evaluating the efficacy of a phage treatment.
Phage that appeared to be effective one day after treatment still showed efficacy
after two days and yet this was not a long enough duration for mock-treated

control mice to clear their infections.

K56-2 Concentration (log,,CFU/g)

o (3) (4) (5) (3) (4) (2) (4)
Mock- Mock- KS12 Mock- KS12 Mock- KS12
Treated Treated Treated Treated Treated Treated Treated
(1) (2) (2) (3) (3) (4) (4)

Group (Days Post Infection)

Figure 4. The bacterial clearance in mock-treated (white boxes) and KS12
treated (green boxes) mice over a four-day period. Bacterial concentrations
were determined on the day of treatment as well as the following three days.
The boxes indicate the first quartile, median and third quartile while the
whiskers indicate the maximum and minimum values. The diamond marks the
mean value. This trial was performed once. The number of mice in each group
is indicated above the x-axis. *P<0.05 (Mann-Whitney U test)
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Figure 5. The bacterial clearance in mock-treated (white boxes) and mice
treated with KS5 at a low MOI (2; marked with light blue boxes) or a high MOI
(131; marked with dark blue boxes) over a three-day period. Bacterial
concentrations were determined on the day of treatment as well as the
following two days. The boxes indicate the first quartile, median and third
quartile while the whiskers indicate the maximum and minimum values. The
diamond marks the mean value. This trial was performed once. The number
of mice in each group is indicated above the x-axis. *P<0.05 (Mann-Whitney U
test)

Evaluating the effect of P. aeruginosa on mouse health
The BALB/c mice used in this experiment appeared to be healthy at the
beginning of each experiment, however, they were not germ-free. In a number
of experiments, certain mice would appear to lose more weight than others in
the group and although they would appear to recover normally after infection,
they would either be found dead the next morning or lose > 20% of their body
weight and could not continue in the trial due to a rapid decline in health. When
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the lungs of these mice were plated, they would yield not only B. cenocepacia
colonies, but also greenish colonies characteristic of P. aeruginosa. These
colonies were confirmed to be P. aeruginosa by 16S RNA sequencing. The
University of Alberta Biosciences Animal Services Veterinarian indicated that the
presence of P. aeruginosa should not be affecting the overall health of the mice,
but instead, once the mouse had died the P. aeruginosa would have rapidly
grown within the mouse (Dr. Craig Wilkinson, personal communication). Yet, the
BCC and P. aeruginosa co-colonize the CF lung and are able to communicate
through quorum sensing (9, 22, 39, 50, 72). The current CF infection model
within the CF lung suggests that P. aeruginosa is able to promote BCC
attachment to epithelial cells and upregulate the production of BCC virulence
factors (9, 22, 39, 50, 72). This suggests that it is plausible for P. aeruginosa to
promote further decline in mouse health. Regardless, once the mouse supplier
was changed to one in which the mice tested negative for P. aeruginosa, mouse
health improved dramatically throughout a test period. Mice were no longer
found dead the morning after infection (with the exception of those unable to
recover from anesthesia, see below) and P. aeruginosa was no longer isolated

from the lung.

Optimising ketamine concentration
There has been some conflicting information in recent literature regarding

considerations one when choosing an anesthetic for murine respiratory studies.
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One study found that intranasal instillation was more effective when mice were
anesthetised by an inhaled anesthetic rather than a parenteral (or injected)
anesthetic (54), while an earlier study found no difference between the two
forms on anesthetic (80). In this model the use of a parenteral anesthetic
(ketamine/xylazine mixture) was necessary in order to maintain anesthesia

throughout the NOID exposure period.

One of the complications with using a ketamine/xylazine mixture is that the
drugs must be metabolised before the mouse is able to recover (in contrast to
the reversal of an inhaled anesthetic such as isoflurane which is quickly nulled
after mice are removed from the anesthetic). This makes overdosing a greater
threat. Mice that receive too high a level of anesthetic become hypotensive and
respiration rates are seriously impeded. In severe cases the mice will not recover
from anesthesia (in an extreme case over 10% of mice in a trial were lost to
anesthetic overdosing). In an effort to reduce or eliminate anesthesia
overdosing a range of ketamine concentrations was tested. With a dose of 50%
of the original ketamine concentration (0.57 mg/g) the mice were not sufficiently
sedated, however, a dose of 75% (0.85 mg/g) of the original ketamine
concentration was sufficient to lightly anesthetise the mice while maintaining
proper respiration rates and allowing for rapid recovery (10 - 15 min as opposed

to 30 - 45 min).
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Prior to reducing the ketamine dose the bacterial concentration delivered to the
mouse lungs was often quite varied. When assayed immediately after bacterial
exposure and anesthetic recovery, the group of mice would show a wide range
of bacterial concentrations, sometimes spanning more than two orders of
magnitude (Figure 6). However, after the reduction in ketamine dose, none of
the groups spanned more than two orders of magnitude and only one of the
trials had a span of greater than one order of magnitude. This highlights the
necessity of determining the appropriate level of anesthetic in an aerosol
delivery study. When the mice are able to respire easily and naturally this

enhances the repeatability of particle deposition within the group.
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Figure 6. The bacterial lung concentration the same day as infection in mice
given the original ketamine concentration (100%) or a reduced ketamine
concentration (75%). Two different B. cenocepacia strains were used in this
study: K56-2 (white boxes) and C6433 (grey boxes). The boxes indicate the
first quartile, median and third quartile while the whiskers indicate the
maximum and minimum values. The diamond marks the mean value. The
number of mice in each group is indicated above the x-axis.

Optimising bacterial and phage starting titres
One of the challenges in developing a respiratory BCC infection model in mice is
rapid bacterial clearance. Bacterial clearance can be delayed by
immunocompromisation and can also be optimised by delivering the correct
bacterial concentration to mice. The starting titre used in this study was chosen

to optimise the B. cenocepacia residence time, MOI and mouse health.
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If the starting titre in the lungs of the mice was too low, the infection was cleared
too rapidly, even in immunocompromised mice. As shown in Figure 7, if the
mice began the test with a low bacterial lung concentration such as 10° CFU/g,
the bacterial concentration would remain low and continue to drop over the
course of the next three days of the trial. This made it difficult to distinguish
between natural clearance and clearance due to phage activity. Conversely, if
the starting titre was over 10° CFU/g of lung (Figure 8) the phage did not appear
to have any bacterial clearing effect and some mice became too ill to complete

the study.

One of the limiting factors in treating mice with high bacterial lung
concentrations may have been the highest phage titre that could be delivered to
the mice. The highest titre the phages used in this study could be repeatably
grown to ranged from about 10% to 10° PFU/mL. After concentration by
ultracentrifugation, the titre was increased approximately five to ten times,
generally giving a final phage titre of 10° to 10" PFU/mL. The bacteria delivered
to the lungs were at a concentration of 2 — 6x10° CFU/mL, generally giving a final
MOI between one and ten. (In this study MOI was calculated as the
concentration of phage in the aerosol solution divided by the concentration of
bacterial host in the aerosol solution.) Although KS12 showed some activity
when delivered at these MOls, others (especially KS5 and KS4-M) required higher

MOIs (which could not be reliably obtained) in order to be active. Although
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other concentration methods (polyethylene glycol precipitation and centrifugal
filter units) were tested, they were not effective (data not shown). Were a more
effective concentration method available, it may have been possible both to
start with a higher bacterial titre as well as to reliably demonstrate positive

phage activity with more phages.

Determining the correct balance between starting bacterial and phage titres
highlights one of the complications with phage therapy pharmacokinetics.
Theoretically speaking, active phage therapy (administering a single phage
treatment and using phage replication as a means of further phage dosing)
should be effective even with low starting phage concentrations (62), however,
this may not be the case in practice, especially when an infection is widespread
or at a very high concentration. In these situations delivering multiple phage
treatments throughout the treatment period may be a more feasible alternative.
In this study, administering a second phage treatment prior to the end of the

trial may have yielded further reduction in the bacterial lung concentration.

The pharmacokinetics of phage therapy are completely different from a
traditional antibiotic. Whereas an antibiotic will be degraded shortly after being
administered, phages are able to replicate once infecting a host. This should
hypothetically render even a low phage concentration effective as the phage
concentration will increase until the host is eliminated. This theory was tested

by administering a low number of phages to the mice. As shown in Figure 5, low
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phage titres were not effective in treating the infection. The figure shown is
representative of all phages tested at an MOI of two or lower (KS4-M, KS5, KS12,

DC1, KS14).

K56-2 Concentration (log,,CFU/g)

0 (5) (5) (5) (5) (10)
Infected (0) Mock- Mock- Mock- KS4-M
Treated (1) Treated (2) Treated (3) Treat (3)

Group (Days Post Infection)

Figure 7. The bacterial clearance in mock-treated (white boxes) mice and mice
treated with KS4-M over a four-day period when mice begin the trial with a low
starting bacterial concentration (1.8x10° CFU/g of lung). Bacterial
concentrations were determined on the day of infection, on the day of
treatment as well as the following two days. The boxes indicate the first
quartile, median and third quartile while the whiskers indicate the maximum
and minimum values. The diamond marks the mean value. This trial was
performed once. The number of mice in each group is indicated above the x-
axis.
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Figure 8. The bacterial clearance in mock-treated (white boxes) mice and mice
treated with KS4-M (red box), KS5 (blue box) and KS12 (green box) over a four-
day period when mice begin with a high starting bacterial concentration
(3.4x10° CFU/g of lung). Bacterial concentrations were determined on the day
of infection, on the day of treatment (one day after infection) as well three
days after infection. The boxes indicate the first quartile, median and third
quartile while the whiskers indicate the maximum and minimum values. The
diamond marks the mean value. This trial was performed once. The number
of mice in each group is indicated above the x-axis.

Comparing phage efficacy
Initial tests were performed with five different phages all able to infect B.
cenocepacia (KS4-M, KS5 and KS12 infected strain K56-2, DC1 and KS14 infected
strain C6433). Some of these phages had previously been shown to be active
against B. cenocepacia in the G. mellonella infection model (75). In this study
phages were evaluated for their ability to be repeatably propagated to high titres
(at least 10° PFU/mL) in addition to their activity in the mouse model. KS12 was
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found to be the best candidate for phage therapy in the mouse lung infection
model as it could be reliably grown to a titre that was effective in the mouse
model (Figure 14). The reduction in median bacterial concentration with KS12
was dramatic (five orders of magnitude) when phages were administered at an
MOI of 131 (Figure 4), however, a reduction of over one order of magnitude
could be achieved with an MOI as low as three. Additionally, there appears to be
a correlation between the KS12 MOI delivered to the mice and efficacy of the
phage (Figure 11) suggesting that phage efficacy will increase as delivered phage

titre is increased.

KS5 (Figure 5) initially showed a great deal of promise as an effective phage
therapeutic as one of the initial tests showed a dramatic decrease in bacterial
titre after treatment. However, it could rarely be grown to a titre of 10" PFU/mL
and the phage stock could not be concentrated by a full order of magnitude to
10" PFU/mL, which was the concentration required to achieve an MOI of greater
than 10. KS5 could not be further evaluated as a therapeutic because it could
not be concentrated to a high enough titre. Similarly, consistently obtaining a
higher phage titre might have also demonstrated the efficacy of KS4-M (Figure
9), because it showed activity when delivered at an MOI of 11. Again, this MOI
could not be achieved consistently because KS4-M could not be grown to a high

enough titre regularly.
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DC1 (Figure 10) appears to be the least effective phage therapeutic as, even
when administered at an MOI of 122, it did not show a reduction in median
bacterial concentration in the lungs. KS14 (Figure 10) did not show a reduction
median bacterial concentration in the lungs either, however it was administered
at an MOI of 5, so again, this might have been effective if it could have been

grown to a higher titre.

10 +

K56-2 Concentration (log,,CFU/g)
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Treated (1) Treated (2) Treated (2) Treated (3) Treated (3)

Group (Days Post Infection)

Figure 9. The bacterial clearance in mock-treated (white boxes) and KS4-M
treated (red boxes) mice over a three-day period. Bacterial concentrations
were determined on the day of treatment as well as the following two days.
The MOI of the treatment was 11. The boxes indicate the first quartile, median
and third quartile while the whiskers indicate the maximum and minimum
values. The diamond marks the mean value. This trial was performed once.
The number of mice in each group is indicated above the x-axis.

62



7 _ ‘
Be
=)
¥
<
FER = I
= .
K=l
®4
b=}
c
[J]
[S)
53 -
o | & | l
[12]
[32]
32 - 1
O
1 -
0 (5) (5) (5) (10) (10)
Mock- Mock- Mock- DC1 Treated KS14 Treated
Treated (0) Treated (2) Treated (4) (4) (4)

Group (Days Post Infection)

Figure 10. The bacterial clearance in mock-treated (grey boxes), DC1 treated
(purple box) and KS14 treated (yellow box) mice over a four-day period.
Bacterial concentrations were determined on the day of infection, the day of
treatment as well as two days after treatment. The MOI of the DC1 treatment
was 122 and the MOI of the KS14 treatment was five. The boxes indicate the
first quartile, median and third quartile while the whiskers indicate the
maximum and minimum values. The diamond marks the mean value. This trial
was performed once. The number of mice in each group is indicated above the
X-axis.
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Figure 11. The correlation between KS12 MOI and the reduction in bacterial
lung titre. Each data point notes the bacterial reduction from mock-treated to
KS12 treated mice in a single trial.

In order to demonstrate that phage activity is required for effective phage
therapy, the efficacy of heat-killed phage was also tested. Infected mice treated
with aerosolised heat-killed KS12 showed no bacterial clearance when compared
to mice mock-treated with sterile milliQ water. This is in contrast to the
significant decrease in bacterial titre found in mice treated with active KS12
(Figure 12). This demonstrates that phage activity is required for effective phage
therapy and bacterial clearance is not a result of upregulation of the immune

system due to the introduction of foreign proteins.
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Figure 12. The bacterial clearance in mock-treated (white boxes) and heat-
killed KS12 (dark green box) or KS12 (light green box) two days after treatment.
The boxes indicate the first quartile, median and third quartile while the
whiskers indicate the maximum and minimum values. The diamond marks the
mean value. This trial was performed in triplicate. The number of mice in each
group is indicated above the x-axis. *P<0.05 (Mann-Whitney U test)

Comparison of IP and NOID phage delivery
A previous study (7) found IP delivery of phage therapeutics to be a more
effective method of phage delivery than intranasal instillation in treating a B.
cenocepacia respiratory infection in a mouse model. In order to evaluate
whether IP phage delivery was also more effective than aerosol phage delivery
two different treatment delivery methods were compared for KS12: NOID and IP

injection.
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After treatment and emergence from anesthesia (approximately 1 — 2 h), phage
could be isolated from the lungs, regardless of phage delivery method (Figure
13). This demonstrates that the phage are able to move from the peritoneum to
the lung. Interestingly, mice receiving phage via IP injection had far higher phage
concentrations within the lung than those that received phage via the NOID.
Phage remained within the lung, regardless of the presence of bacterial host, but
phage delivered via IP injection appeared to decrease at a more rapid rate than

phage delivered by the NOID.

As predicted, infected mice receiving phage treatment via aerosol demonstrated
a significant decrease in bacterial load within the lung (Figure 14). However,
even though IP delivered phages were able to reach the lungs, mice receiving
treatment via IP injection did not show any decrease in bacterial load (Figure 14).
There may be some explanation for the discrepancy in these findings as opposed
to those found by Carmody et al. (7) related to the delivery method of the phage.
As mentioned above, aerosolisation is an optimal method of particle delivery and
has previously been shown to be a more effective method of delivering particles
to the mouse lung than intranasal instillation. Aerosolisation provides wider-
spread and uniform particle deposition than intranasal instillation (20). It may be
that while IP phage delivery is more effective than intranasal instillation, it is not
as effective as aerosolisation. Also, although the IP-delivered phage may be able

to reach the lungs, they may not be able to co-localise with the bacterial host.
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Using immunofluorescence Carmody et al. (7) found that 48 h after treatment
intranasally delivered phage were localised to the alveolar macrophages whereas
IP-delivered phage localised to the perivascular areas and the alveolar septa. By
24 h post-infection the bacterial host (delivered by tracheotomy) was localised
mainly to the lung parenchyma, especially the peribronchiolar and perivascular
areas and the host remained in the lung parenchyma throughout the course of
the study. Depending on where the bacteria localise during infection, the phage
may not be able to access their bacterial target. If a NOID-delivered bacterial
host does not localise to the perivascular areas, the phage concentration in the

lung will not matter as the phage may not be able to reach their target host.
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Figure 13. The KS12 phage titre in mock-infected mice treated with a KS12 IP
injection (dark orange boxes) or NOID-delivered KS12 (dark grey boxes) and
K56-2 infected mice treated by KS12 IP injection (pale orange box box) or
NOID-delivered KS12 (pale grey box). Phage concentrations were determined
on the day of treatment as well as two days after treatment. The boxes
indicate the first quartile, median and third quartile while the whiskers indicate
the maximum and minimum values. The diamond marks the mean value. This
trial was performed in duplicate. The number of mice in each group is
indicated above the x-axis.
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Figure 14. The bacterial clearance in mock-treated (white boxes) mice and
KS12 treated mice receiving an IP injection (pale green box) or NOID treatment
(dark green box) two days after treatment. The boxes indicate the first
quartile, median and third quartile while the whiskers indicate the maximum
and minimum values. The diamond marks the mean value. The trial for IP
treated mice was performed in duplicate and the trial for NOID treated mice
was performed in triplicate. The number of mice in each group is indicated
above the x-axis. *P<0.05 (Mann-Whitney U test)

Demonstrating phage activity by host luminescence imaging
Some phages (especially KS4-M and KS5) appeared to be effective after 24 h in
vivo, however, this does not give a clear picture of how quickly phages are able
to act in vivo. Previous studies with P. aeruginosa (1, 13) have shown that the
effect of phage activity on bacterial concentration in the respiratory system can

be visualised in vivo non-invasively with the use of a luminescent host.
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Initial screening of the plasposon mutagenesis library demonstrated that not all
mutants were equally luminescent and some did not maintain luminescence
once entering stationary phage. A representative screen of a range of mutants
(Figure 15) demonstrates the variation in luminescence over time. The mutant
used in this study, K56-2 9H08, was chosen because it maintains relatively

consistent luminescence over a 72 h period.

Initially the G. mellonella larvae model was used to ensure that K56-2 9H08 could
be detected using the IVIS spectrum. A relatively high concentration of host was
required to detect luminescence (Figure 16) with a short camera exposure time
(1 -3 s). The short exposure time was required because the larvae were active
during imaging, producing a “smear effect” during long exposures. Using the G.
mellonella larvae infection model, rapid activity of KS12 was demonstrated.

Over the course of a 6-h period, untreated larvae showed a rapid increase in B.
cenocepacia K56-2 concentration while larvae treated within 1 h of infection

decreased in bacterial titre (see Figure 17 and Figure 18).
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Figure 15. A screen of normalised luminescence emitted by plasposon
mutagenised K56-2 shown 0 h (blue bars), 24 h (red bars), 48 h (green bars) and
72 h (purple bars). Cells were grown at 30°C for 6 h, then remained at room
temperature for the remainder of the test. This test was performed once.
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Figure 16. The luminescence intensity of G. mellonella injected with K56-2
9HO09 at a concentration of 1.7x10" CFU/larva to 1.7x10’ CFU/larva within 15
minutes of infection.
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Figure 17. The luminescence intensity of G. mellonella injected with B.
cenocepacia K56-2 9HO8 (with a concentration of 3x10’ CFU/larva) prior to
treatment. This image was taken 45 min after infection. This test was
performed in triplicate, however images from the third trial are not shown as
these two trials are representative of the dataset.
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Figure 18. The luminescence intensity of G. mellonella injected with 6x10’
PFU/larva (A) immediately, (B) 1 h,(C)2 h, (D)3 h,(E)4 h,(F)5hand (G)6 h
after treatment with KS12. The larvae were treated 45 min after infection with
an MOI of three. This test was performed in triplicate, images from the third
trial are not shown as these two trials are representative of the dataset. The
test groups for the top half of each image from top to bottom are B.
cenocepacia K56-2 9HO08 only, B. cenocepacia K56-2 9H08 infected and KS12
treated, KS12 only and buffer only and then repeated for the bottom half of
the image.

74



Bacterial clearance was not demonstrated in the mouse model using
luminescence imaging. Interestingly, the development of the infection within
approximately 2 h of infection was demonstrated with luminescence starting at
the nose and travelling down the trachea toward the lung (see Figure 19, Figure
20 and Figure 21) as well as throughout the body. Particle delivery outside the
lung (especially in the gastrointestinal tract) is likely due to high initial particle
deposition in the nose and throat, which is then swallowed (56). However, even
with a very long exposure time (15 min), luminescence within the lung could not
be distinguished from general luminescence throughout the body (see Figure

22).

As with previous tests, mice were treated 24 h after infection. The mice were
divided into three groups: untreated, gHBSS mock-treated and KS12 treated.
The untreated mice showed a decrease in bacterial luminescence when
compared to the mock-treated and KS12-treated mice (see Figure 23 and Figure
24), with minimal luminescence detected 24 h after the treatment day (48 h
after infection). This suggests that the untreated mice, which had not been
subjected to a second anesthetic dose and NOID exposure, were recovering
quicker than the mock-treated or KS12 treated mice that had been subjected to
the stresses of a second NOID exposure. There was, however, no distinguishable

difference between mock-treated and KS12 treated mice (see Figure 24).

75



There may be a number of reasons why luminescence could not be detected in
the lungs including a bacterial host that is not bright enough to be imaged from
the depth of the lung (which is obscured by not only fur and skin, but also the
heart) or a bacterial concentration that is too low to be detected. In the larval
infection model the starting bacterial concentration is 10’ CFU/worm, however,
in the mice the starting lung concentration is commonly 10° CFU/lung. After
euthanisation (48 h post treatment), the lungs of the mice were removed and
imaged. Even without the fur, skin or heart obscuring of the lungs, no

luminescence could be detected from the lungs (Figure 25).
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Figure 19. The luminescence intensity of B. cenocepacia K56-2 9HO08 infected
mice immediately after infection. Note that the images of mice # 3 — 5 should
be disregarded. These mice emerged from anesthesia during imaging and were
moving during the luminescence exposure time, so the images of these mice
can not be correlated to the luminescence images.
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Figure 20. The close-up image of luminescence intensity of B. cenocepacia K56-
2 9HO08 infected mouse #2 (cage 1). This image was taken 40 min after
infection.
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Figure 21. The luminescence intensity of B. cenocepacia K56-2 9H08 infected
mice 1 h after infection.
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Figure 22. The luminescence intensity of B. cenocepacia K56-2 9H08 infected
mice 2 h after infection.
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Figure 23. The luminescence intensity of B. cenocepacia K56-2 9H08 infected
mice having received no treatment or mock-treatment, 24 h after treatment
day.
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Figure 24. The luminescence intensity of B. cenocepacia K56-2 9H08 infected
mice, 24 h after (A) gHBSS mock-treatment or (B) KS12 treatment.
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Figure 25. The luminescence intensity of lungs removed from B. cenocepacia
K56-2 infected mice 72 h after infection (48 h post treatment).

Conclusions

Future Directions
Through the use of a bacterial culturing method, this study demonstrated that
aerosol phage therapy can be effective in reducing pulmonary BCC
concentrations in a mouse model. However, some adjustments would likely

make this model more robust as well as more adaptable.

One of the biggest difficulties in this study was obtaining a phage titre that would
be effective in the mice. Although ultracentrifugation could increase the phage
concentration to a certain degree, it was not sufficient to increase the titres of

some of the most promising phages used in the study (KS4-M, KS5) to a
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concentration at which they could be properly evaluated. Finding an alternate
method that could be used to increase a phage titre by two orders of magnitude
would dramatically expand the scope of this study. One phage concentration
method that could be attempted is the use of a Convective Interaction Media
Monolithic Column (BIA Separations). This concentration method purifies and
concentrates phages using anion exchange chromatography. Although this
would be both costly and time-consuming to optimise, after the initial setup it is
both rapid and relatively efficient. A 30 mL T4 phage sample containing 8x10°
PFU/mL can be concentrated to a 3 mL sample containing 5.7x10° PFU/mL in 10 —
40 min, depending on the flow rate used (79). With such a rapid concentration
time it would be possible to concentrate 300 mL of phage sample down to 3 mL,
thereby increasing the phage titre by approximately two orders of magnitude.
This would provide an effective phage titre for any of the phages used in this

study.

Even if phage titres could not be increased to the extent required to treat mice
with a single dose, multiple treatments may prove to be an effective treatment
method. There has been some evidence that multiple phage treatments are
effective. Two case studies (25, 35) found multiple aerosol phage treatments to
be effective in a clinical setting. Although the current model does not allow for

the extension of the trial past three days post-infection, a second treatment
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could still be given a day after the initial treatment giving a full day of activity for

the second treatment.

A commonly proposed phage treatment method is the use of phage cocktails
and they have been used in published case studies and clinical trials (25, 35, 52,
69, 89). Provided multiple phages effective for a single host are available (which
there were for this study), a phage cocktail can be prepared. Phage cocktails can
target multiple host receptors and reduce the chances of phage resistance
developing over time. The efficacy of a BCC phage cocktail could easily be
evaluated using the aerosol phage therapy mouse infection model developed for

this study.

Two different solutions could be attempted to image the effect of phage on the
bacterial host in mice. First, the starting titre of the bacterial host could be
increased in order to be able to detect the luminescence in the lung. This would,
however, also require that the starting phage titre administered is also
increased. Second, a new brighter bioluminescent host could be engineered,
perhaps by creating a high copy constitutively expressed plasmid containing

luxCDABE.
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Significance
Prior to this study the only study to evaluate phage therapy for BCC in vivo
infections did not successfully demonstrate the efficacy of aerosol phage therapy
(7). Indirect contrast, this study demonstrates not only that aerosol phage
therapy can be effective, but also that a NOID is a relatively simple and effective
method of both developing a respiratory infection in mice and delivering
aerosolised phage treatment in vivo. Furthermore, this study has laid the
foundation for further aerosol phage therapy research. The basic model can be
adapted to different respiratory infection models. Additionally, it can be used to
test the efficacy of newly discovered BCC phages or phage cocktails in vivo. In
conclusion, this study supports the use of aerosolised phages as a treatment
method for respiratory infections and more specifically, for B. cenocepacia

infections.
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Appendix A. Determining the genetic source of variation

between phage KS4 and its liquid clearing variant, KS4-M
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Introduction

A previously isolated prophage of B. cenocepacia 12315, KS4 (or BcepMu) (73, 84)
was reported to have a liquid clearing variant, KS4-M (75). KS4-M was observed
to lyse cultures when grown in a liquid medium, causing a reduction in turbidity
(or clearing) of the medium, while this was not observed for KS4. Both KS4 and
KS4-M were previously sequenced and comparisons of the two genomes led to
the hypothesis that this variant was able to clear liquid due to a point mutation
at position 31518 in a putative base plate assembly gene (gene 50). Although
there were some other sequence differences between KS4 and KS4-M, an Ato G
change in a base plate assembly gene, causing an amino acid change from
threonine to alanine, appeared to be the most likely cause of this phenotypic
change (21). The purpose of this study was to determine if the putative base

plate assembly gene affected ability of KS4-M to propagate in a liquid medium.

Materials and Methods

A set of KS4 mutants containing gene 50 from KS4-M were previously created in
order to determine if the liquid clearing ability of KS4-M came from the point
mutation in gene 50 or from a mutation in another gene (21). Briefly, these
mutants were created by development of a plasmid containing the alternate
base plate assembly gene and electroporated into J2315. Using an antibiotic
resistance screen, nine mutant strains were found to contain the gene of

interest. Phage stocks were created by growth of the J2315 strains in % LB broth
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at 30°C with shaking for at least 16 h followed by centrifugation and filter
sterilisation of the phage-containing supernatant. Of these nine mutants, three

(NM7, NM8 and NM9) were chosen at random for further experimentation.

High titre stocks of KS4, KS4-M, NM7, NM8 and NM9 were made using an agar
overlay plating method with 100 puL phage, 100 uL B. cenocepacia K56-2 and 3
mL % LB broth. After incubation at 30°C for 16 h the plates were overlaid with 3
mL sterile milliQ water and rocked for a minimum of 2 h. The liquid was

removed and filter-sterilised.

The genomic region of interest in the five high-titre phage stocks was sequenced
using previously designed primers (Table 3) to ensure that KS4 had maintained
the original sequence and that the other phage stocks had not reverted to the
original sequence. Sequencing was performed using an ABI 3730 DNA Analyzer
(Applied Biosystems) by the University of Alberta Department of Biology
Molecular Biology Service Unit. The phage stocks were also tested to ensure
that they were not contaminated with the other phages used in the lab that are
also able to infect K56-2 (KS5 and KS12). Since primers are available for the
identification of KS5, they were used to ensure that the phage stocks were free
of KS5. The phage stocks were tested for the presence of KS12 by growth on B.
cenocepacia C6433 or B. multivorans C5274, hosts that are susceptible to KS12

but not KS4/KS4-M.
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Table 3. The primers used for sequencing the portion of KS4/KS4-M containing
the point mutation in gene 50. The final product is 449 base pairs in length.

Primer Primer Position | Direction | Sequence

Nigel Forward 3 | 31292 -31310 | Forward |5 CCTGGTCGACATCATTGCC 3’

Nigel Reverse 2 | 31721 -31740 | Reverse |5 GATCGTCCGTTTCCTCCTCG 3’

The liquid clearing ability of the five phages was monitored over a 6 h period by
measuring the optical density (ODgqo) of the cultures in 96-well plates. In total,
12 conditions were tested in each plate: growth media only, phage (KS4, KS4-M,
NM7, NM8 or NM9) in growth media only, host in growth media only and phage
and host in growth media. The titre of the phage stocks was determined prior to
each test and the stocks diluted as necessary to ensure that the same starting
titre was used for each phage stock. (The starting phage titre ranged from
7.7x10 PFU/mL to 5.9x10® PFU/mL.) The K56-2 stock used for the experiment
was grown for 16 h in % LB at 30°C with shaking. The 96-well plates were
contained 150 uL % LB broth and were inoculated with 50 pL phage and 10 plL
K56-2 as necessary. The ODgyo was measured at four time points: 0, 2,4 and 6 h.
The complete test was repeated three times, twice with each condition tested

eight times and once with each condition tested in triplicate.

In order to ensure that the point mutation was stable, the region in question was

sequenced for KS4, KS4-M, NM7, NM8 and NM9 after the 6 h growth period was
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completed and also after 16 h incubation. The phages sequenced were chosen

from a random well. The point mutation was stable for each phage.

Results and Discussion

Unexpectedly, under controlled conditions KS4 consistently cleared liquid to the
same extent as the phages with the base plate assembly gene point mutation
(Figure 26). For the first 4 h of the trial the ODggg rose similarly for the host
grown without phage as for the host combined with phage. However, by the 6 h
mark there was a significant difference in ODggo between the host grown with or

without phages.

Although previous tests indicated that there was a difference in the ability of
KS4 and KS4-M to clear liquid, this study indicates that there is no difference in
the ability of the two phage to propagate in liquid. Previous tests did not
account for variables such as starting phage titres and once this test was
performed under controlled conditions both KS4 and KS4-M cleared liquids at

the same rate.

The amino acid change from KS4 to KS4-M of threonine to alanine appears to

have no effect on the liquid clearing abilities of the phages. The three KS4

mutants (NM7, NM8 and NM9) containing the KS4-M base pair change were
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equally effective as KS4-M at clearing liquid, demonstrating that any of the other

genetic differences between KS4 and KS4-M also had no effect on liquid clearing.
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Figure 26. The optical density (ODgqo) of cultures inoculated with phage only
(KS4, KS4-M, NM7, NM9 or NM9), host only (B. cenocepacia K56-2) or phage
and host. Each data point is an average of three independent trials performed
once in triplicate and twice in octuplet.

89



Appendix B. Testing for dual host phages
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Introduction

Phages infect hosts with a great deal of specificity, often infecting a single
species or even strain. However, there has been scant mention in the literature
of phage that are able to infect hosts of different species, or even genera. A
report of phage able to infect both P. aeruginosa and members of the BCC (58)
found two phages, NS1 and NS2 that, in addition to infecting strains of four BCC
species, were able to infect strains of P. aeruginosa. Additionally, P. aeruginosa
was found to be susceptible to the BCC phage JB3 (36). Further research
demonstrated that NS2 was also active against Burkholderia pseudomallei and
Burkholderia gladioli, which are not members of the BCC. A number of other

BCC phages, DK1, RL1c, RL1t and JB5, are also able to infect B. gladioli (36).

In addition to screening BCC phages on P. aeruginosa strains, Nzula et al. (58)
also evaluated the growth of four P. aeruginosa phages, E79, B3, F116L and
G101, on BCC hosts and found that all four phages were able to infect three BCC

species: B. cepacia, B. cenocepacia and B. vietnamiensis.

Understanding the host range of a phage beyond the host on which it was
isolated may be important for a few reasons. First, when working towards a
phage therapy or biocontrol application, it is beneficial to understand the full
potential of a phage. For instance, a phage that is able to lyse both BCC and P.

aeruginosa hosts may be an excellent addition to a phage cocktail for use in
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treating a CF patient. Alternatively, a phage able to infect both BCC strains and
B. pseudomallei may be useful in both a phage therapy and biocontrol
applications. Second, determining the broader host range of a phage may give

further insights into the host receptors a single phage is able to bind.

In an effort to further characterise a collection of BCC and P. aeruginosa phages,
a set of P. aeruginosa strains was tested for susceptibility to BCC phages (and

vice versa).

Materials and Methods

Phage propagation
Phages assayed for the presence of plagues were grown by incubating 200 uL of
phage and 100 uL of host grown overnight in liquid at room temperature for 20
min in a glass culture tube. After incubation 3 mL of 55°C 2 LB top agar was
added and the mixture was poured onto a 100 mm % LB agar plate. After at least
16 hr incubation at 30°C, the phages were collected either by liquid overlay or
picking the plaques. A liquid overlay was performed by adding 3 mL of sterile
milliQ water to the plate and rocking it for a minimum of 2 h. The liquid was
removed from the agar plates and filter sterilised using 0.45 um filters. Plaques
were picked by removing the plug of agar containing the plague with a Pasteur

pipette and resuspending it in sterile milliQ water for a minimum of 1 h.
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A phage spot test was performed as described above with the exception that the
host-top agar mixture is poured on the plate without the phage. After the top
agar dried for a minimum of 10 min, 100 pL of phage was spotted onto the plate

and allowed to dry prior to incubation upside down.

High titre phage stocks were prepared by repeatedly propagating phage using

the agar overlay method described above until plates had confluent lysis.

Restriction fragment length polymorphism (RFLP) analysis
The DNA extraction was performed as previously described (65). RFLP analysis

was performed by incubating 600 ug DNA with EcoR1 (Invitrogen) for 1 h.

Results and Discussion
Initial phage screen

After the initial screen of 13 BCC phages on 14 P. aeruginosa strains and four P.
aeruginosa phages on 26 BCC strains all potential plaques (plague definition was
not always clear on a new host) were retested on the original host as well as the
host from which the phage was isolated. Phages able to form plagues on both
the original propagation host and the alternate host from which it was isolated
(see Table 4 and Table 5) were brought to high titre and tested for efficiency of

plating (EOP).
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Once the same phage stock was tested for growth on both the original
propagation host and the alternate isolation host, very large discrepancies were
found between the EOP of the phage on the two hosts (Figure 27 and Figure 28).
In fact, five of the phage lysates were entirely unable to grow on both hosts once

brought to high titre.

However, once the phage stocks used for testing the efficiency of plating were
tested for purity, they were found to be contaminated. When the P. aeruginosa
phages (44 and E79) used for this test were tested for the presence of BCC
phages by PCR amplification, they both tested positive for DC1. DC1 is able to
grow on B. cenocepacia C6433. This explains why these “P. aeruginosa” phages
were able to grow on C6433. Although there were no PCR primers available to
test for the identity of the P. aeruginosa phages, the KS4, KS4-M and KL3 phage
stocks propagated on a P. aeruginosa host were all found to test negative when
PCR tested for the presence of their respective phage. This would indicate that
all these phage stocks were contaminated with a P. aeruginosa phage. Although
no PCR primers are available to test for the presence of KS12, when a completely
different KS12 stock was used to attempt to replicate the ability of KS12 to grow

on HER1006, this finding could not be replicated.

Two additional BCC phages (16068 and ¢H111) were tested for the ability to

grow on the P. aeruginosa hosts outlined in Table 5 using a spot test. J6068 was
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found to be able to grow on P. aeruginosa HER1006 and 14715. HER1006,
however, releases a prophage, making it difficult to distinguish between the
plaques of the prophage and the plaques of the phage being grown on the host.
The J6068 isolated from HER1006 was transferred to 14715 in order to produce
high titre phage stocks of this phage. In order to determine if the phage that was
able to be propagated on a P. aeruginosa host was actually J6068, an RFLP
analysis was performed. Three phage stocks were tested: J6068 isolated from
HER1006 and then repropagated on 14715 five times (performed in duplicate)
and J6068 isolated from HER1006 and then repropagated on B. cenocepacia K56-
2 five times. The RFLP analysis revealed that the J6068 that had been
repropagated on K56-2 was likely 16068, however the J6068 repropagated on
14715 had an entirely different profile (Figure 29). This indicates that there was
likely some remaining J6068 in the original sample isolated from HER1006, which
was repropagated once the stock was plated again on K56-2. The phage
propagated on 14715, however, was likely a P. aeruginosa phage. This may be a
novel phage or a prophage of 14715, which could be determined by genomic

sequencing.

This study indicates that none of the phages tested are able to grow on both a P.

aeruginosa and a BCC host. It also demonstrates the importance of testing for

phage stock purity in such studies.
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Table 4. Four P. aeruginosa phages were tested for the ability to grow on 26
BCC strains. An ‘X’ indicates the ability of the phage to plaque on a host after
being picked and replated.

P. geruginosa
phages
24| 44 [E79|DKZ
: LMG18821
B.cepacia
ATCC17759
8. C5393
: C3430
muftivorans
C5274
715
J2315
K56-2
g Ce433 LR
- C1257
cenocepacia
C3425
C4455
PCl34
Cep 511
B. stabilis LMG14234
LMG18E70
g LMG10929
| 1mGise3s
viethamiensis
DBOL
8. dolosa LMG185343
LMG21443
LMG17E28
B. ambifaria | LMG19182
LMG19467
B. anthine | LMG16670
B. pyrocinio | LMG14191
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Table 5. Thirteen BCC phages were tested for the ability to grow on 14 P.
aeruginosa strains. An ‘X’ indicates the ability of the phage to plaque on a host
after being picked and replated.

BCC phages
DC1|KS4|KS4-M|KS5[KS9|KS10|KS12[KS14|KL1|KL3|KL4|AH2|SR1
PAO1 X X
PAK
HER1004
HER1006 X
HER1012
PA103 X
Utah4
Utah3
ATCC27853
PA14
14655
14715
6106
14679

P. aeruginosa strains

M Propagation Host M Alternate Host
12

10 -~

1

Ks4 Ks4 KS4-M KS4-M KS12 KS12 KL3 KL3
(K56-2) (PA103) (K56-2) (PAO1) (K56-2)  (HER1006) (LMG17828) (PAO1)

Phage (Propagation Host)

log,, PFU/mL
[e)}

PA103
56-2

HER1006

PAO1

Figure 27. A comparison of calculated phage concentrations of BCC phages on
two different hosts. Each phage was brought to a high titre stock on either a
BCC host or a P. aeruginosa host and then plated on both hosts.
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Figure 28. A comparison of calculated phage concentrations of P. aeruginosa
phages on two different hosts. Each phage was brought to a high titre stock on
either a BCC host or a P. aeruginosa host and then plated on both hosts.
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Figure 29. (A) A schematic of the expected bands obtained from RFLP analysis
of 16068 cut with EcoR1. (B) A 1 Kb Plus Ladder (Invitrogen) marker and the
RFLP analysis of 16068 isolated from P. aeruginosa HER1006 and repropagated
on 14715 five times, performed in duplicate (Lanes 2 and 3) and J6068 isolated
from P. aeruginosa HER1006 and repropagated on B. cenocepacia K56-2 five
times (Lane 4). Arrows indicate the bands in lane 4. In all cases 600 ng of
genomic DNA was digested with EcoR1 for 1 h and then separated on a 0.8%
agarose gel.
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Appendix C. Time course comparing the maintenance of
bacterial load in the mouse lung for B. cencocepacia K56-2

grown in % LB broth and artificial sputum medium broth
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Introduction

Bacteria grown in a laboratory environment with optimal conditions will not
behave in a similar fashion to those surviving in the harsher environmental
conditions from which they were initially isolated. This is certainly true of
pathogens of the CF lung. Grown in a rich medium, cells are able to replicate
easily, however organisms adapted to living within the CF lung must upregulate
genes that enable survival in this environment. The difference in gene
expression between laboratory grown and environmentally isolated cells can
have a dramatic effect on how the cells will respond under experimental
conditions such as testing for antibiotic resistance (32). Artificial sputum media
have been previously developed that attempt to mimic the nutrient conditions of
CF sputum (15, 32, 82). These media generally contain ingredients such as DNA,

mucin and amino acids, which play a role in biofilm formation (15).

A modified artificial sputum medium (ASMDM) has been shown to induce
different gene expression in P. geruginosa than when grown in a rich medium,
simulating the growth conditions in the CF lung. This includes upregulation of
genes for type lll secretion systems, quorum sensing and anaerobic respiration
during exponential phase while downregulating type lll secretion systems and
guorum sensing and upregulating iron acquisition genes and microcolony

formation during stationary phase growth (15).
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One of the major drawbacks to the use of a BCC mouse lung infection model is
rapid bacterial clearing. A preliminary test was performed to determine if a BCC
strain grown on an artificial sputum medium could be maintained within the lung
for a longer duration (because it has already upregulated the genes required for
survival within the lung) than the same strain grown on a non-specific laboratory
medium. This was a time-course study, comparing the K56-2 concentration

within the mouse lungs when grown in either % LB broth or ASMDM broth.

Materials and Methods

Bacterial preparation
The strain used, B. cenocepacia K56-2, is the same strain used that was used in
the mouse model described earlier. When cultured for mouse infection, K56-2
was grown aerobically in % LB broth at 30°C for 16 h with shaking to an optical
density of approximately 2.0. After growth the cells were centrifuged at 5000
rpm for 10 min and resuspended in gHBSS (Sigma Aldrich) to the starting volume.
The final concentration of K56-2 grown in % LB delivered to the mice was

approximately 7.8x10% CFU/mL.

ASMDM was prepared as described by Fung et al. (15) with one modification.
The antibiotics added to the original preparation were omitted because broth
contamination was not a concern. When cultured for mouse infection, K56-2

was grown aerobically in ASMDM broth at 30°C for 36 h with shaking to an
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optical density of approximately 2.0. After growth the cells were prepared the
same way as the % LB grown cells. The final concentration delivered to the mice

was approximately 5.99x10° CFU/mL.

Mouse Model
The mouse model used in this study was the same as described previously, with
two modifications. First, phage were not delivered to the mice, as this study was
performed to determine the bacterial persistence within the lung. Second, a
fourth endpoint was added at seven days post-infection to determine if the K56-

2 was able to persist within the lungs for twice as long as the usual test duration.

Results and Discussion

The bacterial lung concentration appeared to differ between mice that were
infected with K56-2 grown in % LB broth and ASMDM broth (Figure 30). The
ASMDM-grown K56-2 appeared to persist at a higher concentration within the
lungs for the first three days of the test, while the % LB-grown K56-2
concentration decreased more rapidly. Regardless, within one week post-

infection the bacterial titres were similar for all mice.
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Figure 30. A box and whisker plot depicting the bacterial concentration in
mouse lungs after aerosol exposure to K56-2 grown in either % LB (blue boxes)
or ASMDM (red boxes). The outer box lines indicate the first and third quartile
of the data set, the centre box line indicates the median and the whiskers mark
the maximum and minimum values of the data set. The mean is indicated by a
black diamond. Samples were obtained the same day as exposure as well as
one, three and seven days after exposure. The number of mice in each group is
noted across the bottom of the x-axis.

One of the difficulties with this test was accurately comparing the two test
conditions. The exposure titre for the two groups could not be determined until
two days after the bacterial exposure was completed because colonies require
48 h incubation before they can be counted. Therefore, the starting bacterial
titre could not be normalised to be the same for both test groups outside of

maintaining a similar ODgqg for both cultures. In an effort to compare the two
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exposure groups more accurately the bacterial lung concentration throughout
the test duration was compared as a percentage of the original bacterial lung
concentration (Figure 31). When the decrease in bacterial lung concentration
calculated as a percent decrease of the original concentration, the K56-2 grown
in ASMDM appears to persist at a higher concentration within the mice in
comparison to K56-2 grown in % LB until three days post-infection. By one week
after infection only minimal K56-2 concentrations are found in either mouse

group.

Although growth in ASMDM does not appear to enable the K56-2 to persist
within the mouse lung for longer than K56-2 grown in a generic medium, it still
appears that this may be useful for maintaining a higher bacterial load within the
lungs. One of the difficulties with the current aerosol phage therapy mouse
model is that the bacteria are rapidly cleared from the lung, even if the mice are
immunocompromised. However, the model only extends for three days post-
infection and this may be a useful method of maintaining a higher bacterial load
throughout a test, thereby better highlighting the significant difference in

bacterial load between mock- and phage-treated mice.
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Figure 31. The percentage of the original bacterial concentration remaining in

mouse lungs after aerosol exposure to K56-2 grown in either % LB (blue dashed
line) or ASMDM (red solid line).

Although this test appears promising, it has only been performed once. In the
future this study should be repeated in order to determine if there is any
statistical validity to the data. Provided that this trend is repeatable, the growth

of a BCC host on ASMDM should be incorporated into the aerosol phage therapy

mouse model in order to determine if it allows higher bacterial concentrations to

be maintained in the lungs of mock-treated mice while still allowing the

reduction in bacterial load of phage-treated mice.

106



Bibliography

1. Alemayehu D, Casey PG, McAuliffe O, Guinane CM, Martin JG, Shanahan F,
Coffey A, Ross RP, Hill C. 2012. Bacteriophages phiMR299-2 and phiNH-4 can
eliminate Pseudomonas aeruginosa in the murine lung and on cystic fibrosis lung
airway cells. MBio. 3:e00029-12.

2. Biswas B, Adhya S, Washart P, Paul B, Trostel AN, Powell B, Carlton R, Merril
CR. 2002. Bacteriophage therapy rescues mice bacteremic from a clinical isolate
of vancomycin-resistant Enterococcus faecium. Infect. Immun. 70:204-210.

3. Bradbury J. 2004. "My enemy's enemy is my friend" - Using phages to fight
bacteria. Lancet. 363:624-625.

4. Bruttin A, and Brussow H. 2005. Human volunteers receiving Escherichia coli
phage T4 orally: a safety test of phage therapy. Antimicrobial Agents Chemother.
49:2874-2878.

5. Burkholder WH. 1950. Sour skin, a bacterial rot of onion bulbs. Phytopathol.
40:115-117.

6. Capparelli R, Parlato M, Borriello G, Salvatore P, lannelli D. 2007.
Experimental phage therapy against Staphylococcus aureus in mice.
Antimicrobial Agents Chemother. 51:2765-2773.

7. Carmody LA, Gill JJ, Summer EJ, Sajjan US, Gonzalez CF, Young RF, LiPuma JJ.
2010. Efficacy of bacteriophage therapy in a model of Burkholderia cenocepacia
pulmonary infection. J. Infect. Dis. 201:264-271.

8. Cerveny KE, DePaola A, . Duckworth DH, Gulig PA. 2002. Phage therapy of
local and systemic disease caused by Vibrio vulnificus in iron-dextran-treated
mice. Infect. Immun. 70:6251-6262.

9. Chattoraj SS, Murthy R, Ganesan S, Goldberg JB, Zhao Y, Hershenson MB,
Sajjan US. 2010. Pseudomonas aeruginosa alginate promotes Burkholderia
cenocepacia persistence in cystic fibrosis transmembrane conductance regulator
knockout mice. Infect. Immun. 78:984-993.

10. Chu KK, Davidson DJ, Halsey TK, Chung JW, Speert DP. 2002. Differential

persistence among genomovars of the Burkholderia cepacia complex in a murine
model of pulmonary infection. Infect. Immun. 70:2715-2720.

107



11. Chu KK, MacDonald KL, Davidson DJ, Speert DP. 2004. Persistence of
Burkholderia multivorans within the pulmonary macrophage in the murine lung.
Infect. Immun. 72:6142-6147.

12. Darling P, Chan M, Cox AD, Sokol PA. 1998. Siderophore production by cystic
fibrosis isolates of Burkholderia cepacia. Infect. Immun. 66:874-877.

13. Debarbieux L, Leduc D, Maura D, Morello E, Criscuolo A, Grossi O, Balloy V,
Touqui L. 2010. Bacteriophages can treat and prevent Pseudomonas aeruginosa
lung infections. J. Infect. Dis. 201:1096-1104.

14. d'Herelle F. 1917. An invisible antagonist microbe of dysentery bacillus. C. R.
Acad. Sci. 165:373-375.

15. Fung C, Naughton S, Turnbull L, Tingpej P, Rose B, Arthur J, Hu H, Harmer C,
Harbour C, Hassett DJ, Whitchurch CB, Manos J. 2010. Gene expression of
Pseudomonas aeruginosa in a mucin-containing synthetic growth medium
mimicking cystic fibrosis lung sputum. J. Med. Microbiol. 59:1089-1100.

16. Garsevanishvili Tl. 1974. Certain methodological aspects of the use of
inhalation of a polyvalent bacteriophage in the treatment of pneumonia of
young children. Pediatriya - Zhurnal Im G. N. Speranskogo. 53:65-66.

17. Golshahi L, Seed KD, Dennis JJ, Finlay WH. 2008. Toward modern
inhalational bacteriophage therapy: nebulization of bacteriophages of
Burkholderia cepacia complex. J. Aerosol Med. Pulm. Drug Deliv. 21:351-360.

18. Golshahi L, Lynch KH, Dennis JJ, Finlay WH. 2011. In vitro lung delivery of
bacteriophages KS4-M and OKZ using dry powder inhalers for treatment of
Burkholderia cepacia complex and Pseudomonas aeruginosa infections in cystic
fibrosis. J. Appl. Microbiol. 110:106-117.

19. Grissa |, Vergnaud G, Pourcel C. 2007. The CRISPRdb database and tools to
display CRISPRs and to generate dictionaries of spacers and repeats. BMC
Bioinform. 8:172.

20. Halperin SA, Heifetz SA, Kasina A. 1988. Experimental respiratory infection
with Bordetella pertussis in mice: Comparison of two methods. Clin. Invest. Med.

11:297-303.

21. Harrison N. 2010. KS4-M: Idenifying the reason for liquid clearing. Biol. 499.
University of Alberta, Edmonton, Canada.

108



22. Harrison F. 2007. Microbial ecology of the cystic fibrosis lung. Microbiology.
153:917-923.

23. Hauser AR, Jain M, Bar-Meir M, McColley SA. 2011. Clinical Significance of
Microbial Infection and Adaptation in Cystic Fibrosis. Clin. Microbiol. Rev. 24:29-
70.

24. Heslop K, and Harkawat R. 2000. Nebulizer therapy from a practical
perspective. Eur. Respir. Rev. 10:213-215.

25. Hoeflmayr J. 1963. Inhalation therapy using bacteriophages in therapy-
resistant infections. Army Biological Labs Frederick, MD. http://www.dtic.mil/cgi-
bin/GetTRDoc?Location=U2&doc=GetTRDoc.pdf&AD=AD0837021.

26. Holden MTG, Seth-Smith HMB, Crossman LC, Sebaihia M, Bentley SD,
Cerdeno-Tarraga AM, Thomson NR, Bason N, Quail MA, Sharp S, Cherevach |,
Churcher C, Goodhead I, Hauser H, Holroyd N, Mungall K, Scott P, Walker D,
White B, Rose H, Iversen P, Mil-Homens D, Rocha EPC, Fialho AM, Baldwin A,
Dowson C, Barrell BG, Govan JR, Vandamme P, Hart CA, Mahenthiralingam E,
Parkhill J. 2009. The genome of Burkholderia cenocepacia 12315, an epidemic
pathogen of cystic fibrosis patients. J. Bacteriol. 91:261-277.

27. Horvath P, and Barrangou R. 2010. CRISPR/Cas, the immune system of
Bacteria and Archaea. Science. 327:167-170.

28. Huff WE, Huff GR, Rath NC, Balog JM, Donoghue AM. 2002. Prevention of
Escherichia coli infection in broiler chickens with a bacteriophage aerosol spray.
Poult. Sci. 81:1486-1491.

29. Isles A, Maclusky I, Corey M. 1984. Pseudomonas cepacia infection in cystic
fibrosis: An emerging problem. J. Pediatr. 104:206-210.

30. Johnson RP, Gyles CL, Huff WE, Ojha S, Huff GR, Rath NC, Donoghue AM.
2008. Bacteriophages for prophylaxis and therapy in cattle, poultry and pigs.
Anim. Health Res. Rev. 9:201-215.

31. Johnston Jr. RB. 2001. Clinical aspects of chronic granulomatous disease.
Curr. Opin. Hematol. 8:17-22.

32. Kirchner S, Fothergill JL, Wright EA, James CE, Mowat E, Winstanley C. 2012.
Use of artificial sputum medium to test antibiotic efficacy against Pseudomonas
aeruginosa in conditions more relevant to the cystic fibrosis lung. J. Vis. Exp.
64:1-8.

109



33. Kropinski AM. 2006. Phage therapy - Everything old is new again. Can. J.
Infect. Dis. Med. Microbiol. 17:297-306.

34. Kumari S, Harjai K, Chhibber S. 2009. Efficacy of bacteriophage treatment in
murine burn wound infection induced by Klebsiella pneumoniae. ) Microbiol
Biotechnol. 19:622-628.

35. Kutateladze M, and Adamia R. 2008. Phage therapy experience at the Eliava
Institute. Med. Mal. Infect. 38:426-430.

36. Langley R, Kenna DT, Vandamme P, Ure R, Govan JRW. 2003. Lysogeny and
bacteriophage host range within the Burkholderia cepacia complex. J. Med.
Microbiol. 52:483-490.

37. Lessie TG, Hendrickson W, Manning BD, Devereux R. 1996. Genomic
complexity and plasticity of Burkholderia cepacia. FEMS Microbiol. Lett. 144:117-
128.

38. Levin BR, and Bull JJ. 2004. Population and evolutionary dynamics of phage
therapy. Nat Rev Microbiol. 2:166-173.

39. Lewenza S, Visser MB, Sokol PA. 2002. Interspecies communication between
Burkholderia cepacia and Pseudomonas aeruginosa. Can. J. Microbiol. 48:707-
716.

40. Lewin C, Doherty C, Govan J. 1993. /n vitro activities of meropenem, PD
127391, PD 131628, ceftazidime, chloramphenicol, co-trimoxazole, and
ciprofloxacin against Pseudomonas cepacia. Antimicrobial Agents Chemother.
37:123-125.

41. Lipuma JJ, Dasen SE, Nielson DW, Stern RC, Stull TL. 1990. Person-to-person
transmission of Pseudomonas cepacia between patients with cystic fibrosis.
Lancet. 336:1094-1096.

42. Lii J-, Wang X, Marin-Muller C, Wang H, Lin PH, Yao Q, Chen C. 2009. Current
advances in research and clinical applications of PLGA-based nanotechnology.
Expert Rev. Mol. Diagn. 9:325-341.

43. Lynch KH, Seed KD, Stothard P, Dennis JJ. 2010. Inactivation of Burkholderia
cepacia complex phage KS9 gp41 identifies the phage repressor and generates
lytic virions. J. Virol. 84:1276-1288.

44. Lynch KH, Stothard P, Dennis JJ. 2010. Genomic analysis and relatedness of
P2-like phages of the Burkholderia cepacia complex. BMC Genomics. 11:599.

110



45. Lynch KH, and Dennis JJ. 2012. Cangene gold medal award lecture - Genomic
analysis and modification of Burkholderia cepacia complex bacteriophages. Can.
J. Microbiol. 58:221-235.

46. Lynch KH, Stothard P, Dennis JJ. 2012. Characterization of DC1, a broad-host-
range Bcep22-like podovirus. Appl. Environ. Microbiol. 78:889-891.

47. Mahenthiralingam E, Coenye T, Chung JW, Speert DP, Govan JRW, Taylor P,
Vandamme P. 2000. Diagnostically and experimentally useful panel of strains
from the Burkholderia cepacia complex. J. Clin. Microbiol. 38:910-913.

48. Matinkhoo S, Lynch KH, Dennis JJ, Finlay WH, Vehring R. 2011. Spray-dried
respirable powders containing bacteriophages for the treatment of pulmonary
infections. J. Pharm. Sci. 100:5197-5205.

49. Mattey M, and Spencer J. 2008. Bacteriophage therapy - cooked goose or
Phoenix rising? Curr. Opin. Biotechnol. 19:608-612.

50. McKenney D, Brown KE, Allison DG. 1995. Influence of Pseudomonas
aeruginosa exoproducts on virulence factor production in Burkholderia cepacia:
Evidence of interspecies communication. J. Bacteriol. 177:6989-6992.

51. McVay CS, Velasquez M, Fralick JA. 2007. Phage therapy of Pseudomonas
aeruginosa infection in a mouse burn wound model. Antimicrobial Agents
Chemother. 51:1934-1938.

52. Merabishvili M, Pirnay J-, Verbeken G, Chanishvili N, Tediashvili M, Lashkhi
N, Glonti T, Krylov V, Mast J, Van Parys L, Lavigne R, Volckaert G, Mattheus W,
Verween G, De Corte P, Rose T, Jennes S, Zizi M, De Vos D, Vaneechoutte M.
2009. Quality-controlled small-scale production of a well-defined bacteriophage
cocktail for use in human clinical trials. PLoS ONE. 4:1-10.

53. Merril C, Scholl D, Adhya S. 2003. The prospect for bacteriophage therapy in
Western medicine. Nat. Rev. Drug Discov. 2:489-497.

54. Miller MA, Stabenow JM, Parvathareddy J, Wodowski AJ, Fabrizio TP, Bina
XR, Zalduondo L, Bina JE. 2012. Visualization of murine intranasal dosing
efficiency using luminescent Francisella tularensis: effect of instillation volume
and form of anesthesia. PLoS One. 7:e31359.

55. Morello E, Saussereau E, Maura D, Huerre M, Touqui L, Debarbieux L. 2011.

Pulmonary bacteriophage therapy on Pseudomonas aeruginosa cystic fibrosis
strains: First steps towards treatment and prevention. PLoS ONE. 6:e16963.

111



56. Nadithe V, Rahamatalla M, Finlay WH, Mercer JR, Samuel J. 2003.
Evaluation of nose-only aerosol inhalation chamber and comparison of
experimental results with mathematical simulation of aerosol deposition in
mouse lungs. J. Pharm. Sci. 92:1066-1076.

57. Newman SP, and Busse WW. 2002. Evolution of dry powder inhaler design,
formulation, and performance. Respir. Med. 96:293-304.

58. Nzula S, Vandamme P, Govan JRW. 2000. Sensitivity of the Burkholderia
cepacia complex and Pseudomonas aeruginosa to transducing bacteriophages.
FEMS Immunol. Med. Microbiol. 28:307-312.

59. Papaleo MC, Perrin E, Maida I, Fondi M, Fani R, Vandamme P. 2010.
Identification of species of the Burkholderia cepacia complex by sequence
analysis of the hisA gene. J. Med. Microbiol. 59:1163-1170.

60. Parke JL, and Gurian-Sherman D. 2001. Diversity of the Burkholderia cepacia
complex and implications for risk assessment of biological control strains. Annu.
Rev. Phytopathol. 39:225-258.

61. Paul VD, Sundarrajan S, Rajagopalan SS, Hariharan S, Kempashanaiah N,
Padmanabhan S, Sriram B, Ramachandran J. 2011. Lysis-deficient phages as
novel therapeutic agents for controlling bacterial infection. BMC Microbiol.
11:195-203.

62. Payne RJH, and Jansen VAA. 2003. Pharmacokinetic principles of
bacteriophage therapy. Clin. Pharmacokinet. 42:315-325.

63. Peltier J. 2011. Excel Box and Whisker Diagrams (Box Plots). Peltier Tech.
http://peltiertech.com/WordPress/excel-box-and-whisker-diagrams-box-plots/.

64. Prince A. 1986. Antibiotic resistance of Pseudomonas species. J. Pediatr.
108:830-834.

65. Promega Corp. 2006. DNA isolation from lambda lysates using the Wizard
DNA clean-up system.
http://www.promega.com/resources/articles/pubhub/enotes/dna-isolation-
from-lambda-lysates-using-the-wizard-dna-cleanup-system/.

66. Puapermpoonsiri U, Spencer J, van der Walle CF. 2009. A freeze-dried

formulation of bacteriophage encapsulated in biodegradable microspheres. Eur J
Pharm Biopharm. 72:26-33.

112



67. Rakhuba DV, Kolomiets El, Szwajcer Dey E, Novik Gl. 2010. Bacteriophage
receptors, mechanisms of phage adsorption and penetration into the host cell.
Pol. J. Microbiol. 59:145-155.

68. Reik R, Spilker T, Lipuma JJ. 2005. Distribution of Burkholderia cepacia
complex species among isolates recovered from persons with or without cystic
fibrosis. J. Clin. Microbiol. 43:2926-2928.

69. Rhoads DD, Wolcott RD, Kuskowski MA, Wolcott BM, Ward LS, Sulakvelidze
A. 2009. Bacteriophage therapy of venous leg ulcers in humans: results of a
phase | safety trial. J. Wound Care. 18:237-238, 240-243.

70. Routier SJM. 2010. DC1, a podoviridae with a putative cepacian
depolymerase enzyme. M.Sc. Thesis. University of Alberta, Edmonton, Canada.

71. Ryley HC, and Doull UM. 2003. Burkholderia cepacia complex infection in
patients with cystic fibrosis: laboratory investigations, epidemiology and clinical
management. Rev. Med. Microbiol. 14:15-24.

72. Saiman L, Cacalano G, Prince A. 1990. Pseudomonas cepacia adherence to
respiratory epithelial cells is enhanced by Pseudomonas aeruginosa. Infect.
Immun. 58:2578-2584.

73. Seed KD, and Dennis JJ. 2005. Isolation and characterization of
bacteriophages of the Burkholderia cepacia complex. FEMS Microbiol. Lett.
251:273-280.

74. Seed KD, and Dennis JJ. 2008. Development of Galleria mellonella as an
alternative infection model for the Burkholderia cepacia complex. Infect. Immun.
76:1267-1275.

75. Seed KD, and Dennis JJ. 2009. Experimental bacteriophage therapy increases
survival of Galleria mellonella larvae infected with clinically relevant strains of
the Burkholderia cepacia complex. Antimicrob. Agents Chemother. 53:2205-
2208.

76. Simpson IN, Finlay J, Winstanley DJ, Dewhurst N, Nelson JW, Butler SL,
Govan JRW. 1994. Multi-resistance isolates possessing characteristics of both
Burkholderia (Pseudomonas) cepacia and Burkholderia gladioli from patients
with cystic fibrosis. J. Antimicrob. Chemother. 34:353-361.

77. Skurnik M, and Strauch E. 2006. Phage therapy: Facts and fiction. Int ] Med
Microbiol. 296:5-14.

113



78. Smith HW, and Huggins MB. 1983. Effectiveness of phages in treating
experimental Escherichia coli diarhoea in calves, piglets and lambs. J. Gen.
Microbiol. 129:2659-2675.

79. Smrekar F, Ciringer M, Peterka M, Podgornik A, Strancar A. 2008.
Purification and concentration of bacteriophage T4 using monolithic
chromatographic supports. J Chromatogr B Analyt Technol Biomed Life Sci.
861:177-180.

80. Southam DS, Dolovich M, O'Byrne PM, Inman MD. 2002. Distribution of
intranasal instillations in mice: effects of volume, time, body position, and
anesthesia. Am. J. Physiol. Lung Cell. Mol. Physiol. 282:1.833-9.

81. Speert DP, Henry D, Vandamme P, Corey M, Mahenthiralingam E. 2002.
Epidemiology of Burkholderia cepacia complex in patients with cystic fibrosis,
Canada. Emerg. Infect. Dis. 8:181-187.

82. Sriramulu DD, Liinsdorf H, Lam JS, Rémling U. 2005. Microcolony formation:
A novel biofilm model of Pseudomonas aeruginosa for the cystic fibrosis lung. J.
Med. Microbiol. 54:667-676.

83. Sulakvelidze A, and Morris JG. 2001. Bacteriophages as therapeutic agents.
Ann. Med. 33:507-509.

84. Summer EJ, Gonzalez CF, Carlisle T, Mebane LM, Cass AM, Savva CG, LiPuma
JJ, Young R. 2004. Burkholderia cenocepacia phage BcepMu and a family of Mu-
like phages encoding potential pathogenesis factors. J. Mol. Biol. 340:49-65.

85. Telko MJ, and Hickey AlJ. 2005. Dry powder inhaler formulation. Respir. Care.
50:1209-1227.

86. Thorsson L, and Geller D. 2005. Factors guiding the choice of delivery device
for inhaled corticosteroids in the long-term management of stable asthma and

COPD: Focus on budesonide. Respir. Med. 99:836-849.

87. Twort FW. 1915. An investigation on the nature of ultra-microscopic viruses.
Lancet. 2:1241-1243.

88. Vehring R. 2008. Pharmaceutical particle engineering via spray drying.
Pharm. Res. 25:999-1022.

89. Wright A, Hawkins CH, Anggard EE, Harper DR. 2009. A controlled clinical
trial of a therapeutic bacteriophage preparation in chronic otitis due to

114



antibiotic-resistant Pseudomonas aeruginosa; A preliminary report of efficacy.
Clin. Otolaryngol. 34:349-357.

90. Zahid MSH, Udden SMN, Faruque ASG, Calderwood SB, Mekalanos JJ,
Faruque SM. 2008. Effect of phage on the infectivity of Vibrio cholerae and
emergence of genetic variants. Infect. Immun. 76:5266-5273.

91. Zimecki M, Artym J, Kocieba M, Weber-Dabrowska B, Lusiak-Szelachowska
M, Gorski A. 2008. The concerted action of lactoferrin and bacteriophages in the

clearance of bacteria in sublethally infected mice. Postepy Hig Med Dosw
(Online). 62:42-46.

115



