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ABSTRACT

The ability of lytic phages to rapidly kill and lyse infected bacteria,
the specificity of phages for particular bacteria, and the ability of
phages to incrcase in number during the infection process make
phages excellent potential diagnostic and therapeutic agents for
fighting bacterial disease. However, temperate phages are of little
use in phage diagnostics and therapy.
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INTRODUCTION

Bacterial phages, or simply phages, are viruses that infect a variety of
Gram-negative bacteria using pili as receptors. Phages have been catego-
rized into 12 families and a number of genera based on their morphology,
the type of nucleic acids, nucleic acid homology, and serology.!"! Only a
few phages represent cubic, filamentous, or pleomorphic morphology.
The ability of a phage to infect is determined largely by surface receptors,
which do not necessarily correspond to the phylogenic grouping of

" bacteria. Based on their life styles, phages can be divided into two
groups: the virulent phages capable of only lytic propagation, and the
temperate phages capable of either lytic or lysogenic propagation. The
virulent life cycle of lytic phages comnsists of infection of the host,
replication of the phage genome, production of phage structural
components, phage assembly, and release of the progeny phages. This
last step usually, but not always (e.g., filamentous phages f1 and M13 of
E. coli), involves phage-induced lysis of the host cell and release of
hundreds of progeny phage. This process can occur in as little as
15min. The -progeny phage can then continue the cycle by infecting
other bacterial cells. In contrast to virulent phages, in temperate phages
the genome exists as a prophage resulting in co-existence of phage and
the host bacterial cell indefinitely. Usually this is achieved by integration
of the phage genome into the host bacterium’s chromosome by a
site-specific integration mechanism.

DIAGNOSTIC APPLICATIONS

There has been much recent interest in the use of phages as a tool to
aid in the detection of foodborne, and clinical bacterial pathogens.
Indeed, this tool also has applications to monitor post-treatment ufility
of phage or conventional antibiotic treatment. In this regard, an
abundance of approaches centered on phages are currently being
investigated as indicated by the fullness of the literature. For the purposes
of this review we will focus briefly overview the breadth of approaches
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which cover phages as lytic agents, detection of inhibition of metabolism
and growth, phages as staining agents. The remainder of the review will
focus on the transducing activities of phages (e.g., reporter gene).

Detection of Intracellular Components
Released During Phage Lysis

This approach has focused on phages capable of specifically lysing
groups of microorganisms, Very simply, the lysis of bacterial cells by
phage will result in release of intracellular materials that can be assayed
using a variety of techniques. The method that has received the greatest
attention is the use of the firefly luciferase/luciferin enzyme system to
detect intracellular ATP released following lysis of bacterial cells by
phage. The concentration of ATP in the assay is directly proportional to
the quantlty of light produced by the luciferase/luciferin reaction.”* In
order to improve sensitivity Squirrell and Murphy!* suggested measuring
the amount of released adenylate kinase (AK) as a means to monitor phage
lysis. In the presence ‘of excess amounts of ADP the equilibrium of the
reaction could be shifted towards the anabolism of ATP, which may then
be assayed using the ATP bioluminescence assay described above. Other
intracellular constituents can also be used to monitor phage-mediated cell
lysis: release of B-galactomdasem the endolysins (enzymes produced as late
gene products during phage replication in order to release progeny phage
from the bacterial cell) have been used to specifically lyse bacterial cells;
this is known as a lysis from within.!! The continued characterization of
phage lytic enzymes will not only greatly enhance our knowledge of the
molecnlar action of such enzymes, but, as well, will increase their
applicability in other areds of microbiology. In addition, they offer
potential as anti-microbial agents to eliminate pathogens in the food
industry and in medical applications.

Detection Based or Inhibition of Metabolism and Grewth

As lytic agents, phage infection results in the death of cells. A number
of methodologies are available to monitor metabolic activity and
microbial growth of microbial populations. These include electrical
impedance,®™® conductance,”! turbidimetry, and colorimetry.*” What
these methods have in common, and what has primarily limited their
application for pathogen detection in foods, is that they rely on differential
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or selective media to identify pathogens. Generally they are not capable of
differentiating to the species level, and can also be affected by the growth
of contaminating microorganisms associated with the background
microflora of foods, resulting in false-positive detections.

Detection of Phage Particles

Following cell lysis by phage, several tens or hundreds of phage
particles are released. This natural amplification cycle has formed the
basis of several methods of bacterial detection. The so-called ‘phage
amplification assay’ has been applied for the rapid detection and
identification of .specific pathogenic bacteria.l'” In common with other
phage-based detection methods, resistance to a particular phage is the
. most likely problem associated with this approach, but the use of
cocktails of phages can circumvent this problem: In a modification of
the phage amplification assay, Favrin et al.'’ used immuno-magnetic
separation (IMS) to remove infected cells from the suspension containing
exogenous phage. Numerous other methods have been described for the
detection of amplified phage and these include: HPLC,!'*!3 MALDI-
TOF,M™ love wave sensors,' quartz crystal microbalance sensors,!®!
and immunoassays.'” To facilitate these assays it would be desirable
to produce a reagent based on immobilized phage that could be used
in much the same way as IMS. The Sapphu‘c lytic phage from
Amersham International has been evaluated in a novel immobilized
capture method for the separation and concentration of Salmonella
strains by Bennett et al.l'® In order to improve the efficiency of capture,
Sun et aL'! investigated covalent binding of phage to paramagnetic
beads using the biotin-streptavidin reaction. Effective methods for
immobilization of phage will lead to one-step assays incorporating cell
concentration and detection.

Phage as Staining Agents

Fluorescent stains have been reported as a useful accessory to the use
of phage probes, as a means of labeling phage nucleic acid within
infected cells. Sanders et al.”™ reported the use of two fluorescent dyes,
chromomycin A3 (CA3) and Hoechst 33258 (H33258), to bind and label
G-C- and A-T-rich regions, respectively, of phage T4 DNA present inside
infected E. coli cells. Fluorescent labeling.of nucleic acid packaged within
the virus head has also been used to directly count viruses in
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samples from freshwater and marine environments using epifiuorescence
microscopy.?** Labeling of phage DNA has been adapted to enable
fluorescent detection of E. coli 0157:H7.123-24

Phage as Transducing_ Agents: The Reporter Phage Approach

There has been much recent interest in the use of reporter phages as a
tool to aid in the detection of foodborne, and clinical bacterial pathogens.
Indeed, this tool also has applications to monitor post-treatment utility
of phage or conventional antibiotic treatment. The reporter phage
concept provides a sensitive method for bacterial detection and sensitivity
to antimicrobial agents. The key elements of this approach include:
bacterial and eukaryotic luciferases, the ice nucleation protein, and
the E.coli-galactosidase reporter genes. In addition, examples that
demonstrate the usefulness of reporter phage as tools to detect foodborne
bacterial contamination will be discussed.

The reporter phage concept provides a sensitive method for bacterial
detection and sensitivity to antimicrobial agents. The key elements of this
approach include: bacterial and eukaryotic luciferases, the ice nucleation
protein, and the E, coli-galactosidase reporter genes. In this technology,
DNA carrying a reporter gene is introduced into a target bacterium via a
phage. Once the reporter gene has been introduced to the bacterium, it is
expressed, thereby allowing bacterial cells to be rapidly identified. Since
phbages need host cells to replicate, the phages will remain “dark™ (i.e., the
reporter gene will not be expressed until the phage DNA has been injected
into the host). Therefore, expression of the reporter gene is indicative of
the presence of the infected organism. To this juncture, the reporter genes
employed in this system are the prokaryotic, and eukaryotic luciferase (lux
and. luc) genes, the bacterial ice nucleation (inaW) gene, and the E. coli-
galactosidase (lacZ) genel*>2™ To date, reporter phages have been
developed that can detect E. coli, Mycobacteria, Salmonella spp.,
Staphylococcus aureus, and Listeria monocytogenes.m"m Several reviews
have described some of the work accomplished with Zux* phage mediated
detection of bacteria.’234

Luciferase Reporter Systems: Prokaryotic Luciferase
The majority of transducing phage detection assays have employed

the bioluminescence (fux and luc) genes as the reporter system. The many
species of luminescent bacteria that have been studied include the
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marine bacteria Vibrio harveyi, Vibrio fischeri, Photobacterium spp. and
the terrestrial bacterium Photorhabdus luminescens.P The detection
system to be applicable requires several components, which combined,
elicit the bioluminescent reaction to occur. These include an oxidant
(usually O;) a protein catalyst (luciferase), a substrate 9ucﬂeﬁn), a
cofactor (FMN or ATP), a cation, and an ancillary protein.*® The light
emitting reaction involves an intracellular luciferase-catalyzed oxidation
of the reduced form of flavin mononucleotide (FMNH,) and a long chain
aliphatic aldehyde (RCHO), such as dodecanal, by molecular
oxygen 34371

Luciferase Reporter Systems: Eukaryotic Luciferase

The single polypeptide /uc gene, encoding a 62 kDa luciferase from the
North American firefly Photinus pyralis, has been cloned and expressed in
E. coli.®® The luciferase of P. pyralis emits in the yellow-green range, with
peak emission at 560 nm, while other eukaryotic organisms, including
different firefly species and click beetles, produce light ranging from
green (547 nm) to red (604 nm). The production of light in the /uc-based
bioluminescence system occurs when adenosine triphosphate (ATP),
reacts with the heterocyclic carboxylic acid, luciferin, in the presence of
molecular dioxygen (O,). The reaction is catalyzed by the firefly enzyme
luciferase and produces a highly efficient flash of light, with an estimated
quantum yield of 0.88, which is more efficient than the light generated by
bacterial luciferase.®” The fact that Juc based bioluminescence systems
produce a flash of light is a disadvantage in bacterial detection systems;
however the use of Coenzyme A could prolong the half-life of light to
10 min, LucLite™, is a series of reagents developed to specifically improve
the light output of /uc-based reactions to over 5 h, with the production of a
glow type light signal®! Additionally, it has been shown that a single
serine to threonine substitution at position 198 of the /uc polypeptide
chain results in an enzyme with a 150-fold increase in half-time for light
emission decay.!*!]

Luciferase Applications

Ulitzur and Barak®” first showed that phages carrying a reporter
gene could be used to detect microorganisms. These researchers
engineered phage A Charon 30, with the Jux genes from Vibrio fischeri.
Using the ux™ phage, it was possible to detect between 10 and 100 E. coli
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cells/ml of milk or urine, within one hour. Since then, reporter phage
assays have been developed that are capable of detecting several
pathogenic food-borme microorganisms (e.g., E.coli O157:H7%%:
Salmonella spp™; Listeria monocytogenes™ Campylobacter™). This
technology provides sensitivity, specificity, and timeliness into the
foodborne pathogen detection arena. For example, with a 6k pre-
incubation, 10 CFU/mL of Saimonella in original broth culture were
detectable, The detection system also allowed Salmonella to be detected
in whole eggs by the direct addition of the recombinant phages into the
eggs. After 24 h of incubation, as few as 10 CFU/egg could be detected,
thereby offering the ability to not only detect bacterial contamination in
whole eggs, but also to determine its location.” Luminescence could be
detected using a variety of imstruments, including a photon-counting
charge-coupled device (CCD).camera, a luminometer, or X-ray film.

Indirect Detection Applications

As an alternative to the assay of bacterial pathogens, microbial
contamination can also be identified via the detection of indicator bac-
teria. By definition, these are microorganisms present in significant num-
bers within a food, which, while not pathogenic, can be related through
increasing count to the increasing probability of pathogen
contamination, Kodikara et al*! have endeavored to explore the use
of lux™ recombinant phage for detecting enteric indicator bacteria. The
assay is simple and short; the evaluation of indicator strains in less than
1 h can be accomplished. However, while this is a simple and effective
approach to detecting enteric indicator bacteria, at present, it constitutes
only a prototype assay, since a different enteric flora might require
additional phage constructs with different host ranges.*”! Several
groups - used luciferase-tagged bacteria to monitor environmental
contamination 6!

Applications iz the Medical Setting

Reporter phages may help to reduce the time required for establish-
ing antibiotic sensitivity of M. tuberculosis from weeks to days, which
would accelerate screening for new anti-tuberculosis drugs.*! In the
presence of an antibiotic to which the host cell is sensitive, the infecting
phage cannot complete its Iytic cycle, and the amount of light emitted is
therefore reduced, or abolished.”*”! The majority of reporter phage testing
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to determine antibiotic susceptibility has centered on the Mycobacteria.
Jacobs et al.*! proposed the use of a recombinant reporter mycobacter-
iophage carrying a firefly luciferase reporter gene (Jux™ phage L5:FFlux)
as a tool for the rapid determination of M. tuberculosis drug suscepti-
bilities. In this research, mutants of M. bovis BCG were sclected that were
resistant to rifampicin, streptomycin, or isoniazid. The resulis established
that L5:FFlux is very efficient at revealing the patterns of drug
susceptibility or resistance of M. tuberculosis strains,®" and other
researchers have shown that L5:FFlux can also determine the antibiotic
susceptibility profile of other Mycobacteria.’*>%
In brief, diagnostic technologies based on lytic phages offer rapid, -

reliable, and sensitive methods for the detection of specific food borne
pathogens. Despite this, these technologies have not been widely accepted.
One reason for this may be the fact that it is difficult to genetically modify
- phages, which has bacterial hosts that have not been genetically character-
‘ized. Hopefully, as the genetic sequences of more bacteria are determined,
these technologies will become popular. Another potential problem is the
fact that an individual phage may not possess the host range required to
detect all isolates of g bacterial species. Therefore, it will be necessary to
modify the host ranges of the phages used, or employ a cocktail of phages
in order to develop a reporter assay that will be able to detect the desired
target bacteria. The potential for a revolution in microbial testing can be
discerned with the near on-line detection of food borne microorganisms.
By defining the microorganisms present in significant numbers within a
food, it will be possible, using Iytic phages, to relate increasing bacterial
counts to the increased probability of pathogen contamination.

THERAPEUTIC APPLICATIONS

Phage therapy was widely used around the world in the 1930s and
1940s, and it is still used in Eastern Europe and the former Soviet
Union. Actually, the first report of a possible therapeutic effect of
phages was published in 1917 by Felix d’Herelle.** Phage therapy was
all but abandoned in the West after antibiotics became widely available.
Moreover, early work on phage therapy was impeded by several factors
based on: (a) the insufficient knowledge of the nature, diversity, and high
specificity of phages; (b) the presence of toxins in crude phage lysate; (c) a
lack of appreciation for the capacity of mammalian host defense systems,
particularly the organs of the reticuloendothelial system, to remove phage
particles from the circulation; and (d) the highly inadequate scientific
methodologies used by practitioners at the time (e.g., their failure to



Applications of Lytic Phages 3249

conduct placebo-controlled studies, to remove endotoxins from the
preparations, and to re-confirm phage viability after adding sterilizing
agents to the preparations).

In recent years, and in order to-approach phage therapy more
rigorously than is possible with human studies, well-controlled animal
models were used. These studies have demonstrated that phages can
rescue animals from a variety of fatal infections. In the 1980s, Smith
et al®%%8 performed phage treatment experiments on mice, calves,
lambs, and piglets. In mice, phage treatment prevented death and caused
a rapid reduction in the number of bacteria in all tissues examined. The
only phage-resistant bacterial mutants that arose were K1- and thus were
of low virulence. Interestingly, phage treatment was more effective than
multiple doses of antibacterials. The same group also demonstrated that
spraying the bedding in barns with phage could prevent disease in calves.
Similar results were also demonstrated in piglets. 601 Smith et al. suggested
that by isolating phages that recognize different receptors on host bacteria
and by selecting for mutant phages in the laboratory that have altered their
receptor-binding activity, it should be possible to generate phages that will
continue to be effective against spontaneously occurring phage-resistant
bacteria.

In the 1990s, Barrow et aL.!'®%! applied phage therapy to chickens and
calves and Soothill®? worked with guinea pigs and mice, while Ramesh
et al, treated animals with ileocecitis caused by C. difficile.™ Barrow
et al.l®%! reported success using phages to prevent salmonellosis in
chickens in challenge studies where the animals were inoculated orally
with Salmonella typhimurium and death was the end point. Oral treatment
before (2 days before challenge) or at the same time as challenge provided
protection from death, demonstrating the prophylactic and therapeutic
use of phages. Findings such as these are encouraging to producers and
processors who are searching for ways to reduce food borne bacteria, such
as Salmonella and Campylobacter, in their products. While traditional
treatment strategies are irnportant in maintaining the health of livestock,
it should also be recognized that the focus on food safety issues has become
an important factorin developing novel and specific approaches in dealing
with pathogens. In that regard a major target for this technology
is to manage bacterial load in a manner as to reduce serendipitous
“shedding” (e.g., Salmonella spp, Campylobacter spp., E. coli O157:H7)
that occurs and associated with shipping and handling of livestock en route
to slaughter.

At Biophage, we also worked with piglets’™! and confirmed earlier
observations of the potential use of phages in treating E. coli infections in
newborn piglets. In our studies treatment of piglets with phage BP64
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against a challenge with the Q64 E. coli strain resulted in a substantial
decrease in the severity and duration of diarrhea (Fig. 1) and an increase
in weight gain (Fig. 2) due to E. coli challenge, in comparison with piglets
which had been challenged with the E. coli strain but not treated with the
phage (Fig. 1). Furthermore, there was a reduced colonization of the
ileum by O64 E. coli strain, a greatly reduced fecal excretion of the
challenge strain, (Fig. 3). This reduced fecal excretion was observed
immediately within the first day following treatment of piglets. The
specificity of treatment was reflected in the observation that the total
number of E. coli excreted in the feces of piglets up to 5 days following
treatment remained constant (Fig. 4).

The potential for phages to control infection and disease without the
use of antibiotics is important in terms of antibiotic resistance. Overuse of
certain antibiotics may be responsible for their reduced effectiveness in
treating disease, in both animals and humans. The powerful utility of
phages in. traditional treatment applications seems to be overlooked
and wrongly viewed as a crude alternative to the use of antibiotics. In
a comparative study with Gentamycin conducted at our facilities, a single
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treatment of an isolated and highly characterized naturally occurring
phage was shown to substantially decrease the severity and duration of
diarrhea as compared with a regimen of Gentamycin injections.
Moreover, phage treatment resulted in lower fecal exeretion of -the
challenge E. coli-O64 strain while treatment with Geéntamycin resulted
in' a shightly ‘lower fecal excretion than-that observed: for. treatment
with' the 'phage. Treatment with phage did not affect the total-number
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of E. coli excreted in the feces of piglets up to 7 days following treatment,
whereas treatment with Gentamycin result in a slight decrease in the total
number of E. coli excreted in the feces of piglets up to 5 days following
treatment. Results such as these demonstrate the utility and specificity of
phage treatment as compared to antibiotic application.

At NIH, Carl Merrill et aL.’*%¢! developed a serial-passage technique
in mice to select for phage mutants able to remain in the circulatory
system for longer periods of time. By this approach they isolated
long-circulating mutants of Escherichia coli phage A and of Saelmonella
typhimurium phage P22 and demonstrated that the long-circulating A
mutants also have greater capability as antibacterial agents than the
corresponding parental strain in animals infected with lethal doses of
bacteria.[®¥ More recently, the same group reported on the ability of
bacterial viruses to rescuc mice challenged with Vancomycin-Resistant
Enterococci (VRE).! Matsuzaki et al.l”! demonstrated similar results
using phages to treat animals infected with methicillin-resistant
Staphylocoecus aureus. Phages were also capable-of treating antibiotic-
resistant intracellilar pathogens Broxmeyer et al.[®! recently described a
system using Mycobacterium smegmatis, an avirulent mycobacterium, to
deliver the lytic phage TM4 where both M. avium and M, tuberculosis
reside within macrophages.

In aquaculture (reviewed by Nakai and Park{®™), recent studies have
shown that phages can be used to treat bacterial diseases in fish®*"? and
oysters.[”™ Reported results of ficld trials indicate the potential for phage
control of gram-negative bacterial disease in fish and oysters. In aqui-
culture, Flaherty et al.’ reported on the potential application of phage
therapy for the treatment of bacterial blight of geranium!’¥ and bacterial
spots in tomatoes.” Leverentz and Conway'® also investigated the
potential of phage to reduce pathogens on fruifs and vegetables- both
whole and fresh-cut. They found that Salmonella-specific phages reduced
Salmorella populations by approximately 3.5logs on honeydew melon
slices stored at 5-10°C and by approximately 2.5logs on slices stored at
20°C, which is greater than the maximal amount achieved using chemical

In brief, these encouraging data have demonstrated that phages
can be highly effective in treating many different types of bacterial
infections. The lethality and specificity of phages for particular bacteria,
the ability of phages to replicate within infected animal hosts, and the
safety of phages make them efficacious antibacterial agents. When
combined with the fact that drug-resistant bacteria have become a
global crisis, these results have created a window .of opportunity for
phage therapy to be tested anew, this time using modern technologies
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and placebo-controlled designs. The opportunities in both animal and
human. bealth are limitless not only from the perspective of treating
infection but also from, the perspective of food safety and the need to
be prepared for threats of bio warfare. Although there are still several
hurdles to be overcome, it appears likely that phage therapy will regain a
role in both medical and veterinary treatment of infectious diseases,
especially in the scenario of emerging antibacterial resistance. For the
future, there is unique opportunity to combine the diagnostic and
therapeutic applications into a dynamic approach in detecting and
treating pathogens with high selectivity including those pathogens that
are antibiotic resistant,
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