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Chapter 1
Overview of Bacteriophage Lifecycles
and Applications

1 Introduction

Bacteriophages (phages) are well-established bacteria-specific viruses whose dis-
covery is credited to the independent and nearly simultaneous works of Twort
(1915) and d’Hérelle (1917) (Summers 1999) in the early 20th century. Each of the
researchers characterized phages as the pathogens of bacteria following the hint of
much phage-like phenomena from the 19th and 20th centuries. The late 1930s and
early 1940s represented the most significant era for phage research and its impact
on biological research (Abedon and Thomas-Abedon 2010), including the research
by the “Phage Group”. This group included the work of Max Delbrück and other
highly notable geneticists, including James Watson and Francis Crick (Abedon
2012a). The group quickly established that phage could be used for the treatment of
bacterial infections, since called “phage therapy”, and were so named.
“Bacteriophage” translates to “bacteria eaters”.

While phage biology and the study of phage genetics were of interest, it was
phage therapy that and its antibacterial potential that was the primary driver for
phage research (Hanlon 2007; Summers 2001). Phage therapy however, failed to
match the anticipation of its initially envisioned potential, particularly in a time
when the phage themselves were poorly characterized, and the approach was
thwarted in favour of small molecules in the Western World in the 1950s
(Kropinski 2006; Summers 2001).

Although phage-based therapeutics did not meet the expectations of their initial
interest, they have played a crucial role in the study of genetics and molecular
biology (Henry and Debarbieux 2012), including contributions to the understanding
of organisms much more complex than the phage themselves (Campbell 2003;
Goodridge 2010). As such, the study of phage may have actually set the stage for its
own demise in medicine.
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There has been a strong resurfacing of interest in phage beyond the field of
phage therapy and particularly, in phage-based technologies (Citorik et al. 2014;
Henry and Debarbieux 2012). Phages offer great potential and impact in the food
and agriculture, biotechnology, global nutrient cycling, and human health and
disease industries. Furthermore, advances in genetics, bacteriology and synthetic
biology have opened many opportunities to further phage-based therapeutics. This
chapter provides an overview of phage biology and genetics as the governing
principles necessary for the consideration of phage toward phage-based medical
applications discussed in this book.

2 Phage Infection and Life-Cycle

Phage infection begins when the virion attaches to its host cell (adsorption) as part
of the multi-step process of infection. This is shortly followed by the translocation
of phage DNA into the host cell and subsequent expression of the phage genome
within the host (Abedon 2012b; Samson et al. 2013). The aftermath of phage
infection will depend on the phage, the host, and the circumstances of infection.

Successful adsorption will result in one of four circumstances: (i) the phage lives
and replicates to form progeny and the host dies via lytic infection; (ii) both the
phage and the host bacterium live and propagate, as seen with lysogeny, imparted
by the lysogenic cycle of temperate bacteriophages; (iii) The phage dies and/or does
not produce progeny and the host lives, a typical result of infection of hosts
encoding restriction endonuclease (Labrie et al. 2010) and/or CRISPR/cas systems
(Jiang and Doudna 2015); and (iv) both the phage and the host die as a result of
abortive infection system(s) (Olszowska-Zaremba et al. 2012).

2.1 Lytic Phage

Most phage undergo lytic phage infection cycles whereby daughter progeny are
produced and released at the expense of host cell lysis and death. These are con-
sidered “productive infections” where infections quickly lead to the release of viral
progeny. Once the viral genome enters the host cell, phage-encoded genes are
expressed in the bacterial cytoplasm, the functions of which, take over host bac-
terial metabolism (Young 2014). Infecting phages then enter a latent period during
which phage particles are assembled and, once a threshold number of virions are
produced, phage gene products “holin” and “lysin” (for classical double-stranded
DNA phages) are responsible for the destruction of the host cell wall and subse-
quent release of the phage progeny to the extracellular matrix and neighboring cells
(Abedon 2012a; Olszowska-Zaremba et al. 2012; Young 2014).
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2.2 Temperate Phage

Bacteriophages that possess the ability to be stably harbored within their host as a
prophage, thereby lysogenizing the host, are referred to as temperate. Temperate
phages have the ability to switch between the lytic and lysogenic cycles, often
existing as a prophage integrated into the host chromosome, but possessing the
capacity to enter the lytic cycle in response to host and/or other external danger
signals (typically the host SOS response) (Mardanov and Ravin 2007; Roberts and
Devoret 1983).

Lysogenic cycles are characterized by two features: (i) the prophage is replicated
sufficiently to permit daughter host cells to inherit at least one copy of the phage’s
DNA; and (ii) infections are not productive in that no structural virions are pro-
duced, but rather replication occurs vertically in tandem with host replication and
division. While integration is perhaps a more common route of lysogeny, a
prophage can manifest extra-chromosomally as a stable low copy plasmid that is
not integrated into the host genome. Integration requires an integrase, which binds
homologous segments of phage and bacterial DNA, resulting in site-specific
recombination (Abedon 2012a).

The switch from a lysogenic cycle to productive infection, or lytic cycle, is
known as induction or derepression. Prior to induction the phage will only produce
proteins needed to maintain lysogeny, normally a repressor(s), necessary to prevent
expression of all genes involved in the virus’s vegetative growth, but also capable
to trigger induction upon receiving the appropriate host/environmental signal(s)
(Mardanov and Ravin 2007; Roberts and Devoret 1983).

3 Phage Infection Stages

3.1 Phage Entry

Bacteriophage infection begins when the particle adsorbs to a specific surface or
appendage site(s) on a bacterial host cell. This initial recognition process is highly
specific and typically involves the specific interaction of a binding ligand as some
structural component of the phage with a corresponding receptor(s) on the host cell.
Phages of gram-negative bacteria may recognize the polysaccharide moieties (e.g.
phage T4) and/or outer membrane proteins (e.g. phage λ, T4) (Gaidelyte et al. 2006;
Morita et al. 2002; Randall-Hazelbauer and Schwartz 1973). Gram-positive phages
normally attach to the cell surface polysaccharides of the host (Valyasevi et al.
1990) and once a phage adsorbs, phage DNA translocates into the host cytoplasm
where phage gene expression and replication may then occur.
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3.2 DNA Replication

Viral gene expression ensues once the phage genome has entered its host cell
(Abedon and Thomas-Abedon 2010). The phage genes will typically encode the
capacity to harvest the host and exploit its metabolism to express its own genes. The
specifics of phage DNA replication and the expression of the DNA products depend
on the phage infecting the cell and the conditions surrounding the infection,
including the species and attributes of the host cell (Mcnerney et al. 2004). The
phage genome will typically code for assembly products for the production of
phage progeny and for the amplification of its own genome.

3.3 Phage Assembly

Bacteriophages have served as model systems of viral assembly for the last
half-century. Similar to phage DNA replication, the formation of phage particles
and their individual structures will differ with each phage strain. However, despite
extensive genetic diversity between phage genomes, similarities remain in structure
and viral life cycle between bacterial viruses. These viral particles are essentially
made up of two components: nucleic acid and a protein shell or capsid. Formation
of the particles requires specific protein-protein and protein-nucleic acid interac-
tions in addition to a well-established set of conformational changes resulting from
each of these interactions, all of which are specific to the phage strain type (Aksyuk
and Rossmann 2011). Examples from each of the major classes of phage (by
nucleic acid genome), dsDNA, ssDNA, and ssRNA phage are described below in
terms of phage assembly:

3.3.1 Tailed (dsDNA) Phages

All tailed bacteriophages’ host ranges are determined by the specialized tail orga-
nelle. Despite a number of distinct strategies, most phages contain cell binding
receptor proteins that bind host cells and trigger DNA release from the head. Phages
with tails are from the Caudoviridae family and can be characterized by tail mor-
phology as either short tails (Podoviridae), long non-contractile tails (Siphoviridae)
or long contractile tails (Myoviridae) (Abedon 2012a; Ackermann 2003). Tailed
phages follow several distinct steps for phage assembly: (i) assembly of a prohead,
or the shell of capsid protein with a portal allowing for (ii) the packaging of DNA
using ATP energy, (iii) maturation of proheads and (iv) attachment of the neck and
tail proteins or a preassembled tail (Ackermann 2007).
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3.3.2 ssDNA Phages

Filamentous phages from the Inoviridae family, including M13, fd and f1, are male
(F plasmid)-specific ssDNA phages and represent some of the simplest viral entities
on earth. Filamentous phages assemble into rods from five different structural
proteins, the length of which is proportional to the size of the genome. Generally,
the proteinaceous helical rod consists of approximately 2700 copies of the major
capsid protein with pentamers of pIII and pVI on one end and pVII and pIX on the
other (Abedon 2012a; Ackermann 2003).

3.3.3 ssRNA Phages

Single-stranded RNA phages from the Leviviridae family include phages MS2, f2
and ΦCb5. In this morphological group, the highly specific Leviviridae capsid is
characterized by ninety dimers of the capsid protein arranged into an icosahedral
lattice. The virions also assemble with a maturation protein on the capsid to mediate
phage attachment and the phage genome is packaged inside the capsid upon mat-
uration (Aksyuk and Rossmann 2011).

While phages have been classified according to morphology it is important to
note that inter- and intra-genic modules of information can be combined to per-
petually generate new “species” of phage due to co-infection and recombination. As
such, phages that share structural similarity may be comprised of vastly different
genetic systems for propagation and sustainability.

4 Hurdles for Phage-Based Therapeutics

The small-size, genetic malleability and ease of production of bacteriophages make
them ideal candidates for many biotechnological applications. However, no ther-
apeutic has ever been produced without a limitation(s) and phage are no exception.
Perhaps one of the major obstacles facing the use of phages for clinical applications
is the perception of viruses to the public as “enemies of life” thus imparting a lack
of enthusiasm towards phage-based therapeutics (Merabishvili et al. 2009). This
issue is further complicated by the documented previous failures in phage-based
therapeutics, where phages were used unsuccessfully as antimicrobial agents—an
outcome related much more to the lack of understanding of the phage themselves
rather than the potential of the technology.

Two critical points in the use of phage-based therapeutics are necessary to address
in order to make a substantial impact in the field: (1) improving passaging capacity to
create long-circulating phage that can evade the mammalian immune systems; and
(2) generating efficiencies in phage scale-up and manufacturing processes.

Phages are quickly removed from a mammalian host by the reticuloendothelial
system (RES), a part of the innate mammalian immune system (Lu and Koeris 2011).
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New drug delivery technologies, including polymer-based coatings have been
shown to enhance phage uptake and reduce phage inactivation/clearing by the RES
(Goodridge 2010; Lu and Koeris 2011). In vitro/in vivo evolution of phages could
also be used to produce nanoparticles with enhanced properties, including decreased
clearance by the host immune system (Merril et al. 1996; see Chap. 7 for further
discussion on phage immune responses and immunomodulation).

Issues with phage immunity are further complicated by the phage manufacturing
and isolation processes. While phage manufacturing has reached a sophistication
level worthy of clinical grade products (Merabishvili et al. 2009; Strój et al. 1999;
Tanji et al. 2004), isolating phages from their bacterial hosts is convoluted by the
presence of endotoxins and pyrogens that are released during phage-induced lysis
(Lu and Koeris 2011). As such, there is currently a dearth of well defined and safe
manufacturing protocols (Merabishvili et al. 2009) to form safe and stable for-
mulations (Lu and Koeris 2011). Merabishvili et al. (2009) were the first to suc-
cessfully demonstrate a small-scale, laboratory-based production and application of
bacteriophage cocktails system to overcome some of the prevailing issues associ-
ated with the efficiency of phage isolation and purification—most notably, the use
of a commercially available endotoxin removal kit able to attain efficient purity
needed for a European clinical trial (Merabishvili et al. 2009). This group, among
others, have addressed these issues (Górski et al. 2005; Yacoby and Benhar 2008),
though standard manufacturing procedures are still in demand and are required
before phage-based therapeutics can be marketable as legitimate biologics.
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Chapter 2
Phage for Biocontrol

Abstract Bacteriophage (phage) therapy, or the therapeutic use of phage for the
treatment of bacterial diseases, is a classical approach that was originally disregarded
due to inconsistent results and with the advent of antibiotic drugs. However, with a
greater understanding of phage biology and the pressing need for new and inno-
vative antimicrobial strategies to challenge the ever-increasing prevalence of
multidrug-resistant bacterial pathogens, phage therapy is seen to have great potential
for reintroduction as antimicrobial strategy, although not without many limitations.
In this chapter, by pointing out the limitations of native bacteriophage (phage)
therapy, engineered phage-based bactericidal delivery vehicles will be introduced as
a treatment approach for the biocontrol of a variety of important pathogens. Such an
efficient approach would be suitable for concurrent treatment with standard antibi-
otics and possibly become a suitable replacement. The bacterial infections to be
considered will include those due to: Escherichia coli, Staphylococcus aureus,
Chlamydia trachomatis, Pseudomonas aeruginosa, and Helicobacter pylori. The
pathogens will be described along with the efficiency of the phage-based methods to
be investigated.

1 Introduction

One of the most concerning problems in therapeutic medicine today is the emer-
gence of multi-drug resistant bacteria and fungi (Sulakvelidze et al. 2011). Bacterial
infections are among the most prevalent causes of illness and mortality in clinical
settings (Georgiev 2009). The increase of immunosuppressed patients in the present
era results in more serious diseases and prolonged hospitalizations with bacterial
pathogens (Sulakvelidze et al. 2011; Lu and Collins 2009). Moreover, new
antibiotics are not being produced at a sufficient rate to replace the previous
medicines which are less effective (Coates and Hu 2007; Kutateladze and Adamia
2010). The economic burden of antibiotic resistance is continuously increasing and
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is currently exceeding an estimated 55 billion dollars annually in the United States
alone (Smith and Coast 2013). Additionally, the potential cost of the future
development of drug resistance is still unknown. Therefore, adequate attention and
the devotion of resources devoted towards resolving the problem of antibiotic-
resistant bacteria is one of the first priorities in modern medicine (Sulakvelidze et al.
2011).

Bacteriophages are among the most well studied and abundant organisms on the
planet (Clokie et al. 2011). They are distinguished as viral entities that exclusively
infect bacterial cells and are composed of a DNA or an RNA genome surrounded
by a protein coat. There are two typical phage growth cycles: lytic and non-lytic
(Petty et al. 2007), both of which use the host bacterium as a source for their own
replication (for a full description about phage types and cycles, refer to Chap. 1:
Phage Basics). Considering that phage have a natural capacity to target, expo-
nentially replicate within, and kill their bacterial hosts, they have been deemed a
considerable potential option in treatment of bacterial infections (Merril et al.
2003).

Phage therapy can be defined as the therapeutic use of bacteriophage to cure
bacterial infections. The history of the usage of bacteriophage therapy for bacterial
infections in humans is extensive and dates back to initial studies in this field, as
early as 1919 when the co-discoverer of the bacteriophage Felix d’Herelle sug-
gested the use of phage for the treatment of bacterial-induced diarrhoea (Brüssow
2005). Phage-based therapies were sold by American pharmaceutical companies in
the 1930s and were used by soldiers in the Second World War to fight off dysentery
(Brüssow 2005). The use of phage therapy in the West was thwarted by the
invention and practical application of antibiotics for the treatment of bacterial
infections (Matsuzaki et al. 2005). However, phage therapy continues to be a
common treatment method in the Soviet Union where a number of companies,
namely Microgen Inc., sell a long list of different phage cocktails due to a shortage
of antibiotics (Hagens et al. 2004; Alisky et al. 1998; Hanlon 2007). Recently, the
increasing rate of emergence of multi-drug-resistant bacteria has motivated medical
scientists to reconsider phage therapy as a therapeutic option for bacterial infections
that are not treatable by conventional antibiotic therapy (Matsuzaki et al. 2005).
Even though it is unlikely that antibiotics will be replaced by phages in near future,
they offer a great alternative for treatment of drug-resistant pathogens either as
monotherapy or in combination with other antibiotics (Kutateladze and Adamia
2010; Smith and Huggins 1982; Kutter et al. 2010).

As a result of problems encountered in using the native phages for treatment of
infectious disease, scientists have recently presented the idea of creating genetically
modified phages with high killing efficiencies (Hagens et al. 2004). In this chapter
we will describe using genetically modified bacteriophage, herein referred to as
recombinant phage, for the treatment of bacterial infections. Furthermore, new
applications using engineered phages for treatment of drug addictions such as that
for cocaine will be briefly discussed.
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2 The Importance of Using Recombinant Phage

The past use of native phages for the treatment of bacterial pathogens has not been
without its difficulties and consequences, and the stigma arising from these diffi-
culties has led to a false understanding about the potential of phage-based thera-
peutics (Brüssow 2012). With our current understanding of phage properties and
genetics, the limitations of phage therapy using lytic phages can be circumvented
with the use of recombinant phages, with their distinct set of properties, for the
effective treatment of bacterial diseases. In this section, some of the limitations of
native phages will be discussed as well as the alternatives that recombinant phage
can offer.

Lysis of bacterial cells, normally associated with lytic phage, will result in the
disintegration of cell wall components and consequently the release of endotoxin,
typically resulting in inflammation and seen as circulatory shock or sepsis in treated
subjects (Paul et al. 2011; Matsuda et al. 2005). To address this limitation, delivery
agents for lethal cargoes have been designed using phage-based in vivo packaging
systems to create a lysis-deficient phage and/or non-replicative phage that will have
bactericidal activity without destroying the cell wall (Goodridge 2010). This system
benefits from being able to selectively kill the target cell without releasing the cell
contents, which could potentially cause sepsis or release the intracellular toxin that
has been delivered. Methods for developing lethal delivery agents may be based on
the elimination of the lysis genes from otherwise lytic phage or may use phages that
are intrinsically lysis-deficient (Goodridge 2010).

Hagens and Blasi (2003) evaluated a recombinant M13 filamentous phage
encoding lethal proteins for killing bacteria without host-cell lysis. Bacterial sur-
vival was determined after infection of a growing Escherichia coli culture with
bacteriophage M13 that encoded either the restriction endonuclease BglII (phage
M13R) gene or two modified phage λ S holin genes. Infection of bacteria with
either of the recombinant phage led to a high killing efficiency, notably 99.9 % of
the host cells were killed within 6 h after treatment with the phage expressing
restriction endonuclease BglII (Hagens and Blasi 2003). Furthermore, all treatments
succeeded in leaving the host cells intact. Bacterial growth did however resume
between 2 and 3 h following infection due to the emergence of phage-resistant
mutants (Hagens and Blasi 2003).

In another study by Hagens et al. (2004) engineered non-replicating, non-lytic
phages were used to treat Pseudomonas aeruginosa. The modified phage killed the
bacterial pathogen with minimal release of the host endotoxin (Hagens et al. 2004). It
also has been found that modified lysis-deficient Staphylococcal phages are efficient
in killing of methicillin-resistant S. aureus without inducing lysis (Paul et al. 2011).
In another study, Matsuda et al. (2005) used a modified E. coli phage (t amber A3 T4)
that was genetically altered to contain a mutation in the holin gene, which prevented
lysis of the bacterial cells after infection. The phages were able to effectively infect
and replicate within the host bacterial cells; however, their inability to lyse the cells
prevented liberation of potentially dangerous endotoxins. The bacterial cells were
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killed, but remained intact. This phage treatment was demonstrated to improve
survival using a murine peritonitis model (Matsuda et al. 2005).

The limited bacteriophage host range is another limitation of phage therapy that
should be considered. Each phage species will typically have a very limited and
specific host range, in that they can only target one species and even in some cases
one single strain of bacteria. Therefore, developing modified phages with an
expanded host range through the means of synthetic biology is an important priority
in the field. Evidence for the value of expanding the phage host range can be seen in
the research from Timothy Lu’s lab at MIT (Lu and Collins 2009), including an
initial study that involved the grafting the gene 3 protein (g3p) of one filamentous
bacteriophage (Ike) to another (Fd), thereby extending the filamentous phage host
range. (Ike and Fd are two similar filamentous bacteriophages that target their host
by attaching to the pili on host surface membranes. Fd infects bacteria bearing F
pili, while Ike infects bacteria bearing N or I pili). In this study the recombinant
phage was able to infect bacteria bearing either N or F pili (Lu and Collins 2009).

A further challenge is that phage therapy typically results in a bacterial resistance,
often within hours in vitro, to the phages. There is an ever-continuing arms race
between phage infection and bacterial resistance to phages, where bacteria have
established immunity mechanisms as crucial survival phenotypes. These phenotypes
include but not limited to: preventing phage absorption (Labrie et al. 2010; Samson
et al. 2013), blocking phage DNA entry (Labrie et al. 2010; Samson et al. 2013),
restriction-modification systems (Labrie et al. 2010; Samson et al. 2013), the
CRISPR/Cas system (Hatoum-Aslan and Marraffini 2014; Deveau et al. 2010), and
abortive infection systems (Labrie et al. 2010; Samson et al. 2013; Amati 1961).
Therefore, new techniques are needed to reduce the rate of phage resistance. One of
these techniques can be to combine the phage with antibiotics (Lu and Koeris 2011).
The use of ‘phage cocktails’ and/or cycling between different phage treatments is
another strategy, as well as specifically considering disrupting the phage-resistance
mechanisms while designing the engineered phage (Goodridge 2010).

3 Recombinant Phage for the Treatment of Bacterial
Infections

The exponential growth of antibiotic resistance has encouraged researchers to find
alternative modalities for treatment of bacterial infections. Pathogens showed
resistance to penicillin as early as the 1940s and this became clinically significant
leading into the 1960s (Alisky et al. 1998). Currently, there are many pathogens that
show resistance not only to penicillin but also to third-generation cephalosporin and
even vancomycin (Alisky et al. 1998). Lytic phage therapy has been shown to be
effective in treatment of drug-resistant pathogens, at least in uncontrolled clinical
studies (Brüssow 2012; Goodridge 2010). In this Section, different studies that
employ recombinant phages for the treatment of specific bacterial infections will be
discussed.
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3.1 Escherichia coli (E. coli)

E. coli, a gram-negative bacillus, is considered one of the important health concerns
in the Western world. An example of this organism (E. coli O157:H7) which is the
most common and most studied member of this group was identified as the cau-
sative agent of two outbreaks of bloody diarrheal syndrome in 1982 (Griffin and
Tauxe 1991; Rangel et al. 2005). E. coli and its relatives can cause an impressive
range of diseases. In general, the pathogens can be described as gram-negative
bacilli, facultative aerobes and members of the Enterobacteriaceae family. They
make up a substantial portion of the human colonic flora, and develop there as early
as a few hours after birth (Nataro and Kaper 1998). E. coli is typically
non-pathogenic when confined to the lumen of the gastrointestinal tract; however,
certain strains of this species cause human disease when introduced to other areas of
the body. There are many different strains, each with a different clinical outcome.
Some strains are considered more pathogenic than others, although most are cap-
able of causing disease, especially in immunocompromised hosts. E. coli is the
predominant culprit in illnesses such as urinary tract infection (UTI) (Karlowsky
et al. 2002). Management of these diseases is complicated by drug-resistant
infections. Fluoroquinolone and trimethoprim-sulfamethoxasole resistance limit
outpatient treatment while cephalosporin resistance limits inpatient treatment
(Johnson et al. 2010).

It has been demonstrated that suppressing SOS network (a global response to
DNA damage in which the cell cycle is arrested and DNA repair and mutagenesis
are induced) in E. coli using engineered M13 bacteriophage heightened quinolone
efficiency by several orders of magnitude in vitro. SOS network task is repairing the
DNA damage (Echols 1981). To disrupt the SOS response, the lexA 3 SOS sup-
pressing gene was inserted into the phage genome. Moreover, treatment of infected
mice with modified phage plus the fluoroquinolone antibiotic Ofloxacin, signifi-
cantly increased their survival compared to unmodified phage plus antibiotic or no
phage plus antibiotic. The level of antibiotic-resistant cells was dramatically
reduced with the engineered phage. According to this study, the use of phage in
combination with antibiotics could decrease antibiotic-resistant mutants that come
from the bacterial population exposed to bactericidal agents (Lu and Collins 2009).

Though this is a unique technique for manipulating bacteriophage targeting the
SOS network, which is a beneficial pathway in E. coli, could weaken the bacteria
harboring the phage (Lu and Collins 2009; Citorik et al. 2014). Following this
study, Edgar et al. introduced a system using genetically-engineered phage in order
to reverse the pathogen’s antibiotic resistance (Edgar et al. 2012). E. coli mutants
resistant to streptomycin due to mutations in the rpsl gene were isolated and
transformed with plasmids containing wild type (WT) rpsl. The delivery of WT
rpsL gene to the streptomycin-resistant E. coli made the mutants significantly more
sensitive (approximately a 10-fold increase in bactericidal activity) to this antibi-
otic. Furthermore, the group was also able to produce an increase in the bactericidal
activity of streptomycin on the rpsL mutants through lysogenization with an
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engineered bacteriophage lambda (λ) strain modified to carry rpsL gene. To
establish whether the system is expandable to other antibiotics, phage λ was
engineered to contain wild-type copies of gyrA, then lysogenized with nalidixic
acid-resistant bacteria. The recombinant phage was able to restore the E. coli strain
sensitivity to the nalidixic acid antibiotic. According to this study, the proposed
system may be practical for treatment of difficult drug resistant bacterial infections
(Edgar et al. 2012).

In another study, Westwater et al. (2003) added Gef and ChpBk toxins to the M13
phagemid system to investigate the possibility of using phage as a lethal-agent
delivery vehicle. The bacterial loads were reduced by several orders of magnitude
both in vitro and in vivo in mice models infected by E. coli following the
phage-mediated delivery of bactericidal agents. This technology may open new
doors in treatment of multi-drug resistant bacterial pathogens (Westwater et al. 2003).

3.2 Staphylococcus aureus (S. aureus)

S. aureus is one of the main causes of hospital- and community-acquired disease
(Hiramatsu et al. 2001). The organism has readily developed resistance against
therapeutic agents used over the past 50 years. Methicillin-resistant Staphylococcus
aureus (MRSA) is the most notable example of this phenomenon and was dis-
covered in 1961 (Hiramatsu et al. 2001). MRSA is now a frequent culprit of skin
and soft tissue infections in the United States (Klevens et al. 2007). In hospitalized
patients, MRSA infections are correlated with longer hospitalization, increased
mortality and morbidity, and higher expenses (Klevens et al. 2007). The emergence
of multi-drug resistant S. aureus has motivated the re-evaluation of phage therapy
for this pathogen.

Recently, it has been shown that a recombinant lysis-deficient S. aureus phage
P954 could rescue immunocompromised mice infected by MRSA without lysing
bacterial cells and releasing endotoxin (Paul et al. 2011). Bacteriophage P954 is a
temperate phage that was amplified in S. aureus strain RN4220. In order to construct
the new plasmid, the native endolysin gene was replaced with an endolysin gene
disrupted by the chloramphenicol acetyl transferase (CAT) gene. Induction of the
parent plasmid with mitomycin resulted in cell lysis while the endolysin-deficient
phage P954 did not lyse. The bactericidal activities of parent and recombinant
plasmids were comparable and the host range was the same (Paul et al. 2011).

3.3 Chlamydia trachomatis

Chlamydia trachomatis (CT) is an obligate intracellular pathogen which is respon-
sible for genital tract infections in young sexually active women (Somani et al. 2000;
Bébéar and de Barbeyrac 2009; Dean et al. 2000). Recently, it has been indicated that
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chronic asymptomatic chlamydial infections can cause infertility in women (Somani
et al. 2000). A high rate of recurrence of chlamydial infections is common in a
sexually active population and has been associated with the development of
antibiotic-resistant organisms (Bébéar and de Barbeyrac 2009; Somani et al. 2000).
The treatment of CT by conventional phage is challenging, because of its intracel-
lular nature. To overcome this problem, Bhattarai et al. (2012) engineered a M13
phage to express integrin-binding peptide Arg-Gly-Asp (RGD), which is a eukary-
otic adhesion motif, to facilitate internalization of the phage into the cells. Moreover,
CT peptide (polymorphic membrane protein D) was added to RGD-M13 to interfere
with CT infection. In this study, the modified phage reduced the CT infection sig-
nificantly in primary endocervical cells compared to CT infection alone. The engi-
neered M13 phage enhanced cellular internalization and could be considered as a
new modality for treatment of CT infection and other sexually transmitted disease
(Bhattarai et al. 2012).

3.4 Pseudomonas aeruginosa (PA)

P. aeruginosa (PA) is a common, gram-negative, opportunistic pathogen that is
found to be the culprit in many challenging infections in the airways, epithelium
and blood systems. As PA is common in immunocompromised and hospitalized
patients, it would be ideal to have a treatment strategy that comes with minimal
negative health outcomes to the patient (Hilf et al. 1989; Dzuliashvili et al. 2007).

In one study for treatment of P. aeruginosa infection, genetically modified
non-replicating, non-lytic phage were produced (Hagens et al. 2004). The PA fil-
amentous phage (Pf3) was armed through recombinant DNA technology with the
Bg1II restriction endonuclease gene. The recombinant pf3 phage (Pf3R) was able to
significantly reduce PA infection in mice with minimum release of endotoxin,
showing good potential for this recombinant phage technology (Hagens et al.
2004). Treatment of infected mice by P. aeruginosa with three times the minimal
lethal dose (MLD) of either Pf3R or replicating lytic phage resulted in a cure of
mice in both cases. In spite of that, when mice were challenged by 5 times the
MLD, the survival rate of Pf3R treatment was significantly higher than that of mice
treated by lytic phage therapy. This might be due to a reduced inflammatory
response in Pf3R-treated mice compared to mice treated by lytic phage. This study
demonstrates that treatment of experimental bacterial infection by non-replicative
phage can be as effective as replicative phage. Moreover, the use of non-replicative
phage would give us the opportunity to specify the therapeutic phage dose, which is
not feasible by replicative phage as they increase exponentially (Hagens et al.
2004).
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3.5 Helicobacter pylori (H. pylori)

Helicobacter pylori infection is one of the most common pathogens associated with
gastritis and both gastric and duodenal ulcers. H. pylori has also been connected
with mucosa-associated lymphoid tissue (MALT) lymphomas, which have been
linked with gastric cancer. Antibiotics currently remain the antibacterial therapeutic
choice for H. pylori infections; however, there is a need for new and improved
strategies (Cao et al. 2000). Cao et al. (2000) have shown that infection by the
recombinant ScFv-expressing phage reduced the concentration of all six strains of
H. pylori in vitro. Moreover, phage treatment of mice infected with H. pylori results
in a significant decrease in bacterial colonization in the gastric mucosa. To produce
this phage, H. pylori-antigen-single-chain variable fragments were extracted from
murine hybridomas secreting monoclonal antibodies and then expressed as a fusion
protein on a filamentous M13 phage (Cao et al. 2000). According to this data,
engineered bacteriophages have a good potential in treatment of H. pylori and other
bacterial pathogens.

4 Phage as Drug Delivery Vehicles for the Treatment
of Bacterial Infections

In nanobiotechnology, bacteriophages have been exploited as the gene-delivery
cargo for the transfer of gene into mammalian cells since the original identification
of internalized phages from libraries of phage-displayed peptide. Recent studies
have demonstrated that phage can be a good potential carrier of cytotoxic drugs to
apply against both cancer cells and bacterial infections (Yacoby and Benhar 2008;
Bar et al. 2008). In one study, filamentous bacteriophages were genetically modi-
fied to display P8 coat protein molecule on their surface while chloramphenicol was
attached to the bacteriophage through chemical conjugation. Then, the phages were
targeted to attach to S. aureus bacteria. The results show a retardation of growth of
S. aureus following treatment with the chloramphenicol-conjugated S. aureus tar-
geted phages in comparison to S. aureus treated by phages without the cytotoxic
drug. In this study the reduction in bacterial growth was not significant because of
hydrophobicity of the chloramphenicol, which results in an irreversible precipita-
tion with conjugation of more than 3000 chloramphenicol molecules. To address
this limitation, Yacoby and Benhar (2008) applied aminoglycoside antibiotics as a
solubility-enhancing linker to connect the hydrophobic drug (i.e. Chloramphenicol)
to the phage. The ability of targeted drug-carrying phages to inhibit the growth of
methicillin-resistant Staphylococcus, Streptococcus pyogenes, and pathogenic
E. coli O15787 were tested and complete growth inhibition was obtained (Yacoby
and Benhar 2008; Yacoby et al. 2006). To assess the effect of the drug-carrying
phages on animals, mice were injected with the recombinant phage. Neomycin-
chloramphenicol (Neo-CAM) phages have shown low toxicity in vivo. Moreover,
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Neo-CAM carrying phages were less immunogenic in comparison to native
unconjugated phage particles (Vaks and Benhar 2011). Targeted drug-delivery may
open up new ways in treatment of resistant bacterial pathogens. Furthermore, some
potent bactericidal agents are inefficient due to lack of selectivity and this can be
solved by targeted therapy (Yacoby et al. 2006).

5 Summary

In this chapter the importance of finding new strategies for the treatment of
antibiotic-resistant bacteria as a first priority in modern medicine was emphasized.
Native phage therapy was introduced as one of well-known approaches and its
limitations were discussed. To overcome the limitations of phage therapy and make
it more efficient than other approaches, the genetically-modified phage was intro-
duced and the results of research on different bacterial infections was presented;
including but not limited to, E. coli, S. aureus, C. trachomatis, P. aeruginosa (PA),
and H. pylori.
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Chapter 3
Phage Device Coatings

Abstract The presence of biofilms and their associated antimicrobial resistance
provides a challenge to various industries where new and affective device coating
strategies are required. Bacteriophages have the natural capacity to act as
antibacterials and have been used extensively for this purpose, including in device
coatings, since the beginning of the 20th century. This Chapter explores the
emerging industry of phage-coated medical devices. An extensive review on the
biology and challenges behind biofilm formations, including the contributors to
biofilm resistance and current antimicrobial strategies will be covered. Alternative
medical device coating strategies will also be explored, including the benefits,
challenges, and promise of phage-based device coatings as bioactive agents.

1 Introduction

Biofilms exist throughout the environment as dynamic, viable, and often
metabolically-active microbial structures consisting of microbial cells embedded in
a matrix of extracellular materials (Azeredo and Sutherland 2008). The composition
of the microbial biofilm allows for the cultivation of microorganisms in an array of
environments (Sutherland et al. 2004). The structure of a microbial biofilm is
dependent on several factors; the particular content of microorganisms, their
physiological state and the physical environment (Sutherland 2001; Sutherland
et al. 2004). More than three quarters (75–89 %) of extracellular polymeric sub-
stance (EPS) is composed of proteins and polysaccharides containing various
functional groups such as carboxyls, amino acids, and phosphate groups (Tsuneda
et al. 2003) EPS-rich biofilms have also been found to contain relatively high levels
of hexose, hexosamine, and ketose groups (Tsuneda et al. 2003). Various
researchers have found that some microorganisms complement one another well,
having a positive synergistic effect on biofilm formation (Burmølle et al. 2006). It
has also been suggested that quorum sensing may have a role in the biofilm’s
antimicrobial resistance (von Eiff et al. 2005).
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Bacterial adherence and biofilm formation on vital medical devices such as
central venous catheters (CVCs) can lead to persistent infections with a mortality
rate of 12–25 % for each CVC bloodstream infection (Stewart and Costerton 2001;
von Eiff et al. 2005). As reported in the early 2000s, the annual cost of
CVC-associated bloodstream infections (BSIs) in the US may range from $US 296
million to $US 3.2 billion (von Eiff et al. 2005; Mermel 2000) with an estimated
$US 25,000 per infection (von Eiff et al. 2005; Safdar et al. 2002). The demand for
a safer alternative is clear.

2 Biofilms on Medical Devices

Medical treatment often requires indwelling or subcutaneous biomedical implants,
particularly in the hospital setting. Microbial biofilms can form on these implants
and cause an infection which is associated with many pathologies (Azeredo and
Sutherland 2008), such as endocarditis, urinary tract infections (UTIs), or respira-
tory infections in cystic fibrosis patients (Burmølle et al. 2006). Indwelling catheters
such as CVCs can cause catheter-related infections (CRIs) and result in local
infections or BSIs (Curtin and Donlan 2006).

Emerging resistance against current antibiotic therapies, particularly in the
hospital setting and with the resultant compromise to host defenses, is a concern
and motivation for alternatives (Azeredo and Sutherland 2008). Inaccessibility to
biomedical implants that are contaminated combined with poor drug penetration of
drug molecules into microbial biofilm structures are contributing challenges to this
issue in the healthcare setting (Stewart and Costerton 2001). Medical device con-
tamination most likely occurs during inoculation of a few microorganisms into the
patient’s skin or mucous membrane during implantation; medical staff may also be
carriers to pathogenic organisms (von Eiff et al. 2005).

Multiple factors allow for microbial adherence to foreign material such as that of
medical devices. The initial adherence of the microorganism to the medical device
is dependent on physiochemical forces such as polarity (von Eiff et al. 2005). Two
surface-associated proteins associated with polystyrene biomaterial adhesion for
Staphylococcus epidermis have been demonstrated (Veenstra et al. 1996), partially
assisted by surface-associated autolysin (Heilmann et al. 1997).

Upon infection, the opportunistic microorganisms may rapidly attach to the
biomaterial and accumulate in the host body to form multi-layered clusters (von Eiff
et al. 2005) with the assistance of biofilm-associated protein (Bap) in Staphylococcus
aureus (Cucarella et al. 2001). Implanted devices in the body quickly become coated
with plasma and connective tissue proteins which subsequently serve as specific
receptors for colonizing microorganisms (Mack et al. 1996). Polysaccharide struc-
tures called capsular polysaccharide/adhesion have been associated with the initial
adherence and slime production (Muller et al. 1993). Host-factor binding proteins
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from coagulase-negative staphylococci (CoNs) have also been found along with
teichoic acid, an element found on the cell walls of the microorganism, which is
suggested to function as a bridging molecule between bacteria and fibronectin-
coated polymer (Heilmann et al. 1997; Hussain et al. 2001).

In a report published by the Centers for Disease Control and Prevention (CDCP),
biofilms commonly found on medical devices such as catheters and mechanical
heart valves may possess bacterial flora that originate from species of gram-positive
typically found on the patient’s skin or exogenous microflora from health-care
personnel, however, urinary catheters contain mostly gram-negative microorgan-
isms (Donlan 2001). The primary causative agent for foreign body related infec-
tions (FBRIs) associated with medical devices are CoNs, particularly S. epidermis,
a gram-positive microorganism that typically resides on the human skin and
mucous membranes (Hugonnet et al. 2004).

2.1 Contributors to Biofilm Resistance

Many infectious biofilms contain a single bacterial species, however, in certain
multispecies biofilms, synergistic reactions between the bacteria have been seen to
enhance biofilm formation typically resulting in an increased resistance to antimi-
crobial agents (Azeredo and Sutherland 2008; Burmølle et al. 2006). One con-
tributor towards biofilm antibiotic resistance is accessibility. Polysaccharides in
biofilms have been demonstrated to decrease diffusion of antibiotics and their
antimicrobial activity (Allison and Matthews 1992).

In a study conducted by Burmølle et al. (2006), biofilms consisting of more than
one strain of bacteria demonstrated higher resistance than single-species biofilm
when exposed to antibacterial agents. This was demonstrated for a four-strain
biofilm, with increased protection against all the antibacterial and invasive species
suggesting increased fitness due to the synergistic effects from excreted compounds.
These researchers noted that certain bacterial species in the study had specific roles
in the multispecies synergy and that this was dependent on the presence of the other
species (Burmølle et al. 2006). One of the antibacterial agents used was hydrogen
peroxide, to simulate oxidative stress caused by reactive intermediates in metabo-
lism, from degradation of organic matter, or found naturally produced by other
microorganisms such as phagocytes. Tetracycline was also selected because it is an
agent typically used in disinfectants and treatment of microbial infections
(Burmølle et al. 2006). In addition to chemical treatment, the biofilms were chal-
lenged with Pseudoalteromonas trunicata, a marine bacterium that produces a
range of biocidal compounds, particularly AlpP, that are effective against gram-
negative and gram-positive isolates. Expression of AlpP in P. trunicata biofilms has
been previously demonstrated to play a role in competitive dominance during
mixed-species biofilm formation (Rao et al. 2005).
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The biofilm formed by the mixed species showed a more viscous matrix, a
feature which would decrease antimicrobial permeability and effectiveness, thereby
enhancing antibacterial resistance (Allison and Matthews 1992; Burmølle et al.
2006). Following antibacterial exposure, changes in the biofilm matrix were sug-
gested to occur therefore further reducing the permeation of antimicrobial agents.
The enhanced biofilm formation from mixed-species may also be due to enzyme
complementation between certain species. Single-species biofilms may grow slower
or encounter cell death at lower cell densities due to nutrient depletion, in contrast
with mixed-species biofilms, assuming that components of the latter are not in
direct competition for resources (Burmølle et al. 2006). In a study conducted by
Leriche et al. (2003), it was suggested that exposure to antimicrobial agents actually
induced cells in biofilm to coexist as mixed structure—suggestive of protection of
members in the biofilm by other more resistant species (Leriche et al. 2003).

Quorum sensing is a suggested contributor to antibiotic resistance. When
imposing various conditions on S. aureus, its quorum sensing accessory gene
regulator (agr) locus had a varied effect on biofilm formation, however through
these studies it was found that the signaling agr mutants were particularly sensitive
to rifampicin, a bactericidal antibiotic drug, but not oxacillin, a low-spectrum
antibiotic of the penicillin class (von Eiff et al. 2005).

3 Alternative Medical Coating Devices

Various alternate preventative measures have been established. One such mecha-
nism that is used is the antibiotic-lock technique for intraluminal therapy (von Eiff
et al. 2005). Antibiotic-lock technique is the installation of a highly concentrated
antibiotic solution into the intravascular catheter lumen for the purposes of steril-
ization (von Eiff et al. 2005). Strong microbial killing effects are demonstrated in
catheters in vitro using antibiotics, however, studies using S. aureus demonstrate
that pharmacokinetic parameters do not necessarily correspond to efficacy, partic-
ularly with the rise in methicillin-resistant S. aureus (MRSA) strains (Curtin and
Donlan 2006; Espersen et al. 1994). Alternatively, coating medical devices or
their parts with antimicrobial drugs has been practiced with the purpose of these
activities bound directly or within an aqueous environment for drug release; but
this faces the same risk of bacterial resistance (Solovskij et al. 1983; Sherertz
et al. 1993).

The emergence of multi-resistant bacterial strains has triggered a renewed
interest for alternative coating methods such as the development of anti-adhesive
surfaces (Curtin and Donlan 2006; von Eiff et al. 2005). Using a modified poly-
styrene surface, several researchers demonstrated a substantial reduction in bacterial
adhesion with modified surfactant, of 70–90 % (Bridgett et al. 1992; Desai et al.
1992). However, its anti-adhesion properties were diminished or impaired in the
presence of proteins in vivo (Curtin and Donlan 2006).
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4 Bacteriophage as Bioactive Coatings

The renewed interest in alternative coating methods for medical devices has turned
attention to bacteriophage coating. Phage, which have the natural ability to
specifically target and eliminate their bacterial hosts without much damage to
mammalian cells, are an attractive alternative to microbial sanitizers which lack
specificity and are most often toxic. Lytic phages are particularly effective for
medical coating purposes due to their abilities for bacterial cell lysis and their
availability in abundance where they are most required. Lytic phage also do not
integrate into host DNA (Azeredo and Sutherland 2008).

Phages are not only the natural, specific predators of bacteria, they have also
co-evolved with bacteria in such a way that biofilm growth in bacteria would have
been compensated for in phage evolution. Evidence for this evolution has been
shown in a study by Hibma et al. who bred a Listeria-specific phage that could
prevent biofilm formation and also remove pre-existing biofilms of L-form Listeria
monocytogenes on stainless steel in comparable amounts to lactic acid (Hibma et al.
1997). Phages are also capable of traversing through bacterial biofilms either
through diffusion, collision or attachment to target bacterial cells (Lu and Collins
2007; Donlan 2009; Curtin and Donlan 2006).

To exploit the natural abilities of phage for the control of biofilms. Barr et al.
(2013) proposed the Bacteriophage Adherence to Mucus (BAM) model. By
adhering bacteriophage to mucus, this approach provides a ubiquitous but
non-host-derived immunity through binding interactions between mucin glyco-
proteins and Ig-like protein domains exposed on phage capsids. In the study, Barr
et al. utilized the lung mucosal system which has a physical and biochemical
antimicrobial defense mechanism itself. Through a phage-mucosal enrichment
process, their strategy demonstrated a reduction in microbial colonization and
pathology using the model T4 phage in vitro, by four orders of magnitude. The
adherence of phage also protected mucus-producing cells against subsequent wave
of bacteria, suggesting a sustained antimicrobial response. The presence of mucus
for the progeny and bacteriophage adherence proved important since phage
pre-treatment on mucus-producing cells was attributed with a 3.6-fold reduction in
bacterial growth, compared to the knock-out mutant control that received the same
pre-treatment. The authors add that as the system becomes more complex, a
dynamic ‘arms race’ between the phages and the infectious bacteria may occur
naturally while protecting the host; thus creating a metazoan-phage symbiosis (Barr
et al. 2013).

The adhesion between the mucosal layer and bacteriophage in the Barr et al.
(2013) studies exploited the role of capsid Ig-like domains. Four Ig-like domains
were found in high antigenic outer capsid protein (Hoc) and it is hypothesized that
the 155 copies displayed on the capsid surface of the T4 Hoc might have a role in
mediating the adherence of T4 phage to the mucus layer. The presence of the Ig-like
protein (Hoc) displayed on the capsid of T4 phage significantly slowed the diffusion
of the phage in mucin solutions and mucin glycans thus allowing for increased
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residence time and potentially increasing their replicative success and subsequent
antimicrobial properties (Barr et al. 2013).

An alternative use of bacteriophage for the control of biofilms is by utilizing its
ability to degrade biofilm matrices. Research conducted by Carson et al. (2010)
focused towards urinary tract infections attributed to indwelling urethral catheters.
Causative agents of catheter-associated urinary tract infections (CAUTI) are typi-
cally gram-negative in nature, primarily P. aeruginosa, although gram-positive
S. epidermis is commonly isolated (Carson et al. 2010). The primary complication
of CAUTI is due to encrusted mineralized deposits which are stabilized by bacterial
biofilm leading to blockage and subsequent infection (Azeredo and Sutherland
2008). The issue is further compounded by high urinary pH and the presence of
Proteus mirabilis swarmer cells making successful treatment extremely difficult
(Azeredo and Sutherland 2008). This research group sought to utilize T4 bacte-
riophages against Escherichia coli by combining the ability of phage to degrade
biofilm matrices with a hydrogel coating technology, resulting in a 99.9 %
reduction in biofilm; the reduction was attributed to the access within the biofilm by
bacteriophage depolymerase (Carson et al. 2010).

Similarly, Hanlon et al. (2001) demonstrated that the bacteriophage depoly-
merase enzyme alone is capable of disrupting biofilm structure viscosity by 40 %
(Hanlon et al. 2001). Lu and Collins (2007) have also engineered bacteriophages to
express potent EPS-degrading enzymes, which substantially reduced bacterial
biofilm counts by more than 104-fold—demonstrating the feasibility and ability to
develop tailored anti-biofilm therapies for coating (Lu and Collins 2007).

Combining these various approaches to form a bioactive coating may signifi-
cantly diminish blockage, particularly with urethral catheters when combined with
bladder wash-out solutions, thereby mitigating the risk of infection (Carson et al.
2010).

5 Conclusions

The quest for new and promising antimicrobial strategies is needed for the battle
against the persistence of clinically-relevant device-associated biofilm infections
in the healthcare industry along with the rise in antimicrobial resistance.
Bacteriophages have been used for decades for the treatment of human infections,
and their natural ability that can be exploited for the treatment of clinically relevant
biofilms, particularly when incorporated as device coatings on medical devices for
the prevention of biofilms. The nature of device-associated biofilms means that the
most effective strategies, and a realm of potential for clinically relevant device
coatings, will lie where biofilm formation is prevented. In cases where biofilms
currently persist, effective strategies involving phage will target the extracellular
matrix component of the biofilm that could act in tandem with antimicrobial agents.
Furthermore, phage can be engineered for even greater efficacy against biofilms
providing an endless potential for bacteriophage in the field.

26 3 Phage Device Coatings



References

Allison, D. G., & Matthews, M. J. (1992). Effect of polysaccharide interactions on antibiotic
susceptibility of Pseudomonas aeruginosa. The Journal of Applied Bacteriology, 73(6),
484–488.

Azeredo, J., & Sutherland, I. W. (2008). The use of phages for the removal of infectious biofilms.
Current Pharmaceutical Biotechnology, 9, 261–266.

Barr, J. J., Auro, R., Furlan, M., Whiteson, K. L., Erb, M. L., Pogliano, J., et al. (2013).
Bacteriophage adhering to mucus provide a non-host-derived immunity. Proceedings of the
National Academy of Sciences, 110(26), 10771–10776.

Bridgett, M. J., Davies, M. C., & Denyer, S. P. (1992). Control of staphylococcal adhesion to
polystyrene surfaces by polymer surface modification with surfactants. Biomaterials, 13(7),
411–416.

Burmølle, M., Webb, J. S., Rao, D., Hansen, L. H., Sørensen, S. J., & Kjelleberg, S. (2006).
Enhanced biofilm formation and increased resistance to antimicrobial agents and bacterial
invasion are caused by synergistic interactions in multispecies biofilms. Applied and
Environmental Microbiology, 72(6), 3916–3923.

Carson, L, Gorman, S. P., & Gilmore, B. F. (2010). The use of lytic bacteriophages in the
prevention and eradication of biofilms of proteus mirabilis and Escherichia coli. FEMS
Immunology & Medical Microbiology, 59(3), 447–455.

Cucarella, C., Solano, C., Valle, J., Amorena, B., Lasa, I., & Penadés, J. R. (2001). Bap, a
Staphylococcus aureus surface protein involved in biofilm formation. Journal of Bacteriology,
183(9), 2888–2896.

Curtin, J. J., & Donlan, R. M. (2006). Using bacteriophages to reduce formation of
catheter-associated biofilms by staphylococcus Epidermidis using bacteriophages to reduce
formation of catheter-associated biofilms by Staphylococcus epidermidis. Antimicrobial Agents
and Chemotherapy, 50(4), 1268–1275.

Desai, N. P., Hossainy, S. F., & Hubbell, J. A. (1992). Surface-immobilized polyethylene oxide for
bacterial repellence. Biomaterials, 13(7), 417–420.

Donlan, R. M. (2001). Biofilms and device-associated infections. Emerging Infectious Diseases,
7(2), 277–281.

Donlan, R. M. (2009). Preventing biofilms of clinically relevant organisms using bacteriophage.
Trends in Microbiology, 17(2), 66–72. http://www.ncbi.nlm.nih.gov/pubmed/19162482

Espersen, F., Frimodt-Møller, N., Corneliussen, L., Riber, U., Rosdahl, V. T., & Skinhøj,
P. (1994). Effect of treatment with methicillin and gentamicin in a new experimental mouse
model of foreign body infection. Antimicrobial Agents and Chemotherapy, 38(9), 2047–2053.

Hanlon, G. W., Denyer, S. P., Olliff, C. J., & Ibrahim, L. J. (2001). Reduction in
exopolysaccharide viscosity as an aid to bacteriophage penetration through Pseudomonas
aeruginosa biofilms. Applied and Environmental Microbiology, 67(6), 2746–2753.

Heilmann, C., Hussain, M., Peters, G., & Götz, F. (1997). Evidence for autolysin-mediated
primary attachment of staphylococcus Epidermidis to a polystyrene surface. Molecular
Microbiology, 24(5), 1013–1024.

Hibma, A. M., Jassim, S. A. A., & Griffiths, M. W. (1997). Infection and removal of L-forms of
listeria monocytogenes with bred bacteriophage. International Journal of Food Microbiology,
34(3), 197–207.

Hugonnet, S., Sax, H., Eggimann, P., Chevrolet, J. C., & Pittet, D. (2004). Nosocomial
bloodstream infection and clinical sepsis. Emerging Infectious Diseases, 10(1), 76–81.

Hussain, M., Heilmann, C., Peters, G., & Herrmann, M. (2001). Teichoic acid enhances adhesion
of staphylococcus Epidermidis to immobilized fibronectin. Microbial Pathogenesis, 31(6),
261–270.

Leriche, V., Briandet, R., & Carpentier, B. (2003). Ecology of mixed biofilms subjected daily to a
chlorinated alkaline solution: spatial distribution of bacterial species suggests a protective effect
of one species to another. Environmental Microbiology, 5(1), 64–71.

References 27

http://www.ncbi.nlm.nih.gov/pubmed/19162482


Lu, T. K., & Collins, J. J. (2007). Dispersing biofilms with engineered enzymatic bacteriophage.
Proceedings of the National Academy of Sciences of the United States of America, 104(27),
11197–11202. doi:10.1073/pnas.0704624104.

Mack, D., Fischer, W., Krokotsch, A., Leopold, K., Hartmann, R., Egge, H., et al. (1996). The
intercellular adhesin involved in biofilm accumulation of Staphylococcus epidermidis is a
linear beta-1,6-linked glucosaminoglycan: purification and structural analysis. Journal of
Bacteriology, 178(1), 175–183.

Mermel, L. A. (2000). Prevention of intravascular catheter-related infections. Annals of Internal
Medicine, 132(5), 391–402.

Muller, E., Hübner, J., Gutierrez, N., Takeda, S., Goldmann, D. A., & Pier, G. B. (1993). Isolation
and characterization of transposon mutants of Staphylococcus epidermidis deficient in capsular
polysaccharide/adhesin and slime. Infection and Immunity, 61(2), 551–558.

Rao, D., Webb, J. S., & Kjelleberg, S. (2005). Competitive interactions in mixed-species biofilms
containing the marine bacterium Pseudoalteromonas tunicata. Applied and Environmental
Microbiology, 71(4), 1729–1736.

Safdar, N., Kluger, D. M., & Maki, D. G. (2002). A review of risk factors for catheter-related
bloodstream infection caused by percutaneously inserted, noncuffed central venous catheters:
Implications for preventive strategies. Medicine, 81(6), 466–479.

Sherertz, R. J., Carruth, W. A., Hampton, A. A., Byron, M. P., & Solomon, D. D. (1993). Efficacy
of antibiotic-coated catheters in preventing subcutaneous staphylococcus aureus infection in
rabbits. Journal of Infectious Diseases, 167(1), 98–106.

Solovskij, M. V., Ulbrich, K., & Kopecek, J. (1983). Synthesis of N-(2-hydroxypropyl)
methacrylamide copolymers with antimicrobial activity. Biomaterials, 4(1), 44–48.

Stewart, P. S., & Costerton, J. W. (2001). Antibiotic resistance of bacteria in biofilms. Lancet,
358(9276), 9135–9138.

Sutherland, I. W., Hughes, K. A., Skillman, L. C., & Tait, K. (2004). The interaction of phage and
biofilms. FEMS Microbiology Letters, 232(1), 1–6.

Sutherland, Ian W. (2001). Biofilm exopolysaccharides: A strong and sticky framework.
Microbiology, 147(1), 3–9.

Tsuneda, S., Aikawa, H., Hayashi, H., Yuasa, A., & Hirata, A. (2003). Extracellular polymeric
substances responsible for bacterial adhesion onto solid surface. FEMS Microbiology Letters,
223(2), 287–292.

Veenstra, G. J., Cremers, F. F., van Dijk, H., & Fleer, A. (1996). Ultrastructural organization and
regulation of a biomaterial adhesin of Staphylococcus epidermidis. Journal of Bacteriology,
178(2), 537–541.

von Eiff, C., Jansen, B., Kohnen, W., & Becker, K. (2005). Infections associated with medical
devices: Pathogenesis, management and prophylaxis. Drugs, 65(2), 179–214.

28 3 Phage Device Coatings

http://dx.doi.org/10.1073/pnas.0704624104


Chapter 4
Bacteriophages Functionalized for Gene
Delivery and the Targeting of Gene
Networks

Abstract Bacteriophages (phages) offer many potential and existing applications
to biotechnology, including their modification and use as protein/gene carriers.
Phages possess many intrinsic physicochemical attributes that make them excellent
candidates for use in gene therapy. In this chapter we will explore how phages have
been employed in gene delivery as well as their future utility in this exciting
medical application.

1 Introduction to Phage Mediated Delivery of Genetic
Material

Bacteriophages were among the first entities to be manipulated for modern gene
transfer and gene targeting strategies. The small size, relative ease of production,
capacity for genomic isolation and manipulation position phage attractively for this
pursuit. The bacteriophage genome can be manipulated to incorporate heterologous
sequences designed to be expressed in, or otherwise modify, a recipient cell. Gene
expression in a recipient cell can be governed either by prokaryotic or eukaryotic
genetic systems, making it possible to deliver genetic cargo that can be expressed in
any host cell. The natural host specificity of a phage governs its tropism and when
manipulated, provides an endless potential of biotechnological applications.
Alternatively, phages can and have also been exploited for use as display instruments
(Smith and Petrenko 1997). Known as phage display, this is a strategy of conjugating
or translationally fusing peptide molecules onto the coat surface of the phage. Phage
display of targeting ligands or antibodies can be generated against a range of mam-
malian cells for which the phage would naturally have no tropism nor capacity for
propagation (Nicastro et al. 2014). Under such applications the phage would no
longer function as a (bacterial) virus, but rather as an inert, nanoscale particle
employed to deliver nucleic acid cargo and enact a specific activity to a targeted
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mammalian cell. In a seemingly endless assortment of activities and targets, the focus
of this chapter will be on the specific characteristics of the engineered phage delivery
vehicles and their delivery of encapsulated nucleic acids to their targeted cells.

Phage-delivered nucleic acid cargo to a recipient cell can be benign or toxic.
Benign treatments, including gene therapy (Larocca and Baird 2001),
immunomodulation (Willats 2002), and phage DNA vaccines (Clark et al. 2011) are
intended to leave the cell metabolically active so that the host cell can express the
DNA cargo provided by the phage. Phages may also be modified to encode toxins
(Vilchez and Jacoby 2004) or other genes that are damaging to the cell (Abedon
2009), which can be used as a means of biocontrol in prokaryotic systems or as a
means to kill or damage non-bacterial targets such as tumour cells. The expression
of the cargo can be temporary, which is the goal in bacterial identification, bio-
control and phage mediated DNA vaccine applications. In other cases, such as in
gene therapy in eukaryotic systems and gene cloning in prokaryotic systems, the
expression of the phage encoded genetic cargo can and is aimed to be long lasting.

2 Bacteriophages as Gene Delivery Vehicles

Most commonly, eukaryotic viral vectors are employed to deliver DNA to
eukaryotic cells to correct for a genetic defect or otherwise augment a desired cell
phenotype. However, the use of such vectors poses important safety concerns,
particularly with respect to the control of inherent virulence and immunogenicity
(Clark et al. 2012; Seow and Wood 2009), which can and have previously resulted
in mortality (Somia and Verma 2000). An additional challenge is the effective
design of viral therapeutics to target the desired organ or tissue and to avoid prior
immunity against viral vectors (Nayak and Herzog 2010). As such, there is a need
for gene therapy systems that are benign and yet more precise, which has drawn
attention to alternate approaches such as bacteriophage-mediated gene delivery.

Phages are stable (Jepson and March 2004), inexpensive to produce
(Bakhshinejad et al. 2014), easy to manipulate genotypically and phenotypically
(Clark et al. 2011), and can be targeted to their intended cellular targets (Nicastro
et al. 2013). In their application to gene delivery, the outer capsid coat proteins of
the phage vehicle can simultaneously protect the intended DNA cargo against
degradation during delivery (Clark and March 2006; Dunn 1996) and tolerate
capsid peptide/protein fusions, making it possible for the vehicle to target intended
cells (Clark and March 2006); a cornerstone of successful gene therapeutic design.
Phage can be safely administered to mammals as evidenced by the long history of
phage therapy against bacterial infection (Abedon et al. 2011) and do, in fact,
naturally penetrate mammalian tissue (Dabrowska et al. 2005) without intrinsically
infecting mammalian cells. Despite the high penetrance of phage particles, they are
also quickly cleared by the reticuloendothelial system (RES), which will negatively
impact uptake by target cells (Molenaar et al. 2002). To circumvent clearance,
long-circulating phages capable of evading the RES have been developed
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(Merril et al. 1996). Alternatively, the addition of polyethylene glycol (PEG) can
also improve phage circulation (Kim et al. 2008).

While the simplicity of phages positions them as attractive cloning vectors, they
are generally limited by the size of the gene(s) of interest that can be cloned into the
phage head, and in most cases lack natural nuclear honing and expression abilities
in eukaryotic cells (Clark et al. 2011; Larocca and Baird 2001). While filamentous
bacteriophage have a far more flexible packaging minimum and maximum
(Specthrie et al. 1992), they are instead limited by the fact that they must carry
circular single-stranded DNA, a detriment to expression in eukaryotic hosts where
conversion to double stranded DNA is required for gene expression (Clark et al.
2012; Yacoby and Benhar 2008). Some of these limitations can be addressed by the
modification of the phage particle including: the display of cell-penetrating peptides
(Trabulo et al. 2012) and/or the use of chemical agents such as DEAE-dextran
(Yokoyamakobayashi and Kato 1993), co-administration with cationic lipids
(Eguchi et al. 2001; Yokoyamakobayashi and Kato 1994), and the inclusion of
nuclear localization peptides and/or sequences (Lam and Dean 2010; Miller and
Dean 2009). Despite carrying single-stranded DNA, filamentous phage gene
delivery has resulted in successful uptake and expression in mammalian cells
(Larocca et al. 1999; Poul and Marks 1999). Additionally, the introduction of
self-complementary sequences in filamentous phage single-stranded DNA can lead
to the formation of double-stranded DNA in eukaryotic cells (Prieto and Sánchez
2007).

Despite the above limitations, phages have validated their utility as functional
gene delivery agents, with the first reported use for this application more than two
decades ago by Hart et al. (1994). In this study, phage fd was employed to display a
cyclic-binding peptide to the major coat protein pVIII. This amino (N)-terminal
fusion, occurring at approximately 300 copies/phage particle, was bound to cells
and was efficiently internalized. The same peptide sequence was then fused to the
major tail protein (gpV) of bacteriophage λ. These modified phages proved to be
more suitable gene delivery candidates—transfecting mammalian cells at a
remarkable frequency in comparison to the undecorated controls (Dunn 1996; Hart
et al. 1994).

Lankes et al. (2007) expanded the application of λ as a gene delivery vector by
executing phage-mediated gene transfer in vivo. This group constructed recombi-
nant λ particles encoding firefly luciferase (luc) in order to visualize gene delivery
in real-time via the use of bioluminescence imaging (Lankes et al. 2007). They
fused a αvβ3 (CD51/CD61) receptor integrin-binding peptide to gpD to increase its
uptake by receptor-mediated endocytosis. This peptide, the tenth human fibronectin
type III domain, was chosen because it is known to play a role in the
binding/internalization in a number of mammalian viruses and it had been used to
enhance the targeting of modified viral vectors to a variety of cells including
professional antigen-presenting dendritic cells. The study showed preferential
internalization of fused phage over their non-fused counterparts, where internal-
ization decreased significantly in a dose-dependent fashion.
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Integrin receptors are also overexpressed on cancer cells. To exploit this, Choi
et al. (2014) modified filamentous phage M13 to controllably display the integrin
binding motif RGD (Arg-Gly-Lys), a widely used cancer targeting peptide, on
either the minor coat protein pIII or the major coat protein pVIII (Choi et al. 2014).
The study examined the display of circular and linear RGD, resulting in the display
of 5 or 2700 copies of linear RGD in comparison to 140 copies of circular RGD and
found that the display of circular RGD facilitated more than threefold internaliza-
tion of phage in HeLa cells when compared to the display of linear RGD. This
highlights the importance of not only choosing a suitable targeting ligand, but also
the necessary considerations of ligand display conformation.

Vaccaro et al. (2006) noted an increasing pattern of internalization following the
addition of competitor proteins, indicative of a receptor-mediated process. The
recombinant phage outperformed the control cells both in vitro and in vivo. In
addition, they noted a 100-fold increase in phage internalization into
integrin-positive versus control cells, but only a 3-fold increase in phage-mediated
gene expression. This indicated that the level of internalization is not necessarily
comparable to the successful delivery of genetic material (Vaccaro et al. 2006).
Overall, this study provided a proof-of-concept for the use of recombinant phage to
increase gene transfer in vivo, and a compelling argument for the use of phages in
transgene delivery (Lankes et al. 2007; Vaccaro et al. 2006). However, it also
underscores the importance of integrating mechanisms for overcoming intracellular
barriers past cell entry in order to successfully deliver a genetic therapeutic.

Zanghi et al. (2007) further explored construct design, where they attempted to
improve phage-mediated mammalian gene delivery of a luciferase gene through the
simultaneous fusion of proteins to both the head and tail of phage λ (Zanghi et al.
2007). Multiple intracellular barriers such as cell attachment, cytoplasmic entry,
endosomal escape, uncoating and nuclear import, must be overcome for successful
gene transfer (Seow and Wood 2009). Multiple peptides could theoretically be
displayed in tandem, where each peptide could function to circumvent a separate
barrier. This research group reported, on average, the simultaneous display of two
separate peptides: *100 copies per phage particle to gpV of a CD40-binding
peptide to facilitate endocytic uptake and *400 fusions per phage particle to gpD
of a ubiquitinylation motif to enhance intracellular trafficking of the internalized
phage (Zanghi et al. 2007). Display of both the CD40-binding motif and the
ubiquitinylation motif improved gene expression two-fold over display of either the
CD40-binding motif or ubiquitinylation motif alone.

Although numerous methods have been developed for gene delivery, an efficient
platform for protein delivery in tandem with gene delivery does not currently exist.
Recently, Tao et al. (2013) developed a T4 DNA packaging machine using T4-based
“progene” nanoparticles that were targeted to antigen-presenting cells and were
expressed both in vitro and in vivo. The group fused DNA molecules onto the T4
major capsid proteins, Soc and Hoc, that would later be displayed on the phage
heads. Foreign cell penetration peptides (CPPs) and proteins (β-galactosidase,
dendritic cell specific receptor 205 monoclonal antibody, and CD40 ligand) were
chosen for display onto Hoc. The encapsidated DNA included gfp (green fluorescent
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protein) and luc (luciferase) genes to enable quantifiable expression within mam-
malian cells. Overall, the group demonstrated efficient in vitro and in vivo progene
delivery and expression of self-replicating genes into mammalian cells. While
promising, further investigation particularly with respect to in vivo studies is war-
ranted, as the strongest luciferase signal in this study was unexpectedly generated in
mice treated with nanoparticles that did not display targeting ligands. The authors
have attributed this finding to the migration of the targeted cells to other parts of the
body, an inference that will require further investigation (Tao et al. 2013).

3 Phages as Cytotoxic Agents in Eukaryotes

While the application of phage as gene delivery vehicles could be employed to
restore a gene defect or alter the physiology of the host cell, phage could further
prove therapeutic as cytotoxic agents. Tissues such as tumour cells or unwanted
white fat cells can be deleterious to the mammalian host and beneficially targeted
for reduction and removal. Toward such therapies, the physicochemical attributes of
phages can be exploited to direct cytotoxic outcomes. In a targeted manner, phage
can be manipulated to deliver toxins to targeted cells (Vilchez and Jacoby 2004), or
alternatively employed to stimulate immune responses and clearance of unwanted
cells (Ahmadvand et al. 2011; Clark et al. 2012). While the former strategy is
greatly dependent upon precise targeting and uptake of the phage particle to kill or
inactivate the host cell, the latter relies upon the natural adjuvant properties of
the phage to stimulate and confer immunogenicity against targeted cells (Gamage
et al. 2009).

The evolution of phages as therapeutics in these capacities requires focused
targeting, typically facilitated through phage display technologies. Fibroblast
growth factor, in particular, has enabled the specific targeting of cancer cells with
the appropriate receptors (Haq et al. 2012; Hart et al. 1994; Sperinde et al. 2001). In
a series of studies by Yacoby, Benhar and others, cytotoxic bacteriophages were
designed from a template of their previous cytotoxic phage used for the treatment
against bacterial pathogens (Yacoby et al. 2006, 2007). This group developed a
filamentous phage that was engineered to display a eukaryotic cell-binding ligand
conjugated to a the cytotoxic drug, either hygromycin or doxorubicin, to be released
within the targeted tumor cells. These engineered phages were shown to be
effectively endocytosed, resulting in the preferential release of the cytotoxin in
targeted cells (Bar et al. 2008). In another study by Chung et al. (2008), tumour
cells derived from Hodgkin’s-derived cell lines were targeted for apoptosis by
antibody-targeted phage particles (Chung et al. 2008). Their proof-of-principle
study employed an in vitro GFP expression system as a measure of phage uptake,
based on the premise that efficient expression of GFP could be replaced with the
expression of a cytotoxic agent in the future (Chung et al. 2008). In a similar study,
Eriksson et al. (2007, 2009) also used filamentous phage to target tumour cells.
However, these studies differed where the delivered phage were designed to target
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the host cells for removal by the host immune system without carrying a cytotoxic
agent (Eriksson et al. 2007, 2009).

4 Phages for Delivery to the Central Nervous System

Delivery of therapeutics to the brain and the central nervous system (CNS) remains a
challenging problem due to its complex structure, sensitivity to toxicity, and the
impermeability of the blood-brain barrier (BBB). Gene delivery to the CNS has been
achieved with some degree of success through direct injection into the eye and/or the
cerebral spinal fluid, or direct implantation of transduced cells into brain parenchyma
(Davidson and Breakefield 2003; Hampl et al. 2000); however, such methods are
highly invasive, have limited penetration, and can be traumatic to the neural tissue.
Overall, the capability to pass the blood brain barrier and penetrate heterogeneous
neural tissue is highly desirable in a CNS-targeted therapeutic. Phage have been
observed to exhibit this ability (Dabrowska et al. 2005; Frenkel and Solomon 2002)
and may therefore be exploited for CNS drug and gene delivery.

Drug addiction is an important health and social problem world-wide, a pre-
vailing culprit of which is the highly addictive recreational drug cocaine. It has been
previously shown that protein-based therapeutics designed to bind to cocaine can
reduce the drug load and attenuate its psychoactive effects. However, this strategy
has not generally demonstrated significant therapeutic value due to the inability of
these cocaine-binding proteins to cross the BBB and gain access to the CNS. To
address this issue, Carrera et al. (2004) engineered a filamentous bacteriophage
displaying cocaine sequestrating antibodies on its surface which blocks this drug in
the brain. The modified phages were administered intranasally to rats twice a day for
three consecutive days before the brains were examined, confirming the presence of
the phage. The results of this study highlights the potential for phage to serve as a
new system for treatment of cocaine addiction as well as serving as a platform for
treatment of drug abuse (Clark and March 2006; Dickerson et al. 2005).

More recently, filamentous phages have also been demonstrated to accumulate in
gliobastoma after intranasal delivery (Dor-On and Solomon 2015), potentiating
their use in the treatment of brain tumours and other brain malignancies. Phage
display has also been useful in the identification of several ligands capable of
bypassing the BBB and targeting neural tissue (Li et al. 2011; Wan et al. 2009),
which can functionalize other non-viral vectors.

5 Conclusions

Bacteriophages have evolved the natural ability to efficiently carry and deliver a
genetic payload to their natural host cells—a function that continues to be exploited
in the development of highly efficient, engineered phage delivery systems that can
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specifically target and modify non-natural host targets. The ability of the phage to
cross the BBB makes it an attractive vector against neural malignancies. One major
area of improvement for phage gene delivery lies in enhancing its ability to traverse
intracellular barriers: notably, transport across the plasma membrane and escape
from the endosomal pathway. Viral peptides such as the adenoviral penton base
have been shown to mediate entry, attachment and endosomal release (Haq et al.
2012; Piersanti et al. 2004) and can be conjugated to the phage through phage
display. Similarly, the protein transduction domain of HIV (TAT protein) and the
simian virus 40 (SV40) T antigen nuclear localization signal have also been used to
enhance the uptake and nuclear targeting of phages (Haq et al. 2012; Nakanishi
et al. 2003). Additional future improvements to phage delivery technologies may
exploit the display of DNA reducing DNase II inhibitor to protect DNA (Haq et al.
2012; Sperinde et al. 2001).
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Chapter 5
Phage Probiotics

Abstract The human body is composed of more than just human cells. The
microbiota encompasses a large diversity of bacteria, eukarya, archaea, and viruses
that reside in human organs. It has received increasingly more attention as its roles
in human homeostasis and development have been identified and as such, probi-
otics are growing in popularity as a means to improve health. The gut microbiota
protects against pathogens, contributes to energy metabolism, mediates the immune
system, and modulates tissue development. As bacteriophage are natural predators
of bacteria, they may be well suited to manipulate the gut microbiota. Phage pre-
dation naturally impacts gut population dynamics and influences microbial gene
expression. Here, we review some key aspects of gut microbial and phage function,
and explore new advances in phage biotechnology that may pave the way for future
phage probiotic applications.

1 Introduction: The Gut Microbiota and Probiotics

The number of microorganisms inhabiting the human body greatly exceeds that of
host cells (Turnbaugh et al. 2007). These residents form highly complex and
mutualistic microbial ecological niches within the human host and thus, interest in
their roles in the management of their hosts’ health has increased in recent years
(Blaser et al. 2013). Bacteria and their viral predators, bacteriophages (phages), are
the most prevalent inhabitants of the mammalian gastrointestinal system (Marchesi
and Shanahan 2007), the densest and most complex ecosystem in the body. The gut
microbiota or gut “flora” comprises all entities including bacteria, archaea, and
eukarya, and viruses residing within the gastrointestinal tract (De Paepe et al. 2014).
These residents are often referred to as “commensal microorganisms” or simply, the
“commensals”. Diverse species colonize the colon, though their impact, both
positive and negative, on their host has only recently begun to be investigated. This
chapter is a preliminary review of the commensal and probiotic bacteria and pro-
poses how bacteriophages can accomplish or supplement similar health outcomes.
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The gut is home to an extraordinarily large microbial community: microbial
density here exceeds 1012 cells per gram of feces (Macpherson and Harris 2004).
While highly diverse (Qin et al. 2010), Bacteriodetes and Firmicutes tend to
dominate this domain in humans (Huttenhower et al. 2012; Qin et al. 2010);
anaerobic bacteria far outnumber their aerobic counterparts. An individual’s gut
flora begins flourishing at birth (Martin et al. 2010; Wassenaar and Panigrahi 2014)
and fluctuates in composition as the host ages, but remains unique to each indi-
vidual (Sommer and Bäckhed 2013; Turnbaugh et al. 2009). Overall gut microbial
composition varies geographically (Yatsunenko et al. 2012) but also strongly
depends on both genetic and environmental factors (Huttenhower et al. 2012;
Turnbaugh et al. 2009; Yatsunenko et al. 2012). Research into the gut microbiota
has greatly expanded in the last decade (Turnbaugh et al. 2007), but we still lack a
deep understanding of how the microbiome functions.

The microbiota is sensitive to changes in host behaviour, including diet (Ding
et al. 2010; Turnbaugh et al. 2009), antibiotic use (Modi et al. 2014), and lifestyle
(Martínez et al. 2015), so alterations to any of these factors can result in rapid
fluctuations. “Dysbiosis”, or perturbations in “normal” gut microbial composition,
is associated with some intestinal diseases (Stecher et al. 2013), in particular:
inflammatory bowel disease (IBD) (Tamboli et al. 2004; Young et al. 2011), irri-
table bowel syndrome (IBS) (Shanahan 2012), Crohn disease, and ulcerative colitis
(Shanahan 2012). Diet-related imbalances in the gut microbiota are also associated
with obesity (Cani 2013; Delzenne and Cani 2011; Ding et al. 2010; Joyce et al.
2014), where obesity-related disorders can lead to type II diabetes (Cani et al. 2012;
Cani 2008; Qin et al. 2012). The question arises whether or not the connection
between the microbiome and disease is causative or merely correlative (Cho and
Blaser 2012). There is a strong rationale for the manipulation of gut flora as a
therapeutic measure.

Defined by the World Health Organization as “live microorganisms which when
administered in adequate amounts confer a health benefit on the host” (Hill et al.
2014), probiotics modify the landscape of the gut microbiota in order to influence
human health. However, while probiotics are now widely available and establishing
a niche in the food market, the lack of regulation and explosive growth despite poor
supporting evidence has contributed to extensive misinformation (Senok et al.
2005). It should be stressed that the use of probiotics be approached cautiously.

To date, probiotics have been positively linked to the treatment of gastroin-
testinal diseases and disorders including, perhaps most importantly, antibiotic-
associated diarrhea (AAD) (Hempel et al. 2012; Hungin et al. 2013; Szajewska
et al. 2006; Videlock and Cremonini 2012). Their use also appears to be correlated
to the alleviation of other forms of acute diarrhea (Applegate et al. 2013; McFarland
2007; Sazawal et al. 2006), infections by Clostridium difficile (Johnston et al. 2012;
Ritchie and Romanuk 2012; Videlock and Cremonini 2012) or Helicobacter pylori
(Dang et al. 2014; Hungin et al. 2013; Ritchie and Romanuk 2012), IBS (Hoveyda
et al. 2009; Hungin et al. 2013), and constipation (Dimidi et al. 2014). Use of
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probiotics also positively correlates with the prevention and/or treatment of other
diseases, particularly during child development such as: necrotizing enterocolitis
(AlFaleh and Anabrees 2014), hepatic encephalopathy (Holte et al. 2012), upper
respiratory tract infections (Hao et al. 2011), atopic dermatitis (Kalliomäki et al.
2003; Pelucchi et al. 2012), atopic eczema (Doege et al. 2012), and ventilator-
associated pneumonia (Petrof et al. 2012). Overall, there is evidence supporting the
use of probiotics for certain diseases such as AAD, IBD, and some gut infections.
While there exists some support for overall improvement of health with probiotics
(Hungin et al. 2013), the lack of regulation (JAMA 2014) of the probiotic market
and availability of well-controlled evidence makes it difficult to judge their true
effect in healthy individuals. The elucidation of the mechanisms behind their pro-
posed benefits is vital to using them to their fullest extent.

2 Roles of the Gut Microbiota and Probiotics

2.1 Protection Against Pathogens

The intestinal epithelium physically separates the contents of the intestinal lumen
from the rest of the body. It is protected by a mucus layer secreted by goblet cells,
approximately 100–200 μm thick, and composed of mucin glycoproteins (Pullan
et al. 1994). The epithelial cells also secrete antimicrobial peptides such as
defensins, which limit bacterial penetration into the epithelial layer. However, this
physical surface is also ripe for bacterial adherence and consequently, the formation
of biofilms and local micro-ecosystems. Nonpathogenic microorganisms in the gut
adhere to the gut mucus and thereby reduce pathogen access to host epithelial cells.

The density of the gut microbiota is also thought to provide protection against
colonization by opportunistic pathogens since the beneficial bacteria would be able
to outcompete potential pathogens for space and metabolic resources, commonly
referred to as “colonization resistance” (Abt and Pamer 2014). Some microorgan-
isms produce mucin (Barr et al. 2013a; Mack et al. 1999), which also inhibits other
bacteria from adhering to surfaces. Some probiotic bacteria also exert direct
antimicrobial effects through the release of bacteriocins, which are highly specific
antimicrobial molecules (Corr et al. 2007).

2.2 Metabolism

Energy metabolism is closely linked to each individual’s microbiome. Mammals,
particularly ruminants, require the gut microbiota to process dietary polysaccharides
like cellulose and dietary fibre (Bergman 1990; Flint et al. 2008; Wolin 1981).
Microbial fermentation in the gut (Hamer et al. 2008; Wolin 1981) produces energy
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resources for epithelial cells here. The gut flora contributes to acetogenesis (Rey
et al. 2010) and methanogenesis (Vanderhaeghen et al. 2015) metabolic processes.
These microorganisms have also been found to metabolize drugs or drug metabolic
byproducts (Goldman et al. 1974), which adds another important consideration in
the design of pharmaceuticals. Metabolites produced by the gut microbiota may be
both harmful and beneficial to the host (Louis et al. 2014).

The role of the gut flora in obesity has also been well established (Cani 2013;
Delzenne and Cani 2011; Turnbaugh et al. 2009). Microbiome composition has
been shown to differ between obese and lean twins, although the high variability
between individuals makes it difficult to identify key species related to obesity
(Turnbaugh et al. 2009). Increased energy storage has been attributed to the sup-
pression of fasting-induced adipose factor (Fiaf) expression by the gut flora.
Bäckhed et al. (2004, 2007) suggested that elevated Fiaf expression and increased
AMP-activated protein kinase (AMPK) expression in skeletal muscle and liver
tissue in the absence of the gut flora could also contribute to increased fatty acid
metabolism.

2.3 Immunomodulation

Humans benefit from the ability of the microbiota to protect against pathogens and
to metabolize otherwise indigestible products, while the microbiota benefits from
the nutrient-rich ecosystem provided by the host. Mammals have therefore adapted
to their microbial passengers (Lee and Mazmanian 2010) as they are able to
symbiotically co-exist without mounting inflammatory responses against com-
mensals and still rapidly mount immune responses against invading pathogens.
Immune tolerance in the gut appears to be highly dependent on host regulatory T
cells (Izcue et al. 2006) and epithelial Toll-like Receptor (TLR) signaling (Hornef
and Bogdan 2005). Recent investigations into the influence of the gut microbiota on
the host immune system have revealed important roles in immune cell development
and differentiation. The expansive role of the gut flora in immune development has
been thoroughly reviewed (Hill and Artis 2010; Kranich et al. 2011).

It is clear from studies in germ-free mice that the mucosal immune system is
underdeveloped in the absence of the gut flora (Macpherson and Harris 2004).
Germ-free mice have smaller Peyer’s patches, smaller lymph nodes, fewer lamina
propria, and diminished numbers of IgA producing cells (Macpherson et al. 2001).
Both the gut and probiotic bacteria maintain gut health through modulation of the
host immune system at the gut mucosal surface and also through secretion of
immunomodulatory molecules (Atarashi et al. 2008; Mazmanian et al. 2008). Past
the epithelial barrier, gut bacteria are taken up by intestinal macrophages in the
lamina propria much like their pathogenic counterparts, but they can persist in
intestinal dendritic cells (DCs) and induce local protective IgA production
(Macpherson and Uhr 2004). Probiotics can inhibit the immune cell apoptotic
pathway (Yan and Polk 2002; Yan et al. 2007), induce cytokine production
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(Grangette et al. 2005; Smits et al. 2005), and also enhance the overall innate
immune response in the gut, thereby increasing immune cell longevity and
pathogen colonization resistance (Grangette et al. 2005; Wehkamp et al. 2004).

2.4 Tissue Development and Maintenance

Alongside protection against pathogens, probiotic and gut bacteria may also have a
role in maintaining the gut mucosal surface. The gut flora modulates gene
expression in the intestinal epithelium and therefore may influence cell differenti-
ation and development. Mucin production by probiotic and resident gut bacteria
contributes to the structure of the gut mucus layer. The gut microbiota may also
stimulate angiogenesis in the intestinal villi (Stappenbeck et al. 2002), promoting
development of microvasculature. Murine studies have further shown a role for the
gut microbiota in the regulation of bone mass (Sjögren et al. 2012). The authors
suggest that the gut microbiota stimulates cytokine expression in the bone, which
modulates osteoclast-mediated bone resorption thereby influencing bone mass.

Studies in germ-free models have greatly aided in dissecting the microbiota’s
influence over the human body. Additionally, microarray studies have also high-
lighted the wide range of gene expression changes associated with the colonization
of the gut flora (Hooper et al. 2001). The microbial “organ” clearly plays an
astonishingly vital role in human homeostasis.

3 Bacteriophages in the Gut

Bacteriophages are the most abundant and diverse biological entities on the planet,
numbering at least ten phages per microbial cell in almost every environment,
including the gut. Thousands of virotypes exist per fecal sample and many still
remain uncharacterized (Breitbart et al. 2003; Kim et al. 2011). Even now, new
species are still being discovered in the gut by advancing metagenomic strategies
(Dutilh et al. 2014). Viral genomes are highly abundant and well represented in the
gut microbiome (Abeles and Pride 2014; Breitbart et al. 2003; De Paepe et al. 2014;
Minot et al. 2011; Modi et al. 2013; Reyes et al. 2010), where the majority of these
are members of the Siphoviridae family (Breitbart et al. 2003), followed by
Podoviridae (Kim et al. 2011; Minot et al. 2011; Reyes et al. 2010). Gut viral
particles are present in lower abundance in comparison to marine environments,
which suggests that the gut “virome” is likely dominated by temperate rather than
lytic phages (Reyes et al. 2010, 2012). The virome, like its microbial counterpart, is
unique to each individual (Reyes et al. 2010); it begins development at birth
(Breitbart et al. 2008), and fluctuates in response to host behaviour (Minot et al.
2011; Reyes et al. 2010).
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3.1 Phage Population Dynamics

The diversity of the gut virome ensures coverage of a very broad host range.
Nonetheless, the majority of free gut phages will most likely target the gut
microbiota. In any environment, phages are highly effective at infecting their prey.
However, phage predation has yet to drive bacterial species to extinction; both
bacteria and viruses are highly proliferative in the gut environment, for example.
The study of phage-prey population dynamics has generated many different models
to explain the co-existence of phage and their bacterial prey. In all these models,
phage predation is shown to be a driving force behind bacterial diversity.

The co-evolutionary arms race model, where bacteria escape phage infection by
evolving resistance mechanisms that are subsequently circumvented by phage
evolution, is termed “Red Queen dynamics”. It is often used to describe how phage
mediate bacterial diversity, with the CRISPR/Cas system serving as the clearest
example (Makarova et al. 2011). However, Red Queen dynamics alone cannot
explain the persistence and stability of co-existing phage and bacterial populations
(Heilmann et al. 2012). A study in Vibrio cholera observed that mutations for phage
resistance negatively impacted those mutants’ competitive fitness against their
phage-sensitive counterparts in the same environment (Seed et al. 2014). Multiple
selective pressures are at play.

Phage-microbial ecosystems are generally thought to exhibit “kill-the-winner”
dynamics, where phage population growth closely follows microbial expansion as
phages prey on the largest host populations (Rodriguez-Valera et al. 2009;
Thingstad 2000; Wiggins and Alexander 1985). As the corresponding host popu-
lation dwindles from phage infection, new “winners” increase in population,
thereby ensuring microbial diversity in the environment. Similarly, the “constant
diversity” (CD) model strives to explain the maintenance of diversity even among
closely related lineages (Rodriguez-Valera et al. 2009), and has been demonstrated
in coliphages. Phages infect bacterial cells by targeting cell surface receptors.
According to CD dynamics, the presence of any new receptor, which is analogous
to a new mutant cell entering the ecosystem, would be followed by a corresponding
increase in the targeting phage population. In essence, these dynamics illustrate
how phage predation maintains diversity within a bacterial population by ensuring
rapid bacterial turnover. However, such dynamics are not expected to be overtly
prevalent within the human gut, where physical constraints and extremely high
bacterial density will dictate the structure of the microbial community. Spatial
compartmentalization modulates phage-microbe interactions (Brüssow 2013;
Macfarlane and Dillon 2007). Kill-the-winner and CD dynamics may still be rel-
evant within the gut lumen or within micro-ecosystems along the mucus layer, but
do not appear to be dominant. The “spatial refuge hypothesis” (Heilmann et al.
2012) which models phage-microbial interactions in the context of biofilms may be
more pertinent. In this model, high-density bacterial populations form bacterial
refuges, which are not easily penetrated by phage. Instead, phage infection is
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highest at the boundaries of such refuges. Both phage and prey populations stably
co-exist in the long-term and the model also permits co-evolution.

Because many bacteria are actually physically inaccessible to phages, the
phage-prey dynamic in the gut is thought to be influenced by prophages more so
than by lytic phages (Mills et al. 2013; Reyes et al. 2012). While prophages are
known for encoding virulence factors and enabling pathogenic bacteria (Keen
2015), they may impart other nontoxic competitive advantages. Prophage genes
involved in anaerobic metabolism are abundant in fecal viromes (Reyes et al. 2010).
One strain of Enterococcus faecalis maintains a niche within the gut ecosystem by
producing a composite phage from two separate prophage elements (Duerkop et al.
2012). Phage production is triggered by limited nutrient availability and the com-
posite phage attacks competing E. faecalis, thereby conferring a competitive benefit
to the strain.

Prophage induction, the genetic shift from lysogenic cycle into the lytic, results
in cell lysis and release of phage particles and can also play a role in ensuring
microbial diversity. Prophage induction typically occurs under stressful conditions
threatening host cell survival, presumably so the temperate phage can move on to
better hosts. Within the human ecosystem, bacteria are capable of exploiting phage
induction as a means to kill off competitors (Selva et al. 2009). Phage infection and
prophage induction is also linked to quorum sensing (QS). QS systems regulate
bacterial gene expression in response to changes in cell density (Miller and Bassler
2001) and have been linked to a number of important pathogenic phenotypes
including biofilm formation (Jayaraman and Wood 2008) and toxin production
(Smith and Harris 2002). QS-mediated gene expression is notable in the dense gut
ecosystem. QS signaling molecules have been shown to induce prophages in soil
lysogens (Ghosh et al. 2009), providing further evidence that phage production is
linked with high cell density. Additionally, QS homologs have been recently dis-
covered in the temperate phage phiCDHM1, proposed to have originated from its
host, C. difficile but are genetically distinct (Hargreaves et al. 2014). The authors
propose that phiCDHM1 may therefore evoke QS responses in its host in a novel
mechanism for survival.

Phage predation and prophage induction may be problematic for probiotic
administration as the phage-sensitive probiotic population runs the risk of being
eliminated by gut phage upon entry into the gut ecosystem (Ventura et al. 2011).
The use of phage-resistant probiotics would most likely disseminate phage resis-
tance into the environment, again potentially upsetting the equilibrium. The gut
virome is thus an important parameter to consider in designing new probiotic
strategies.

3.2 Protection Against Pathogens and Immunomodulation

As the predators of bacteria, phage are capable of effectively and specifically
eliminating invading pathogenic bacteria. Naturally, they can protect the gut against

3 Bacteriophages in the Gut 45



pathogen colonization, but the question remains as to how they can protect against
all pathogens. Recently, phage that may specifically play this role were described
by Barr et al. (2013a) in a model “Bacteriophage Adhering to Mucus” (BAM) (Barr
et al. 2013a). Phage capsids were previously shown to have Ig-like domains, but
only recently were these capsids discovered to interact with the mucin glycopro-
teins of the mucus layer, effectively embedding phage heads into the gut mucus
layer. The tails of these embedded phages are exposed to the gut lumen and can
infect susceptible bacteria near the mucosal wall. Barr et al successfully demon-
strated phage embedded T4 phage activity in vitro against invading Escherichia coli
with supporting in vivo evidence (Barr et al. 2013a). This identifies a novel function
for bacteriophage in innate gut immunity (Barr et al. 2013b), though many ques-
tions still remain regarding the mechanisms of BAM-mediated killing in vivo.
Furthermore, phage have been shown to activate tumor-associated macrophages via
TLR signaling (Eriksson et al. 2009) and may have other roles in adaptive immune
activation.

Phages are very prevalent in the gut microbiome, with demonstrated roles in
controlling bacterial populations and mediating diversity within the environment.
Metagenomic studies have also revealed the large scope of prophage genomes,
although the mechanisms behind prophage influence over the bacterial community
has yet to be fully elucidated. While the gut microbiome has been shown to play
roles in human regulatory and metabolic pathways, the gut virome has been thought
to mediate and control the microbiota in turn. In essence, the phages modulate the
bacteria, which in turn modulate human health and homeostasis.

4 Applications of Phage

Most applications of phage biotechnology seek to apply or enhance phage-mediated
killing of bacterial targets. The emergence of multi-drug resistant pathogens, as a
consequence of the overwhelming application of antibiotics over the past several
decades, is growing and becoming increasingly more difficult to treat.
Bacteriophage antibacterial technologies have therefore begun to garner great
interest as alternatives to antibiotics. We will consider some examples of phage
biotechnology particularly applicable to the gut microbiota and examine how they
can influence human health.

4.1 Lytic Phage Therapy

Many phage applications exploit the specificity of phage to pathogenic bacteria.
Phage therapy is the use of lytic phage administered directly to a patient either
locally or systemically to infect and kill targeted pathogen (Abedon et al. 2011;
Thiel 2004). While originally discovered in early in the 1900s, the use of phage did
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not gain traction in Western medicine and was displaced by antibiotics after World
War II [reviewed in (Gill and Young 2011; Sulakvelidze 2011)]. There is now
reemerging interest in phage therapy as we enter the post-antibiotic era (Thiel
2004).

Phage preparations have been effectively used in food preparation to prevent
contamination (Tsonos et al. 2014). In an effort to control foodborne diseases,
phage therapy has long been tested as a means to prevent or treat diseases in
livestock (Atterbury 2009; Greer 2005) such as cattle (Smith et al. 1987), poultry
(Fiorentin 2005; Miller et al. 2010; Oliveira et al. 2009), and pigs (Jamalludeen
et al. 2009). More recently, phages are also being offered as probiotics in humans,
particularly as a supplement or alternative to antibiotics. There is a growing number
of biopharmaceutical companies focusing on phage-based therapeutics. IntraLytix
(www.intralytix.com) has developed multiple phage preparations for the direct
elimination of pathogenic bacteria, several veterinary phage therapies, and a new
phage therapeutic against Shigella intended for consumption. The George Eliava
Institute of Bacteriophages, Microbiology and Virology (www.eliava-institute.org)
developed “Intestiphage”, another potential “phage probiotic”, among other phage
therapies.

Phage-derived antimicrobial molecules are also increasingly gaining interest.
Endolysins, hydrolase enzymes that degrade the bacterial cell wall to promote lysis
(Nakonieczna et al. 2015), and holins, small membrane proteins that induce lethal
lesions in the cell membrane (Young 2002) are being investigated. These highly
specific and small molecules can serve as excellent alternatives to common
antibiotics and against drug-resistant bacteria. They may be used to circumvent
resistance and antibiotic-associated disease states resulting from broad-spectrum
antibiotics. Endolysins against C. difficile have already been identified and have
been shown to be specifically active against the pathogen (Rea et al. 2013).

4.2 Phage Biotechnology

Phage display, the covalent linkage of proteins to phage capsid proteins, exploits
phage specificity and may be used to selectively deliver proteins to their targets.
Filamentous bacteriophage have been demonstrated to deliver such covalently
linked active antibiotic moieties specifically to pathogenic E. coli strains
(Westwater et al. 2003; Yacoby et al. 2006, 2007; Yacoby and Benhar 2008). These
antibiotic molecules have the advantage of being specifically targeted to pathogens
and can therefore avoid killing other potentially beneficial commensal microbiota;
however, this is highly dependent on the intrinsic tropism of the phage in question.
It may be possible to expand phage tropism by display of targeting peptides. This
can circumvent phage resistance or target the phage to a new host.

While phage display is a very powerful technology, the delivery of the displayed
moieties is limited to the number of phage particles available. Lu and Collins (2007)
demonstrated an alternative two-pronged approach to dispersing biofilms, where
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they enhanced the natural ability of T7 phage to penetrate biofilms by encoding the
gene for DspB, a EPS-degrading enzyme into the phage genome (Lu and Collins
2007). After infection, replication, and lysis by T7, DspB would be released, further
degrading the biofilm matrix and exposing cells within the biofilm. The lytic phage
T7 was shown to hijack target cell machinery in order to express and release
recombinant proteins, further underscoring the potential of manipulating phage
beyond basic phage therapy. While Lu et al. concentrated on biofilm degradation,
other beneficial proteins could potentially be encoded and released as well. It may
be possible to mimic the activities of probiotic bacteria through phage-mediated
delivery, production, and release of relevant proteins, such as mucin or bacteriocins.

However, the release of internal bacterial cell components and large numbers of
phage progeny upon lysis can have inflammatory effects for the host (Lepper et al.
2002; Merril et al. 1996). Nonlytic phage therapies may be more advantageous for
some applications in the gut by avoiding undesirable secondary immune responses.
These proof-of-principle experiments have generally concentrated on exploiting
lysogenic and filamentous phage to deliver inducible cytotoxic genetic cargo.

Paul et al. (2011) constructed a lysis-deficient phage as a Staphylococcus aureus
phage therapeutic (Paul et al. 2011). The temperate phage was shown to lysogenize
the target pathogen in vivo by way of holin-induced lesions in the cell membrane,
which depolarizes the plasma membrane and leads to cell death but not cell lysis.

The lethal agent delivery system first described by Norris et al. (2000) used
non-replicative nonlytic phageheads that carried plasmids encoding antimicrobial
agents (Norris et al. 2000; Westwater et al. 2003). These phageheads are generated
from a defective lysogen incapable of packaging the phage genome, but capable of
replicating and packaging plasmids with a bacteriophage packaging signal (pha-
gemids). Upon delivery, these phageheads specifically adhere to the cell surface
receptors of the targeted pathogen and release the lethal phagemids into the targeted
cell. Expression of the antimicrobial genes results in swift cell death of the
pathogen, again, independent of phage lysis. The delivery of type II endonucleases
or modified phage holin genes by modified M13 phage was demonstrated in E. coli
(Hagens and Bläsi 2003). A similar approach to deliver endonucleases was used in
Pseudomonas aeruginosa (Hagens et al. 2004).

More recently, a different modular phagemid system for the expression of
nonlytic antimicrobial peptides has been developed by Krom et al. (2015) and
tested in mice (Krom et al. 2015). The phagemid carries the M13 packaging signal,
which is then packaged by phage proteins expressed from a helper plasmid in the
specialized production strain. Again, the resultant viral particles are devoid of phage
genome and only carry the lethal phagemids, which can then be delivered to target
bacteria.

Phages can modify target behaviour as well. Lu and Collins (2009) generated
phage that targeted the SOS DNA repair system as a strategy to enhance antibiotic
sensitivity in E. coli (Lu and Collins 2009). They successfully demonstrated their
engineered M13 mp18 phage as an effective antibiotic adjuvant. In another study,
Edgar et al. (2012) infected pathogenic antibiotic-resistant bacteria with temperate
phage to reverse their resistance (Edgar et al. 2012). Streptomycin and nalidixic

48 5 Phage Probiotics



acid-resistant E. coli strains were lysogenized by λ phage carrying the alleles rpsL
and gyrA in order to confer antibiotic sensitivity by replacing antibiotic targets,
ribosomal and gyrase enzyme functions, respectively. Another approach to combat
antibiotic resistance is phage delivery of small regulatory RNA (sRNA) (Libis et al.
2014). Libis et al. (2014) designed a phagemid encoding sRNA against dominant
antibiotic resistance genes and delivered them using M13 (Libis et al. 2014). They
observed re-sensitization to antibiotics kanamycin and chloramphenicol in E. coli
after infection with the recombinant M13.

In these nonlytic prokaryotic gene delivery approaches, the use of phagemids
circumvents development of phage resistance since the delivered phagemids are
devoid of phage elements and can be easily modified to accommodate different
genetic cargo.

5 Conclusions

Most applications of phage rely on or enhance their ability to kill pathogenic
bacteria. Phage therapy is poised as a favourable alternative to antibiotics.
However, unmodified phage therapy is highly susceptible to phage resistance and
relies on the natural tropism of the phage. Phage biotechnologies such as phage
display and both, lytic and nonlytic phage gene delivery, are areas of rich devel-
opment. They can be creatively applied to not only enhance phage-mediated
antibacterials by expanding target range and/or improving cytotoxicity, but also
enhance commensal microbiota function. Gene delivery of cytotoxic genes may be
particularly powerful, especially in the post-antibiotic era. Even so, nonlytic gene
delivery also has the dangers of lateral gene transfer, phage mutation, and uncon-
trolled prophage induction, which must be taken into consideration.

Greater insight into the microbiome is required in general. Many health indi-
cations been linked to the gut microbiome and they may be very well suited for
probiotic—bacterial or phage—treatment. Thus far, phage and bacterial therapies
have proven successful as antimicrobials, particularly in animals. Further investi-
gation into the mutualistic roles of the gut microbiome and virome will facilitate
better probiotics for use in healthy individuals. Phage probiotics outside of lytic
phage therapy may be very difficult to implement in humans due to lack of regu-
lation and oversight.
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Chapter 6
Phage for Biodetection

Abstract Bacterial threats pose a major global health issue and are the culprits
behind extensive morbidity and mortality each year. Many of these biological
entities have circumvented our ability to detect them via standard biological testing
methods, where earliest detection of a biological threat may occur at the time of
clinical diagnosis. These standard methods typically utilize biochemical and
genotypic tests which, while moderately effective, can be expensive, laborious, time
consuming and offer varying levels of success. Furthermore, by the time of
detection, particularly with respect to biological entities relevant to of bioterrorism
and environmental contamination, it may be too late. As such, there is a great
demand for new bacterial detection technologies, predominantly in the: (i) medical
industry where earlier diagnosis of infectious diseases would confer better thera-
peutic outcomes; (ii) agricultural, food and water processing industries to benefit
from the ability to identify disease-causing organism(s) in order to prevent and
control ongoing outbreaks; and (iii) the military and/or academic industries to
identify and prevent agents of bioterrorism (Gulig in Principles of bacterial
detection: biosensors, recognition receptors and microsystems (Springer, Montreal,
pp. 755–783, 2008). New and emerging non-bacteriophage-based techniques to
detect pathogens include both those for nucleic acid detection (i.e. real-time PCR,
isothermal-PCR and microarrays) and biosensors (i.e. ELISA, antibody arrays, fiber
optics and surface plasmon resonance), each of which has been reviewed exten-
sively (Gopinath et al in Biosens Bioelectron 60: 332–342, 2014; Gulig in
Principles of bacterial detection: biosensors, recognition receptors and microsys-
tems. Springer, Montreal, pp. 755–783, 2008). Bacteriophages possess the innate
ability to specifically target and amplify in a bacterial host—key attributes for
effective bacterial detection (Singh et al. in Analyst 137: 3405, 2012). In this
chapter we will examine these phage-based bacterial sensor strategies.
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1 Introduction to Phage-Based Biodetection

Bacteriophages are intracellular bacterial parasites that bind specific host surface
receptors and utilize the bacterial cell machinery for their own multiplication and
dissemination of mature virions (Housby and Mann 2009). Phages possess almost
infinite potential for the manipulation of the bacterial species, including bacterial
detection and phage-based detection technologies. While still currently in the
infancy stages, these embrace modern techniques and advantages from modern
biotechnology and nanotechnology (Singh et al. 2006). Phage offer many advan-
tages that have already been observed and the outcomes from phage-based strate-
gies have proven quicker, usually within days, in comparison to antisera/antibody
methods, which can take up to months using conventional methods (Ulitzur and
Ulitzur 2006). Phage typing has been used for decades and most extensively applied
to the detection of Mycobacterium, Escherichia, Pseudomonas, Salmonella and
Campylobacter species (Barry et al. 1996).

2 Plaque Assays

Phage infection of bacterial cells can be visualized on a petri plate as a clearing or
“plaque” on an otherwise opaque bacterial lawn. Phage plaques, have been used
traditionally as a means of bacterial detection and typing, whereby the phage
infection and the viral amplification event can be visualized as a plaque forming
unit (pfu). Plaque formation begins when susceptible bacterial species are infected
by a phage of suitable host-range, resulting in the lysis of the host bacterial cell,
followed by subsequent phage progeny release and infection of neighboring host
cells. The result of these actions can be seen as plaques, which are normally visible
under natural light and can be counted to give a positive indication of the pathogen
(Cox 2012; Kalniņa et al. 2008). Traditional plaque assays have been used in the
detection of pathogens, including but not limited to, Bacillus anthracis (Brigati
et al. 2004; Gillis and Mahillon 2014; Thal and Nordberg 1968), Staphylococcus
aureus (Wallmark et al. 1978), Mycobacterium species (Broxmeyer et al. 2002),
Escherichia coli (Oda et al. 2004), Pseudomonas species (Brokopp et al. 1977); and
Campylobacter species (Grajewski et al. 1985).

This traditional method is typically laborious and time consuming (Cox 2012).
However, an advanced approach developed by Stewart et al. (1998) allows for a
quicker and simpler method for phage-based assays cutting down processing time to
4 h in comparison to days. In this method samples are incubated with the specific
phage and the exogenous phage excess is killed by a virucidal agent such as
pomegranate rind extract. The susceptible bacterium can then be added to culture
medium to enable plaque formation and grown from this point with a helper bac-
terium rather than pre-culturing suspected pathogens, dramatically cutting down the
processing time (Stewart et al. 1998). This technique was successfully applied to

60 6 Phage for Biodetection



Mycobacterium tuberculosis, a slow growing bacterium, paired with a fast growing
Mycobacterium smegmatis as a helper bacterium, cutting down the processing time
from multiple weeks to two days (Minion et al. 2010; Rishi et al. 2014).

2.1 Phage Display for the Improvement of Plaque Assays

Bacteriophage specificity for bacterial cells enables them to be easily used for the
typing of bacterial strains and pathogens; however, these methods possess a number
of limitations that can lead to false negatives. In particular, most phage strains are
specific to a small subset of their pathogenic hosts, where some of the pathogens may
not be susceptible to the indicator phage causing a false negative. This natural
specificity can be improved by expressing targeting peptides onto the capsid surface
of the phage through a thoroughly developed process termed “phage display”
(Nicastro et al. 2013; Smith and Petrenko 1997). The most commonly used peptide
in this advancement is the single chain F variable (scFv) portion of an antibody that
contains the antigen-binding regions of the heavy and light chains; the antibody
portion is normally obtained from animals that are immunized with the antigen.
Phage particles incorporating the fusion peptide of interest to their capsids are then
selected by a process called “panning”, which involves the display/binding of the
antigen to the phage and the subsequent washing away of any unbound phage. The
bound phage can then be eluted and amplified in the appropriate host cell (Smith and
Petrenko 1997); Gulig et al. 2008). While the phage bound with scFv have been
successful for the purposes of bacterial detection, the scFv section alone is not.

Sorokulova et al. (2005) developed a random 8-mer landscape phage library
expressing fusions to coat protein (pVIII) of fd phage. The phage were panned
against S. typhimurium whole cells resulting in the isolation of a phage that was
highly specific towards Salmonella whole cells (Sorokulova et al. 2005). In a
follow-up study, Olsen et al. (2006) were able to detect Salmonella with this phage
at titers as low as 100 cells/mL (Olsen et al. 2006). This technique was also used to
pan against Bacillus anthracis, an organism of particular relevance to bioterrorism,
leading to the identification of multiple phage with the ability to capture anthrax
spores with reasonable specificity (Brigati et al. 2004).

Ide et al. (2003) used the New England Biolabs 12-mer library of random peptides
in an effort to isolate peptides for the identification of the H7 flagella of E. coli O157:
H7 (Enterohemorrhagic E. coli, or EHEC). This is a pathogenic strain of bacteria that
is responsible for the onset of hemorrhagic colitis and hemolytic uremic syndrome
(HUS) due to the release of Shiga toxin (H7 antigen) that is shared bymost strains and
encoded by the resident prophage, 933W. They were able to develop specific clones
to H7, one of which could bind to intact E. coli cells expressing flagella (Ide et al.
2003). Similarly, Turnbough (2003) developed phage libraries using New England
Biolabs 7- and 12-mer libraries to isolate phage clones that could recognize a variety
of Bacillus spores, including those formed by B. anthracis species. They were also

2 Plaque Assays 61



able to differentiate between the spore types, an important consideration in the
development of anti-spore reagents (Turnbough 2003).

The future of phage display biotechnology platforms seems promising with
non-immunoglobulin target-binding tools at the forefront. These tools can be engi-
neered to increase the randomness of binding. Examples include: (i) affibodies—small
proteins isolated from S. aureus proteinA that can bemanipulated by randomizing the
binding domain and highly specific bodies to protphageein targets, and have already
been obtained; and (ii) anticalins—proteins based on lipocalin proteins that transport
or store molecules that are soluble and can be manipulated to recognize a variety of
targets with high affinity binding (Gulig et al. 2008). The ability of phage to amplify
and form plaques can be quite effective in bacterial detection and has set the foun-
dation for advancements to the field, including the use of phage as indicator organ-
isms, addressed in the following section.

3 Bacteriophage Indicator Organisms (Reporter Phage)

It is highly unlikely that phage plaque assays, even in their optimized form, will
become the ultimate tool in pathogen biological detection systems. Although plaque
assays offer a cost-effective and reliable method for bacterial detection, there are
many approaches to employ the natural abilities of the phages toward the devel-
opment of more sophisticated detection strategies that can offer real-time, or
near-real-time results. Bacteriophage indicator organisms can do just this by way of
combining the natural binding and infection abilities of bacteriophage with a mode
of detecting the phage itself. Bacteriophage indicator organisms, referred to as
reporter phage, are based on the engineering of recombinant phage to transduce
target bacterial hosts and express a reporter gene(s). Expression of the
phage-encoded reporter gene(s) upon infection enables the subsequent identification
of the infected host.

3.1 Fluorescence-Based Assays

In general, various methods for light emission microscopy permit simplistic
microbial detection, and these can be used in combination with molecular cloning
techniques to engineer phage to carry and deliver specific reporter genes such as
luciferase or green florescent protein (GFP) that are expressed upon infection of the
bacterial host. Among all the described reporter phage, those carrying a luciferase
gene for bacterial detection account for the largest share. The bioluminescent signal
generated by luciferase activity on luciferin is highly sensitive and rarely found in
native food samples, thereby offering a high signal-to-noise ratio (Brovko et al.
2012; Schmelcher and Loessner 2014). Ulitzur and Kuhn (1987) were the first to
construct a luciferase reporter phage (LRP). The group engineered the LRP by
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inserting a luc gene into a bacteriophage lambda (λ) cloning vector, thereby enabling
the detection of an E. coli sample size as small as ten bacteria within an hour in milk
(Ulitzer and Ulitzur 2006; Ulitzur and Kuhn 1987).

LRPs have now been developed for the detection of many pathogenic bacteria
including:E. coli,Salmonella species,Listeria species,S. aureus, andMycobacterium
species (Loessner et al. 1996; Ripp et al. 2006; Tawil et al. 2014). Loessner et al.
(1996) developed reporter phage A511::luxAB, which utilizes the broad host range of
the Listeria monocytogenes-specific phage A511. The reporter phage strategy
employed the phage display technique to conjugate a luciferase gene fusion imme-
diately downstream of the major capsid protein gene of A511. The group reported
emission data that supported the ability of the reporter phage to infect host cells in a
manner such that the luciferase signal could be detected. The detection was highly
sensitive, where positive indicators of infection were found even in the presence of
low numbers of Listeria species bacteria within 24 h (Loessner et al. 1996).

Green Fluorescent Protein (GFP) has become one of the most frequently used
biomarkers in molecular biology. In contrast to luciferase, GFP does not require a
substrate (such as luciferin by luciferase) as the protein itself expresses a chro-
mophore, thereby further simplifying fluorescent detection (Vesuna et al. 2005).
Funatsu et al. (2002) were the first to use GFP reporter genes in a phage through
direct cloning to develop a recombinant λ reporter phage. The group employed
fluorescent microscopy to detect GFP in transduced bacteria within six hours
post-infection (Loessner et al. 1997; Funatsu et al. 2002). In another study by Oda
et al. (2004), phage display was used to display GFP on the surface of the capsid
protein of the virulent phage PP01, specific to E. coli O157:H7. Fluorescent
microscopy was used to visualize infected target cells and GFP signals were found
as soon as 10 min post-infection. Interestingly, the investigators reported being
able to detect a signal in viable cells, viable but non-culturable cells, and most
surprisingly, even in dead cells; although the test was reported to be much less
sensitive in the latter (Oda et al. 2004). In a follow-up study the group used T4 that
was deficient in the ability to produce T4 lysozyme, enabling the phage to remain in
the target cells without lysing the hosts. Detection and visualization of the tar-
geted cells was relatively efficient as GFP continued to accumulate within (Tanji
et al. 2004).

4 Immobilized Phage Particles as Probes for Bacterial
Detection

Phage infection depends on the adsorption of the phage particle to the surface of its
host. This occurs via specific recognition of the receptor molecules of the bacterial
host cell, typically outer membrane proteins, flagella or pili (Berkane et al. 2006).
Tailed phages, which make up the majority of the bacterial viruses, possess tail
fibers that are responsible for the interaction with the bacterial receptors. Once this
interaction occurs, adsorption is enabled and occurs in two stages: (i) reversible
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binding of the tail fiber to the cellular receptor(s); and (ii) the irreversible docking of
the phage plate to the cell envelope. The specificity of the adsorption process is an
ideal feature of bacteriophage that can be exploited for the detection of bacterial
pathogens.

Bennett et al. (1997), were the first to report the use of immobilized phage,
passively attached to a solid phase, to remove Salmonella as well as other species of
Enterobacteriaceae from food materials. The group used the Felix 01 phage,
originally found during a Salmonella epidemic (Felix 1956), immobilizing the
phage to polystyrene in a dipstick or microtiter plate format by soaking the surfaces
with phage suspensions, then washing to remove unbound phage and remaining
absorption sites. The immobilized phage were incubated with Salmonella and a
mixed bacterial culture, and subsequent analysis by PCR suggested the specific
recovery of nine out of eleven Salmonella samples (Bennett et al. 1997). However,
a concentration of 105 colony forming units (cfu) per milliliter was required to
obtain a positive result by PCR. Overall, this accounted for a capture efficiency of
only one percent of cells, limiting the tests sensitivity and clinical utility (Bennett
et al. 1997; Schmelcher and Loessner 2014).

Chemical functionalization of bacteriophages to surfaces can dramatically
enhance the passive absorption method of phage described above. Phage func-
tionalization using sugars such as dextrose and sucrose, or amino acids such as
histidine and cysteine, has been found to greatly improve the number of phage
bound to a variety of surfaces (Singh et al. 2012). Handa et al. (2008) reported a
method to chemically immobilize phage P22 in a monolayer with application
toward the detection of various bacteria including S. typhimurium, E. coli, and
Listeria monocytogenes (Handa et al. 2008). The immobilized phage showed par-
ticularly strong binding to S. typhimurium, offering promise for this method to be
applied as a biosensor technique.

Phages have also been modified to display ligands on their heads for an oriented
immobilization onto surfaces. This is important as the tail of the phage must interact
with the bacterium in order to adsorb to its host cell. This oriented immobilization
has been shown in a study by Gervais et al. (2007) where T4 phages were
immobilized onto gold surfaces through genetic biotinylation of the phage heads.
This process involved displaying biotin on the surface of the phage heads to interact
with the streptavidin-coated magnetic beads for an oriented immobilization. Here,
the phage were demonstrated to be able to capture up to 99 % of their targeted hosts
from suspension (Gervais et al. 2007).

5 Conclusions

Bacteriophage-based detection techniques offer great potential to circumvent the
biological threats imparted by bacterial pathogens. Plaque forming phages have
been used extensively for bacterial detection, particularly in combination with
phage display techniques, to aid in the targeting of specific pathogens. Reporter
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phage assays have further sophisticated phage reporter strategies thus, improving
the speed and sensitivity of detection. Further enhancements involving the oriented
immobilization of the reporter phage will aid to push the limits of detection and
sensitivity.
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Chapter 7
Phage-Mediated Immunomodulation

1 Introduction

While the natural hosts for bacteriophages are bacteria, there is growing evidence
for the ability of phage to interact with mammalian cells, particularly with those of
the human immune system. These interactions typically encompass two main
features: (i) phage immunogenicity, or ability of phages to induce specific immune
responses; and (ii) phage immunomodulation, which can be defined as the ability of
phages to modify the immune system in both innate and adaptive responses. The
aim of this chapter is to explore the interactions between phages and the immune
system, and more specifically the implications of these interactions in the devel-
opment of novel medical applications.

2 Immune Responses to Phage

The pervasive presence of bacteriophages in the environment is indicative of the
constant exposure of humans to phages. Not surprisingly, phages are well tolerated
by mammalian hosts. This tolerance comes with the stimulation of various immune
responses from that mammal that are critical to consider in the development of any
therapeutic. To the eukaryotic host, phages are highly immunogenic foreign entities
that interact with the innate immune system and induce specific humoral and cel-
lular immune responses (Górski et al. 2005; Kaur et al. 2012). Despite the
intriguing evidence for bacteriophage-initiated immune responses, there is a limited
understanding of how phage exposure triggers these responses or how they can
ultimately be expended to influence immunity in mammalian systems.
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Some plausible theories have been developed describing the routes for phage
penetration, based on route of administration and immune activation. While phage
penetration studies have been inconsistent, the evidence for phage entry into the
bloodstream and systemic tissues is consistent in nearly every animal model and
administration route. Administration routes considered to date include: oral
(Delmastro et al. 1997; March et al. 2004; Zuercher et al. 2004), subcutaneous
(Grabowska et al. 2000; Wu et al. 2002), intramuscular (Acton and Evans 1968;
Clark et al. 2011; Clark and March 2004; Samoylov et al. 2015), intravenous
(Inchley 1969), and intradermal injection (Roehnisch et al. 2013). Animal models
studied to date include: mice (Samoylov et al. 2015; Willis et al. 1993; Wu et al.
2002), rabbits (Clark et al. 2011; March et al. 2004), pigs (Zuercher et al. 2004),
non-human primates (Chen et al. 2001; Rao et al. 2004; Trouche et al. 2009), as
well human in phase I/II clinical trials for the treatment of patients with multiple
myeloma (Roehnisch et al. 2013, 2014). This section will consider the specific
immune responses that inactivate phage, specifically focusing on innate responses
clearing phage and the generation of specific antibodies against phage antigens.

2.1 Anti-phage Innate Responses

The innate immune response can be defined as an immediate, fast-acting, first-line
antimicrobial host defense that remains active until a more definitive adaptive
response can be developed. Both systems are interactive and therefore cannot be
considered as completely separate entities (Fearon and Locksley 1996). As foreign,
typically exogenous entities, bacteriophages do initiate innate immune responseswith
many similarities to their bacterial counterparts. This section will discuss immune
responses to phage, specifically involving phage clearance and neutralization.

Bacteriophages are highly immunogenic particles that are recognized as foreign
entities to eukaryotic hosts and as such, are quickly removed from the body when
no bacterial hosts remain to be infected (Olszowska-Zaremba et al. 2012a, b). The
system most responsible for phage clearance is the reticuloendothelial system
(RES) of the liver and spleen (Dabrowska et al. 2005; Geier et al. 1973; Inchley
1969). It is a component of the innate immune system comprised of phagocytic
cells located in the reticular connective tissue (Halpern 1959). These cells are
primarily monocytes and macrophages, though Kupffer cells (mononuclear
phagocytes of the liver) and dendritic cells have also been suggested to play a
significant role in the rapid removal of phage. The responses by Kupffer cells to T4
phage were first studied by Inchley (1969), where the investigator noted that T4 was
rapidly removed from the livers and spleens of mice after being phagocytosed by
Kupffer cells. The phagocytosis was noted as early as 30 minutes post-infection and
while macrophages of the spleen were also tested for their ability to remove phage,
the ability of the RES immune cells to clear the phage was comparatively much
lower than that of Kupffer cells.
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A more recent study by Molenaar et al. (2002) has similarly suggested a
specificity of phages to Kupffer cells, where the pharmacokinetics and processing of
filamentous M13 phage was investigated in mice. Internalization of the M13 phage
via receptor-mediated endocytosis was observed within 30 minutes of infection,
and the immune responses of the RES were further exemplified by a 5000-fold
reduction of bioactive phage within 90 minutes of infection (Molenaar et al. 2002).

The rapid mammalian clearance of bacteriophages can also be associated with
the physico-chemical properties of their surface proteins, which are likely respon-
sible for their recognition as foreign particles. Merril et al. (1996) attempted to
circumvent the innate responses that were involved with the rapid removal of phage
P22 and phage λ in mice models to create “long-circulating” phage mutants. The
elegant system involved the selection of mutants, or residual phage, through the
continued isolation of phage that could progressively evade the RES as demon-
strated by their ability to passage through and persist in the mice.

2.2 Humoral Immune Reposes to Phage
(Anti-phage Antibodies)

Anti-phage-neutralizing antibodies are undeniably one of the most important lim-
iting factors in phage-based therapies. Exogenous phage have been shown to induce
both innate and antibody responses in their mammalian hosts—a response that is
partially impacted by the type of phage administered, the route of administration
and dosage protocol (Sulakvelidze et al. 2001). Topical and oral administrations
will typically result in lower antibody responses in comparison to other methods
(Olszowska-Zaremba et al. 2012a, b).

Neutralizing antibodies can greatly decrease the efficacy of bacteriophage-based
therapies, making the identification of immunogenic phage components of partic-
ular interest. Antibody generation against filamentous bacteriophage was investi-
gated in a study by van Houten et al. (2010) after they had identified filamentous
phage as highly immunogenic agents (van Houten et al. 2006). The group found
that deletion mutants of the N1 and N2 domains of the pIII coat protein were
significantly less immunogenic in comparison to wild-type M13 filamentous phage
as well as those with altered pVIII coat proteins (van Houten et al. 2010).

In another M13 phage immunization study, Frenkel et al. (2000) demonstrated
evidence for the development of serum IgG antibodies against recombinant M13
phage (Frenkel et al. 2000). This work was further studied and confirmed by
Hashiguchi et al. (2010), where primary antibody responses were found to consist
of both IgM and IgG isotypes (Hashiguchi et al. 2010). The single stranded nature
of the M13 DNA genome possesses unmethylated dinucleotide CpG motifs that
may also impart immunological effects (Karimi et al. 2016).
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Evidence for antibody generation to T7 phage was demonstrated by Sokoloff
et al. (2000), where administered T7 phages were recognized by natural antibodies
in the circulatory systems of their rat models and were effectively removed fol-
lowing this recognition. Interestingly, the group noted that rate of phage survival
was specific to the peptide being displayed on the phage, suggesting that lysine and
arginine residues can protect the phage against humoral immune responses
(Sokoloff et al. 2000). Further studies by Srivastava et al. (2004) showed that the
clearance of T7 phage from the blood is slower in B-cell deficient mice as compared
to wild-type mice and that this clearance can vary depending on the type of phage
(Srivastava et al. 2004; Sulakvelidze 2005).

2.3 Anti-phage Cellular Immunity and the Implications
of the Impact of Phage on the Adaptive Responses
(T and B Cells)

Cellular immunity plays an essential role in combating viral infections. In partic-
ular, T-cells are required to expand virus-specific memory-dependent cytotoxic and
helper, CD8+ and CD4+ T-cells (Watanabe et al. 1992). Phages that have under-
gone endocytosis by specialized antigen-presenting cells (APCs) described above,
would be presented to antigen-specific CD4+ T-helper cells, imparting the gener-
ation of memory cells against the antigenic determinants of a phage, resulting in the
rapid clearance upon subsequent exposure through neutralizing antibodies (Kaur
et al. 2012). This phenomenon has been demonstrated through the use of phage
ΦX174, which has been used extensively in immunodeficiency screenings (Kaur
et al. 2012; Lopez et al. 1975; Ochs et al. 1971). Ulivieri et al. (2008) described the
processing of recombinant M13 bacteriophage by human antigen-presenting cells
onto MHC class II molecules. In an earlier study on the topic by Yang et al. (2005),
the authors suggested a link between the demonstrated antibody responses and the
activation of the Th1 cytotoxic T-cells and Th2 T-helper cell responses.

3 Bacteriophage—Based Immune-Pharmaco-Therapies

The natural immunostimulatory effects of bacteriophage, in combination with their
versatility, offers the capacity for an assortment of exciting immunological therapies.
While the applications of phage toward immune-pharmaco-therapies is virtually
limitless, here we will focus on applications to cancer with other considerations for
autoimmune disorders, drug addiction, obesity and reactive oxygen species derived
as a result of bacterial infections.
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3.1 Phage Immunogenicity and Cancer Therapy

Cancer is a highly complex and multifactorial disease. It is generally defined by
several definitive hallmarks (Hanahan and Weinberg 2000, 2011) including, but not
limited to: rapid over-proliferation of cells, enhanced proliferative signaling, and
angiogenesis. Cancer therapies therefore generally seek to eliminate such behaviors
(killing rapidly proliferating cells, for example) or target them to limit exposure of
normal tissues to the lethal cancer therapeutic. The ideal cancer therapy seeks to
selectively target and eliminate cancerous cells while preserving normal,
non-cancer cells (Strebhardt and Ullrich 2008).

3.1.1 Phage in Tumor Targeting

Targeted therapy has historically made use of monoclonal antibodies that confer
high affinity for tumor antigens. However, their large size (*160 kDa) (Jain 1990)
and their high affinity for the initial antigens with which they ligate (Adams et al.
2001) may actually reduce the extent to which they are able to penetrate a tumor,
thereby reducing efficacy. As such, smaller antibody and peptide fragments may be
more desirable as tumor targeting moieties. Phage display libraries (see Smith and
Petrenko (1997) for a review of phage display) are indispensable for high-throughput
and cost-effective selection of potential peptides amongst billions of candidates
(Hamzeh-Mivehroud et al. 2013; Ladner et al. 2004). High affinity ligands isolated
from phage display libraries have been demonstrated as probes for cancer detection
(Newton et al. 2006; Samoylova et al. 2003) and in the improvement of targeted
delivery (liposomal) (Bedi et al. 2014; Jayanna et al. 2009, 2010a, b; Wang et al.
2011) of therapeutic cargo. Identification of cell penetrating peptides (CPPs)
(Barry et al. 1996), tumor-specific CPP in particular (Ivanenkov et al. 1999; Poul
et al. 2000), has also been successful, which is particularly important for oligonu-
cleotide or organelle-specific drug delivery.

Phage display has also been used to screen for potential cell surface receptors as
novel markers to be exploited in cancer therapy (Molek et al. 2011). The
interleukin-11 receptor α was first identified as a promising target for metastatic
prostate cancer through an in vivo combinatorial screening approach (Cardó-Vila
et al. 2008; Lewis et al. 2009; Zurita 2004). Similarly, a ligand-directed peptide
drug has since been developed against the receptor with very promising results in
the recent first-in-man study (Pasqualini et al. 2015).

Tumor heterogeneity is a recognized obstacle in the development of targeted
cancer therapies. Gross et al. (2016) recently described the use of a landscape phage
display library to identify “promiscuous” ligands, which are defined as targeting
ligands with affinity for multiple receptors across multiple cancer phenotypes. As
such, this group identified phage ligands against heterogeneous pancreatic and lung
cancer cell populations. Phage particles displaying the ligand were able to rapidly
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accumulate within target cells, which, they proposed, was due to the interaction of
the “promiscuous” ligands with multiple cell surface receptors. Phage display will
likely continue to lead the way in the identification of future similar peptides for
more complex arrays of targets.

3.1.2 Anti-tumor Phage Therapies

Phage display may be established as a fundamental tool in the discovery of tumor
targeting ligands, but phage particles themselves are also being investigated as
therapeutics. Due to their small size and simple genomics, phage offer the capacity to
serve as excellent candidates for novel nanomedicines (Kaur et al. 2012; Moghimi
et al. 2005). For example, it has been demonstrated that surface residues on fila-
mentous phage M13 can be functionalized for bioconjugation to other moieties
(Henry et al. 2015; Niu et al. 2008; see Petrenko and Jayanna (2014) and Kaur et al.
(2012) for more extensive reviews on existing phage-based nanomedicines outside
of cancer).

The greatest potential for phage cancer therapy may lie in their capacity to carry
therapeutic cargo (DePorter and McNaughton 2014; Henry et al. 2015), which takes
advantage of phage tumor-targeting ligand display. Furthermore, phage particles
remain stable across both a wide temperature and pH range, which is desirable for a
drug delivery vehicle (Jonczyk et al. 2011). Samoylova et al. (2003) constructed
phage particles expressing three families of glioma-specific ligands. These phage
were highly specific against a malignant glioma cell line and the authors suggested
their use as probes to identify cell surface markers in glioma cases. Phage that
display targeting ligands can be taken up by mammalian cells through endocytosis
in vitro and in vivo (Kassner et al. 1999; Larocca et al. 2001; Poul and Marks 1999;
Urbanelli et al. 2001), which is desirable for intracellular delivery of oligonu-
cleotides or organelle-targeted small molecules. CPPs selected on phage display
libraries can be utilized to enhance cell-specific internalization of phage, as in the
“internalizing phage” (iPhage) system by Rangel et al. (2013). The CPP penetratin
(pen), derived from Drosophila antennapedia (Derossi et al. 1994, 1996), is fused to
the major coat protein pVIII of filamentous phage M13 (Rangel et al. 2012),
enabling its receptor-independent entry into mammalian cells. The iPhage system
then enables fusion of a targeting peptide to the minor coat protein pIII for
ligand-directed intracellular targeting.

One promising approach to phage-mediated gene delivery is through phagemid
infective particles (PIPs) (Mount et al. 2004). This system builds off of the com-
position of a minimal phagemid encoding only the minimal genetic elements
necessary for bacterial and mammalian cell replication as well as the therapeutic
gene to be delivered. All other phage packaging and assembly proteins are encoded
by a helper phage present in the same host bacterial cell. Most relevantly, this
includes a coat protein fused with a targeting ligand, previously selected from a
cell-targeted phage library. The resulting phage particles (PIPs) produced from the
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bacterial host are therefore usually smaller than the typical phage. These PIPs were
demonstrated to bind to and be taken up by target cells where they then release their
genetic cargo for processing. By separating the genes for encapsulation and tar-
geting from the infecting phagemid, Mount et al. (2004) developed a modular
system with great flexibility with respect to targeting and therapeutic cargo, where
PIPs encoding GFP were convincingly targeted and delivered to metastatic prostate
cancer cells (Fagbohun et al. 2013).

First observed by Bloch (1940), phage can preferentially accumulate within solid
tumors and inhibit tumor growth (Dabrowska et al. 2004a, b, 2005). A putative
mechanism was proposed based on the interaction between phage capsid proteins
and the integrin receptors on the cell surface (Dabrowska et al. 2004a, b). The
intrinsic immunogenicity of accumulated phage within tumor environments could
hypothetically induce a strong local inflammatory response to mediate tumor
destruction. However, it is also likely that the natural immunogenicity of phages
may also elicit the formation of neutralizing antibodies, thereby reducing their effect
upon repeated administration (Kaur et al. 2012). Specific immunostimulation
against cancer cells is, however, a highly promising approach (Rosenberg 1999) to
eradicate tumor cells by exploiting the presence of cancer-specific antigens. The use
of phage immunomodulation has also already been discussed in the development of
vaccines. A similar approach can be taken against tumor antigens to elicit a pro-
tective anti-tumor immune response. Wu et al. (2002) demonstrated the potential of
filamentous phage displaying tumor antigens (P1A35-43) to prime an immune
response in a murine mastocytoma tumor model. Administration of the phage
particles elicited a P1A35-43 specific CD8+ T lymphocyte response and induced
IFN-ɣ production. Similarly, Fang et al. (2005) administered phage displaying
melanoma-specific antigens (MAGE-A1) to mice and also observed a protective
anti-tumor effect, specifically elevated CTL response specific to MAGE-A1 and
elevated NK activity. Eriksson et al. (2007, 2009) also engineered a tumor-specific
filamentous phage through in vivo phage display that specifically localized within
tumors. They demonstrated accumulation of the phage within tumor environments
in a melanoma murine model. Immunogenic phage induced high levels of
cytokines, including IL-12 and IFN-ɣ. They observed tumor reduction, delayed
tumor progression, and prolonged lifespan of tumor-bearing mice.

3.2 Bacteriophage Immunotherapy Autoimmune Disorders

The development of the phage display technique has provided the opportunity to
clone and characterize human immune libraries. This has greatly facilitated our
understanding of autoimmune diseases (Bazan et al. 2012), including developing
evidence for antigen-autoantibody reactions with TTP (Luken et al. 2006) and AAU
(Kim et al. 2011) and other autoimmune ocular inflammatory disorders (Bazan et al.
2012). Phage display has proven useful in designing therapeutic agents against
autoimmune diseases, including the generation of galectin-3 mimotopes that could
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serve to regulate immune responses in Crohn’s patients with increased
anti-galectin-3 IgG autoantibodies in their sera, compared to healthy patients
(Bazan et al. 2012; Sblattero et al. 1999).

Another exciting application for phage-based autoimmune therapies was con-
ducted by Kolonin et al. (2004) who used phage display in vivo as a potential
therapeutic for anti-obesity therapy. Here, bacteriophages were developed to target
proapoptotic CKGGRAKDC peptide to prohibit the adipose vasculature, which
resulted in the ablation of white fat and a reported normalization of metabolism with
no apparent adverse effects (Bazan et al. 2012; Kolonin et al. 2004).

3.3 Bacteriophage Immunotherapy for Drug Addiction

Drug addiction is an important health and social problem across the world that
imparts massive economic and social consequences. Among the habitually abused
drugs, cocaine may be the most addictive and as such represents an investigative
target for new treatments and therapies. It has been demonstrated that, protein-based
therapeutics, in which proteins are designed to bind to cocaine, could reduce the load
of cocaine and consequently eliminate its psychoactive effects. To date this strategy
has not proven significant due to the inability of these proteins to directly access the
CNS by crossing the blood-brain barrier. To address this limitation, Carrera et al.
(2004) engineered filamentous bacteriophage, a phage that has shown the ability to
pass through the blood-brain barrier and to access the central nervous system
(CNS) to display cocaine sequestrating antibodies on its surface, thereby neutral-
izing the drug in the brain. The modified phage were administered intra-nasally to
rats twice a day for three consecutive days at a high titer of 1 × 1015 phage. Brain
samples were harvested throughout treatment and after to assess phage penetrance
and accumulation. Overall, titers greater than 109 were detected within seven days of
the treatment with recombinant phage, peaking at 2.5 × 1013 on day 4. This con-
firms the ability offilamentous bacteriophage to penetrate the blood-brain barrier and
enter the CNS. The results of this study support the development of a new system for
treatment of cocaine addiction and also demonstrate that this strategy could serve as
a platform for drug abuse treatment (Clark and March 2006; Dickerson et al. 2005).

3.4 Phages and Oxidative Stress

An important factor to consider in non-specific immune responses to phage involves
the phagocytosis of microbes, in which Reactive Oxygen Species (ROS) are gen-
erated to remove bacterial threats. ROS species involved in this response include:
hydrogen peroxide, superoxide, and hydroxyl radicals. When ROS are produced in
excess they can induce oxidative stress and cytotoxic activity and are implicated in
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the pathogenesis of cancer, sepsis, multiple organ failure and neurodegenerative
disorders (Bartsch and Nair 2006; Olszowska-Zaremba et al. 2012a, b). As such, the
ROS-suppressive effects found in bacteriophage are desirable and warrant further
investigation. Pzerwa et al. (2006) demonstrated the ability of bacteriophages to
inhibit the degree of chemiluminescence and hence, the rate of phagocytosis in
mouse phagocytes even when incubated with the previous inducers of the immune
response, such as the lipopolysaccharide (LPS) of E. coli.

4 Conclusions

Similar to their mammalian viral counterparts, bacteriophages are nucleo-
proteinaceous in composition and as such, are recognized by mammalian hosts
as foreign particles and are subject to immunostimulatory effects that aim to clear
them (Kaur et al. 2012; Rishi et al. 2014; Srivastava et al. 2004). The use of the safe
bacteriophages in new immunotherapies is a natural progression and offers great
potential to the field of nanomedicine. However, the use of bacteriophages in
mammals must also undergo careful consideration in terms of developing a more
thorough understanding of mammalian host-specific immune responses as well as
the phage pharmacokinetics (PK) and pharmacodynamics involved with bacterio-
phage therapies (Abedon and Thomas-Abedon 2010).
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